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1
Development of organ transplantation

The development of organ transplantation has taken fl ight in the 1900s. It was preceded 

by the awareness that the body was comprised of organs and tissues as functional units.1 

The surgeon Theodor Kocher refi ned the thyroidectomy-procedure in the early 1900s but 

noticed that patients developed a syndrome that we now call hypothyroidism. In this 

setting, he carried out the fi rst organ transplantation in 1883 by transplanting preserved 

thyroid tissue in a thyroidectomised patient. This was followed by the fi rst transplantation 

of a preserved canine kidney in 1902 by Emerich Ullman.2 The consequence of this 

remarkable event was that Alexis Carrel introduced a novel surgical technique for 

suturing blood vessels and performed the fi rst canine heart transplantation in 1902. A 

year later, Mathieu Laboulay started experiments consisting of sheep and porcine kidney 

xenotransplantation in humans by connecting the renal vessels to the brachial vessels of 

the recipient. However, with the surgical techniques brought to perfection, it was noticed 

that, whereas xenotransplantation and homotransplatation resulted in perished organ 

function, graft survival was excellent when autotransplantion of the preserved organ was 

performed. This led to the concept of “transplantation immunity” as formulated by Georg 

Schöne and was followed by a period in which numerous attempts were undertaken to 

suppress the recipient’s immunity.1

 The fi rst successful transplantation in 1954 by Murray and Harrison in Boston, 

circumvented immunological complications by transplanting a living-related kidney 

from identical twins. It was not until the discovery of the immunosuppressive agents 

azathioprine (1959) and cyclosporine (1970), however, that the basis of our current 

transplantation practice was established.3 From that time onwards, numbers of patients 

on the waiting list for an organ transplant continuously increased. With the demand for 

donor organs substantially outnumbering the availability of cadaveric organ grafts, the 

persistent shortage led to the inclusion of non-heartbeating donor (NHBD) organs. This 

development resulted in the need for novel organ preservation techniques that not only 

allowed transportation of organs, but also had the potential to resuscitate function of the 

organ.
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Development of organ preservation techniques

In 1812, the physiologist Le Gallois wrote: “If one could substitute for the heart a kind of 

injection of arterial blood, either natural or artifi cially made,...one would succeed easily in 

maintaining alive indefi nitely any part of the body whatsoever”.4, 5 His proclaim marks the 

start of the idea of ex vivo organ preservation which was realized by the fi rst documented 

attempt of normothermic (37 °C) isolated kidney perfusion using defi brinated blood by 

Löbell in 1849.6 This concept was further elaborated by the work of Ludwig and Schmidt 

in 1866 who devised a means to perfuse organs with oxygenated, defi brinated blood at 

a constant pressure.5 Hereafter, oxygenated sanguineous organ perfusion took fl ight with 

the design of an air-oxygenated perfusion circuit for animal organs by Langendorf in 1895 

and Brodie in 1903.7 However, these devices could not provide suffi  cient perfusate fl ow 

into the kidney and were therefore, never widely used. Furthermore, at normothermic 

conditions, bacterial growth posed a major problem for prolonged organ storage 

inasmuch that penicillin was not readily available until 1940.

 The addition of oxygen to normothermically preserved organs by experimental 

inclusion of an animal lung into the perfusion circuit brought new possibilities for this 

challenging technique. Bainbridge and Evans were able to preserve organs up to 6 

hours using a heart-lung preparation-technique devised by Knowlton and Starling 

two years earlier.8 Their experiments led to confi rmation that 1) oxygen consumption is 

dependent upon the kidney’s demand and not fl ow, 2) an isolated kidney is capable of 

producing urine, 3) the lung fi lters unwanted substances from the perfusion circuit, and 

4) ex vivo derived physiologic parameters are comparable to the in vivo work of Barcroft 

who is renowned for his studies on the normal physiology of animals and humans.9 The 

normothermic preservation method presented by Brodie, Bainbridge, and Evans was, 

however, not clinically applicable because of the need for a donor animal to preserve the 

organ in.

 A breakthrough in the application of clinical organ perfusion occurred when 

Lindbergh designed a mechanical perfusion pump in the laboratory of Alexis Carrel in 

order to facilitate a heart-valve operation on his sister-in-law.10 The all-glass Lindbergh-

Rockefeller Institute perfusion apparatus (Figure 1) was the fi rst device capable of 

continuous pressure, oxygenated perfusion while maintaining sterility.11 The device 

was able to preserve functioning thyroid glands and ovaries for up to 20 days in a sterile 

fashion without any technical failures.5 At the same time, however, the limitations of 

normothermic organ perfusion (e.g. aberrant renal tubular function and limited graft 
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survival) also became apparent and led to the discovery of an advantageous eff ect of 

hypothermia (4 °C) on survival of preserved kidneys.12, 13 Research into organ preservation 

at lower temperatures revealed the need for other perfusion solutions then blood.14-16 In 

the 60’s, while perfusion preservation still was the standard technique, clinically-applicable 

advances in organ preservation were made with the fi nding of diluted plasma perfusion 

and the addition of colloids to counteract hypo-osmotic swelling of the organs.17, 18 

However, these perfusates were not yet reliable enough to allow for organ transportation 

and the demanded extended duration of organ preservation.

Figure 1.

The famous glass pulsating perfusion pump known 

as the Lindbergh-Rockefeller Institute perfusion 

apparatus.

 Owing to Folkert Belzer’s experience with organ preservation in San Francisco, 

he was asked to develop a NHBD kidney transplant program in the midst 1960s. He soon 

realized that this organ transplantation program could only work if the procurement 

and preservation techniques could be simplifi ed. His serendipitious discovery of 

cryoprecipitated plasma (CPP) as a perfusate for machine perfusion enabled prolonged 

preservation of kidneys at hypothermic conditions for up to 72-hours.19 The process of 

cryoprecipitation removed a substantial percentage of lipids from the plasma and was 

responsible for the favourable results. In the following period, Belzer and colleagues 

realized the fi rst clinical series of human NHBD kidney preservation using the ‘Belzer’ 

machine perfusion pump.20, 21 The Belzer machine, portable although requiring use of a 
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forklift and rental truck (Figure 2), provided hypothermic organ preservation using CPP as 

perfusate with adequate graft survival.

Figure 2.

The Belzer machine and one of the trucks with which they drove from donor to recipient hospitals.

 In the late 1960s, Geoff rey Collins from UCLA chose a diff erent approach and 

developed a simple electrolyte solution for static cold storage of kidneys, in which the 

organ is placed in a sterile bag containing the solution and is kept, without perfusion, 

on melting ice. The electrolyte solution was supposed to mimick the intracellular 

environment with a high potassium concentration. But, because osmolarity was too 

low, he added a large concentration of glucose to counteract cell swelling.22 However, 

the magnesium that was added to stabilize the cellular membrane precipitated in the 

presence of phosphates. As a result, the Euro-Collins solution was developed, omitting 

the magnesium and replacing glucose for mannitol with promising results.23 Cold storage 

using the simple preservation solution Euro-Collins, was then rapidly implemented in 

the protocols of transplantation centers worldwide. As a response, the Belzer-group now 

concentrated their attention on a new formulation of a simple, yet ideal perfusate to 

replace the CPP in machine perfusion preservation. The novel perfusate would have to be 

able to sustain cellular metabolism and counteract cellular injury associated with organ 

preservation.24
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 In 1982, a new gluconate-containing perfusate was presented with excellent 

post-transplantation organ function.25 Moreover, the inexpensive, chemically stable, 

and easily prepared solution was capable of preventing cell swelling with the use of 

gluconate, a substance that did not penetrate into the cell in contrast to the previously 

used impermeants, glucose, and mannitol. Gluconate, therefore, rendered the solution 

iso-osmolar, thereby reducing the risk of the no-refl ow phenomenon by avoiding a 

hyperosmolar interstitium. 

 The current gold standard in machine perfusion, University of Wisconsin 

solution, was modifi ed after its clinical introduction. First, the human serum albumin 

was replaced by hydroxyethyl starch, making it a fully synthetic perfusate.26 In 1986, Jan 

Wahlberg, working with Belzer and Southard in the transplantation laboratory of the 

University of Wisconsin Hospital, showed that this solution was eff ective for cold storage 

of the pancreas.27 Furthermore, it also proved more eff ective than Euro-Collins solution 

for storage of kidney and liver, whereafter UW solution became the new standard in static 

organ preservation. Further modifi cations entailed the addition of adenosine as ATP-

precursor and replacement of the impermeant gluconate by lactobionic acid. However, 

the machine perfusion variant of the University of Wisconsin solution, being the Belzer 

machine perfusion solution still contains gluconate as impermeant. Lactobionic acid 

proved ineff ective as impermeant during machine perfusion preservation for reasons that 

are unclear up to now.  Strikingly, for the next 25 years to follow, we haven’t seen such a 

major breakthrough again in the preservation of organs.28

Current developments 

Today, transplantation centers are faced with older organ donors, older recipients, 

and marginal or extended criteria donor grafts. In combination with expansion of 

transplantation indications, the number of organs transplanted is continually increasing.29 

With the resulting increase in demand for donor organs and the potential of NHBD organs 

to enlarge the donor pool, optimization of NHBD organ preservation becomes more and 

more important. 

 We know now that the method of simple hypothermic storage encompasses 

preservation-mediated injury that can skew organ preservation outcome. Therefore, 

pulsatile hypothermic perfusion regained clinical interest and was soon shown to 

be advantageous for NHBD organs over simple hypothermic storage.30, 31 However, 

the detrimental eff ects of hypothermia remain when the organ is rewarmed to 
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normothermic conditions.32 Therefore, much eff ort is recently put into the development 

of subnormothermic (28 °C), normothermic, or physiological extracorporeal perfusion.33,34 

With the fi rst clinical lung35 and kidney36 preservation at normothermic conditions being 

realized, we are at the dawn of reconsidering the concepts of organ preservation practice. 

The aim of this thesis is to determine the possibilities and limitations of current methods in 

organ preservation, in an eff ort to optimize organ preservation practice.
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Outline of the thesis

In 1774, the Swiss scientist John George Zimmerman (1728 - 1795) said: “An experiment 

diff ers from an observation in this, that knowledge gained through observation seems to 

appear of itself, while that which an experiment brings us is the fruit of an eff ort that we 

make, with the object of knowing whether something exists or does not exist”. In light of 

this mindset, Chapter 2 is an appraisal of the established porcine kidney autotransplantion 

model. Based on the experiences in our laboratory, recommendations for porcine age, 

sex, and housing are described in collaboration with the faculty of veterinary sciences 

in Utrecht. Furthermore, recommendations concerning premedication, induction and 

maintenance of anesthesia, and recovery from anesthesia were formulated in order 

to minimize infl uences on the hemodynamics of the pig and the transplanted kidney. 

Lastly, the surgical techniques and postoperative management used in our laboratory are 

described as a reference for future studies and experimental designs.

 Besides diff erences in transplantation models, many diff erent machine 

perfusion apparatus and preservation conditions have been used in the experimental 

setting. To be able to investigate hypothermic, (sub)normothermic, and organ rewarming 

conditions in all available perfusion apparatus, we optimized the ‘isolated perfused porcine 

kidney perfusion cabinet’ (IPPK). Chapter 3 deals with the infl uence of temperature on 

the viscosity of preservation solutions and on the measurement accuracy of a commonly 

used perfusion solution fl ow sensor. Hereafter, a novel, experimental machine perfusion 

system is presented and its system setting stability investigated, along with its capability 

to reproduce other perfusion conditions, and preservation capacity of porcine kidneys.

 While all machine perfusion preservation devices work on electricity, thus 

demanding large battery-packs, Chapter 4 describes the fi rst disposable machine 

perfusion device (Airdrive®) using an oxygen-driven pump system. The technical layout 

and capabilities of this device regarding prolonged perfusion are discussed. Furthermore, 

the outcome of the fi rst ex vivo liver perfusion experiments are reported using the Airdrive® 

that was previously validated for kidney preservation.

 Good functional outcome of transplanted grafts begins with proper washout 

of blood products from the grafts’ vasculature. The washout begins with the choice of 

preservation solution to use, being of low or high viscosity, i.e. with or without colloids, 

which represents a long debated issue. Therefore, Chapter 5 shows the eff ects of 

temperature on preservation solution rheology and the role the solution plays in 

erythrocyte agglutination. Ultimately, blood retention in rat livers was quantifi ed by 
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radioactively labeled erythrocytes being trapped after washout at diff erent temperatures 

and pressure settings. 

 After washout, exposure of the graft to (sub)normothermic temperatures 

in the setting of warm organ preservation poses a risk of bacterial contamination and 

overgrowth in preservation media. In Chapter 6, the capacity of diff erent bacterial strains 

that are commonly isolated in organ preservation solutions, are tested for their capability 

to grow at (sub)normothermic conditions. The bacteriostatic or bactericidal effi  cacy of 

ceftriaxone and cefazolin are subsequently assessed using a broad concentration range. 

Finally, potential toxic eff ects of a high dose of cefazolin and the eff ect of a cefazolin 

washout of the graft is simulated to assess whether bacterial regrowth will occur.

 Very few preservation solutions are currently capable of maintaining the 

metabolic demands of prolonged (sub)normothermic preservation of organs. As the 

endothelium is the fi rst barrier of the organ in contact with the preservation solution 

after washout, Chapter 7 describes the eff ects of temperature and clinically used  

preservation solutions on the integrity and viability of an endothelial monolayer of human 

umbilical vein endothelial cells. In a range encompassing hypothermic to normothermic 

temperatures, all experimental outcomes were represented in a viability index to allow for 

a conclusion regarding the best match of preservation solution and temperature.

 A signifi cant proportion of vascular research, in particular transplantation-

related research, is being perfomed in porcine models. In Chapter 8 we set out to unlock 

the detection of circulating endothelial cells, a promising clinical marker for vascular 

damage, in porcine whole blood. In the absence of specifi c anti-porcine endothelium 

antibodies, human and swine umbilical vein endothelial cells were used to assess 

which anti-human endothelium antibodies displayed cross-species reactivity. Hereafter, 

reactivity was assessed on porcine kidney endothelial cells and a method was developed 

to quantify circulating endothelial cells in porcine whole blood.
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Abstract

Animal models are extensively being used for transplantation-related research, especially 

for kidney transplantation. Porcine kidney autotransplantation models are considered 

to be favorable regarding translatability to the human setting. The key determinants for 

translatability of the porcine model are discussed, comprising animal age, development, 

anatomy, anesthesia and surgical protocols, and perioperative care. With the detailed 

discussion of these determinants and the pitfalls in diagnosing animal discomfort, an 

attempt is made to provide a uniform porcine kidney autotransplantation model with 

tools to improve currently used models.
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Introduction

The waiting list for a kidney transplant has exceeded 11,000 registrations in the 

Eurotransplant region and 93,353 in the United Nations Organ-Sharing network, 

emphasizing that kidney grafts are in high demand. The use of marginal kidney grafts such 

as from non heart-beating donors (NHBD) can alleviate organ shortage, but incorporates 

relatively high rates of delayed graft function (DGF) and primary non-function (PNF).1-3 

This outcome is mainly exerted by the prolonged ischemic times in combination with 

reperfusion (ischemia/reperfusion (IR) injury) experienced by the NHBD kidney graft.1-3 

A clinically relevant, reproducible animal kidney transplantation model is imperative to 

investigate and improve intervention and preservation strategies to unlock the full clinical 

potential of NHBD organs.4, 5 An autotransplantation model is highly suitable to isolate 

the eff ects of the intervention or preservation method from the possible eff ects of graft 

rejection.

 Crucial for animal models is the translatability to the human setting in which 

trans-species extrapolation of small animal models (e.g. mice and rats) to humans can 

be precarious.6 Nonetheless, substantial research has been performed in these models, 

despite the diff erences in renal (micro-)anatomy, related technical diffi  culties, young age 

of animals (refl ecting human infants), circadian rhythm-related issues, dosage/metabolism 

conversions, and diff erences in pharmacokinetics/pharmacodynamics.4, 5, 7-10 Most of these 

issues can be diminished by using the porcine model (see ‘Discussion’) for research relevant 

to the clinical transplantation setting.

 We therefore present herein, current insights in the application of anesthetics, 

surgical techniques, and perioperative care for a porcine kidney autotransplantation 

model. Our goal is to provide a standard model of high reproducibility, employing the 

advantages of a large animal model, i.e. low cost, high availability, and comparable anatomy 

and physiology to the human setting. Special attention is paid to the anesthesiological, 

surgical, and postoperative aspects of this model.

Porcine characteristics and preoperative care

Several factors infl uence translatability and graft outcome of the porcine kidney 

autotransplantation model, including age, sex, housing, stress, and feeding. In the 

following sections, these specifi c factors are elucidated.
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Age and Sex

 Renal development in pigs diff ers from human kidney development. Where 

human kidneys are anatomically and functionally mature at gestational age, porcine 

kidneys are mature at 2 to 3 months (20-30 kg) of age.11, 12 Thus, to translate porcine 

organ function to the human, adult setting, the age of the pig should at least be above 

3 months. Furthermore, at 7 to 8 months of age (100-120 kg), pigs reach puberty during 

which androgens can infl uence IR injury by inhibiting non-androgen receptor-mediated 

processes.13 This inhibition leads to increased infl ammation and functional kidney injury.14 

Secondly, while a midline abdominal incision can be used for transperitoneal access 

to the retroperitoneum (see ‘Surgical considerations’), the male pigs’ midline urethral 

position hampers the latter and poses unnecessary infectious risks. Age and sex related 

endocrine factors should be considered in experimental designs while young piglets (20-

30 kg) are developmentally equal to human infants regarding functional characteristics 

and anatomy of the kidney.12 Therefore, we pose an optimal age with female pigs for the 

autotransplantation model of 5 months (50 kg), representing comparable kidney function 

to adult humans.

Housing & Stress

 Pigs are social and curious animals and need to be housed in enclosures that 

allow social interaction and stimulation of natural behavior (rooting) to reduce induction 

of stress. Putative fl oor areas per pig minimally encompass 1.08 m2, 1.35 m2, or 2.16 m2 for 

25, 50, or 100 kg pigs, respectively.15 A reduction in recommended fl oor area per animal 

will result in poor growth due to an increase in stress levels.16, 17 Stress has detrimental 

eff ects on animal well-being and transplantation outcome. A chronic stress response can 

be induced by transportation from supplier to animal facility and repetitive, yet minor 

threatening approaches to the pig.18, 19 The stressed animal tends to dehydrate, lose 

weight, and undergo immunological and metabolic changes.20, 21 Reperfusion dynamics 

after graft implantation can be altered by these infl uences, underscoring the need for 

proper animal management.18 A pre-pathological state of the cardiovascular and exocrine 

system, gastrointestinal tract, and adrenal medulla can be evoked by the chronic stress 

syndrome, or synonymously, wasted pig syndrome.22 Changes like thymus atrophy and 

enlarged adrenal glands are correlated with the pre-pathological state.23 Cortisol levels 

however, are proven inaccurate as stress indicator in a porcine model. Stressed pigs 

showed decreased plasma cortisol levels and plasma cortisol binding capacity.22 While 

cortisol levels are typically indicative for the amount of stress, it is proposed that wasting 
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(characterized by an aberrant feeding pattern and non-nutritive behavior) is used as an 

early warning sign for stress.22 Shifts in dietary behavior therefore underscore the essence 

of a well-designed acclimatization and fasting protocol where acclimatization should 

be 5-7 days to minimize stress.21 Surveillance of individual behavior patterns during the 

acclimatization period can aid judgment of post-operative discomfort and accustom the 

animal to the caretaker/ researcher.

Feeding and fasting

 Rapid, dietary adjustment-related sequela can induce a pro-infl ammatory state 

in the gut of the pig. A calorie-adjusted diet from the pig-supplier can be provided to 

alleviate the eff ects on intestinal villi, organ weights, and cytokine expression.24 Due to 

high caloric demand of 8,410 kcal/ day for a 50-kg pig, preoperative fasting should not 

evoke a physical response to starvation.25, 26 A 6- to 8-hour fast of solid food is suffi  cient to 

empty the upper gastrointestinal tract owing to short intestinal transport times. In case 

a complete empty stomach and small intestine is desired, 12-hours fasting will suffi  ce. 

Additionally, oro-esophageal gastric suction is an option. For emptying the spiral colon, 

a 28-hours fast whether combined with enemas or not, is advised. Application of enemas, 

however, requires animal training to avoid stress.21, 27 Flavored sweet drinks, provided 

during fasting, help prevent hypoglycemia. Furthermore, water should never be withheld 

while drinking is linked to eating and vice-versa.26

 In summary, 50 kg female pigs are favorable for the autotransplantation model, 

minimizing androgenic infl uences and employing anatomically and functionally mature 

kidneys in a pre-pubertal state. The related age of 5 months provides a 1 to 2 months period 

on the lower- and higher –age range to prevent age-related infl uences. Acclimatization 

should encompass 5 to 7 days in housing that is stimulating natural behavior and is stress-

free, whereas pre-operative fasting should be minimized and accompanied by sweet 

fl avored drinks to prevent hypoglycemia.

Anesthesia 

Anesthesia potentially has profound eff ects upon hemodynamics and the outcome of 

renal transplantation, underscoring the need for a uniform protocol. The currently applied 

anesthesia protocols in porcine studies decrease comparability through anesthesia-

exerted eff ects upon transplantation outcome (Table 1).28-30 It is therefore imperative that a 

more uniform protocol is put in place to reduce animal 
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Table 1. Anesthesia type, dose , and postoperative management in large animal models described in literature

Premedication Induction Ventilation Maintenance Fluids

IM2: 0.5 mg atropine, IV3: 10.5 mg/ kg Orotracheal, Continuous 200- Isotonic saline

2 mg/ kg azaperone, eunarcon, 2-4  volume- 220 mg/ h propofol, 20-25 mL/ kg/ h

15 mg/ kg ketamine mg/ kg propofol controlled bolus 78.5 μg fenta-

 1 %, 78.5 μg  nyl intermittent

 fentanyl  

Nasal 0.2 mg/ kg 8 % sevofl urane Unmentioned 50 % O2, 50 % NO4, Unmentioned

midazolam   4 % sevofl urane, 10

   mg/kg atropine at

   end OR5

IM: 5-6 mg/ kg IV: 5-8 mg/ kg Endotracheal 1-5 % isofl urane, Hartmann solution 50

stresnil propofol, IM: 0.05  2-4 L/ min O2 mL/ kg/ 24 h up to

 mg/ kg atropine   48 hrs PO

 0.01 mg/ kg

 buprenorphine

10 mg/ kg tileta- Unmentioned Unmentioned Halothan, O2 Unmentioned

mine, 7.5 mg/ kg

 zolazepam, 10 μg/

kg fentanyl

Unmentioned Unmentioned Unmentioned Ketamine, fentanyl, 20 % glucose, 0.9 %

   pancuronium, O2,  NaCl PO if no oral 

   NO after day 1

IM: 10 mg/ kg keta- IV: 0.3 mg/ kg Endotracheal 1-5 % isofl urane, 2 L 0.9 % NaCl PO

mine, 2 mg/ kg, midazolam, 0.15   2-4 L/ min O2 fi rst 24 hrs

xylazine 10 μg/  mg/ kg pancuro-

kg atropine nium, 10 μg/ kg

 fentanyl
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Table 1 (continued).

Diuretics Analgesia PO1 antibiotics Reference

Use avoided 50 mg/ kg metamizol Unmentioned Zacherl30

 PO, 0.8 mg temgesic

 3dd

Unmentioned Unmentioned Unmentioned Baumert69

IV: 0.5 g/ kg SC6: 30 mL 0.5 % 750 mg cefuroxime Nicholson70

mannitol bupivacaine, IV: 5 μg/ 2 dd up to 48 hrs

 kg buprenorphine 3-4

 dd for up to 72 hrs

Unmentioned Unmentioned Unmentioned Badet71

IV: 40 mg furosemide SC: 50 mg tramadol 500 mg ampicillin Treckmann72

after surgery daily after surgery, 50 daily PO

 mg tramadol daily PO

100 mL 50 % glucose acetylsalicylic acid 1 g IV: 500 mg ampicillin Maathuis73

after reperfusion daily daily
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Table 1. Anesthesia type, dose , and postoperative management in large animal models described in literature

Premedication Induction Ventilation Maintenance Fluids

Unmentioned 2-5 % halothane,  Intubation 0.5-1 % halothane, 1 L 4 % dextrose, 0.18

 8 L/ min O2, IM:  2-4 L/ min NO, IV: % saline, 0.5-1 L 10 %

 0.6 mg atropine,   0.5-1 mg fentanyl, dextrose, PO day 1-2:

 IV: 10-20  mg  10 mg/ kg/ h keta- 1-2 L 10 % dextrose,

 diazepam  mine, thiopentone 0.18 % saline

   if necessary

IM: 2 mg/ kg xyla- Unmentioned Endotracheal 1 % isofl urane, 50 % 40 mL/ kg plasmalyte

zine, 8 mg/ kg tile-   O2 and room air A (total) per-op, 20

tamine/ zolazepam    mL/ kg/ day plasma-

    lyte A until 36 hrs PO

Unmentioned 15 mg/ kg keta- Mechanical  2 % halothane,  Unmentioned

 mine, 0.02 mg/ ventilation fentanyl, pancuro-

 kg atropine volume- nium bromide

  controlled

IM: 10-15 mg/ kg Mask: 2-4 % iso- Orotracheal,  IV: 5-10 μg/ kg/ hr  5-10 mL/ kg/ hr 0.9 %

ketamine, 1-1.5 mg/ fl urane, O2 2-3 L volume- sufentanil, 10-15 NaCl if needed. PO day

kg dormicum, 0.25-  controlled 10- mg/ kg/ hr ketamine, 1, 2: 500 mL 5 % 

0.5 mg/ 25 kg  15 mL/ kg/ 1-2 mg/ kg/hr dor- glucose and 500 mL

atropine  min, O2:air 1:3 micum, 0.1-0.15 mg/ 0.9 % NaCl

  (40-45 % O2 kg/ hr pavulon; bolus

  arterial pO2 220  3-5 μg/ kg sufentanil,

  mmHg), 12-18 0.2-0.6 mg/ kg dor-

  breathes per micum, 0.04-0.06 mg/

  min, cutt-off  kg pavulon, 2-4 mg/

  pressure 20 kg ketamine, 80 μg/

  mmHg kg medetomidine
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Table 1 (continued).

Diuretics Analgesia PO antibiotics Reference

0.5 g/ kg mannitol IV & IM: temgesic as IV: 40 mg genta- La Manna74

 required mycin, 1 gr ampi-

  cillin per-op7 and

  PO day 1, ampicillin

  1 g 2 dd PO day 2

100 mL 20 % mannitol 8 μg/ kg/ h fentanyl 2 g cefazoline Jochmans43

 per-op, IV: 0.3 mg/ kg/ per-op

 12 h buprenorphine

 untill 60 hrs PO

Unmentioned Unmentioned Unmentioned Lledo-Garcia75

None IM: 2 mL Finadyne PO, IV: 500 mg This article

 IV: 0.02-0.04 mg/ kg augmentin 2dd

 temgesic untill 72 hrs

 PO 2dd or prolonged

 when needed, aspegic

 500 mg daily, lactulose

 5 mL 2 dd
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Table 1. Anesthesia type, dose , and postoperative management in large animal models described in literature

Premedication Induction Ventilation Maintenance Fluids

SC: 0.02 mg/ kg 3 mg/ kg Intunbation 0.5-2 % isofl urane in Unmentioned

buprenorphine pentothal  O2

Unmentioned IM: 2 mg/ kg keta- Intubation, 20  50 % O2 & NO, bolus 10 mL/ kg Ringer’s

 mine, IV: 0.1 mg/  mL/ kg, 12  pentobarbital and lactate

 kg pancuronium cycles/ min pancuronium

 bromide, 25 mg/  bromide as needed

 kg pentobarbital

Unmentioned 25 mg/ kg thio- Positive- 2 % isofl urane, NO 30-35 mL/ kg/ hr elec-

 pental pressure,  2 L/ min, O2 2 L/ min trolytes per-op, 800

  mechanical  mL/ day electrolytes

  ventilation  untill PO day 3

Unmentioned 5 mg/ kg pento- Unmentioned 1 % isofl urane in Unmentioned

 thal  40 % O2

SC: 0.02 mg/ kg IV: 2 mg/ kg  Unmentioned Isofl urane in  Unmentioned

buprenorphine ketamine, 0.2  100 % O2

 mg/ kg

 diazepam

1PO: postoperative

2IM: intramuscular

3IV: intravenous

4NO: nitric oxide

5OR: operation 

6SC: subcutaneous

7per-op: perioperative
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Table 1 (continued).

Diuretics Analgesia PO antibiotics Reference

IV: 50 mg furosemide, epidural: 0.1 mg/ kg IV: 500 mg cefazolin Lin55

500 mg/ kg mannitol morphine per-op

Unmentioned Unmentioned 50 mg/ kg cefazolin Inoue76

  1dd untill PO day 2

IV: 1.25 gr mannitol, Unmentioned 1 g cefazolin per-op Tahara77

10 mg furosemide

Unmentioned Unmentioned Unmentioned Salomon78

Unmentioned epidural: 0.1 mg/ 22 mg/ kg cefazolin Polyak79

 kg morphine per-op
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discomfort, facilitate animal handling, and minimize infl uential eff ects on hemodynamics, 

infl ammation, and kidney graft.

Premedication

 Premedication aims to relieve anxiety, stabilize autonomous refl exes, facilitate 

animal handling, and reduce the dose of general anesthetics needed during induction 

and maintenance of anesthesia, ideally without cardiovascular infl uences. Combinations 

of intramuscular (IM) or intravenous (IV) benzodiazepines with dissociative anesthetics 

(e.g ketamine, tiletamine) or azaperone (butyrophenon derivative) combined with 

a dissociative agent provide cardiovascular stable premedication.30 IM atropine (as 

anticholinergic agent) is often added to blunt vagal airway refl exes as broncho-secretion 

and salivation to aid intubation. Undesirable in this experimental setting are alpha 

2-agonists (e.g. xylazine, medetomidine) due to potent cardiovascular side eff ects and 

reduction in sympathetic tone.29 However, a low-dose of these drugs (40 μg/ kg) in 

combination with low-dose midazolam (0.2 mg/ kg) showed minimal side eff ects.28 

Furthermore, alpha 1-antagonists block norepinephrine-release at renal terminal nerve 

endings in rats, preventing acute ischemic renal failure.31 Consequently, low alpha 

2-selectivity (i.e. xylazine with relatively low alpha 2/ alpha 1-selectivity) exerts relatively 

high alpha 1-stimulation, potentially leading to ischemic renal eff ects.31

Induction

 Continuous IV-access throughout the surgical procedure is facilitated using an 

auricular IV-catheter or central venous catheter for sustainable access. Induction of general 

anesthesia can be achieved using inhalants or injectables, where halothane, as a volatile 

inhalation anesthetic, sensitizes the myocardium and induces anesthesia slowly due to 

a relatively high blood/ gas partition coeffi  cient.32 Furthermore, while being capable of 

relatively fast induction of anesthesia without sensitizing the myocardium, isofl urane and 

sevofl urane have shown to execute anti-infl ammatory and anti-necrotic eff ects in vitro in 

proximal tubular cells.33, 34 Injectable induction comprises hypnotics (e.g. thiopental and 

propofol), dissociatives (e.g. ketamine and tiletamine), and opioids (e.g. sufentanil). After 

adequate reduction of swallowing refl exes and jaw muscle tension, orotracheal intubation 

still is arduous because of typical anatomical characteristics of the porcine oropharynx. 

These comprise a long soft palate, pharyngeal diverticulum, angular, caudoventrally 

positioned, slit-like vocal cords, and sigmoidal laryngeal passage.35 Furthermore, high 

susceptibility for laryngospasms and hypoxia makes careful preoxygenation prior to 
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intubation crucial.35

Maintenance

 Maintenance of anesthesia by inhalation and/ or IV anesthetics via the ear vein 

or central venous catheter potentially exerts side eff ects during prolonged exposure. 

Halothane, for instance, combines the aforementioned sensitization of the myocardium 

with possible induction of malignant hyperthermia.36 Low-fl ow technique sevofl urane 

anesthesia can cause renal toxicity by forming compound A (fl uoromethyl-2,2-difl uoro-

1-(trifl uoromethyl)vinyl ether) as degradation product by contact with carbon dioxide 

absorbents with a strong base.37 IV-protocols are applied using opioids, dissociative 

agents, or benzodiazepines and muscle relaxants (Table 2). Propofol has even greater anti-

infl ammatory and protective eff ects compared to sevofl urane.38 Ropivacaine, as epidural 

anesthetic, enhances the sensory block without compromising cardiovascular stability in 

isofl urane anesthetized pigs.39 While hemodynamic side eff ects can be circumvented by 

well designed anesthesia protocols, the depth of anesthesia should be carefully monitored 

and supported (e.g. fl uid, inotropic, and vasopressor therapy) to safeguard a proper renal 

perfusion pressure of 40 to 60 mmHg.40

Recovery

 For smooth and rapid postoperative recovery, correction of core body 

temperature, acid-base disturbances, and replenishment of the animal’s energy stores 

is advised. Preferably, the correction is performed in combination with short-acting 

anesthetics or antagonizing agents. Furthermore, sedatives can prevent anxiety and stress 

in the acute postoperative phase for which purpose low dose selective alpha-2-agonists 

(e.g. medetomidine) can be used.31 At this stage of the procedure; a stress-free recovery 

outweighs the potential cardiovascular side eff ects of the sedative.

Recommendations

 A robust protocol should be based on maintaining anesthetic depth, securing 

vital parameters, and animal comfort while minimizing infl uential eff ects and side eff ects. 

Based upon literature and our experience, the following protocol is suggested for graft 

retrieval or implantation.

 The use of a mixture of ketamine, midazolam, and atropine IM in the neck as 

premedication followed by a brief administration of isofl urane to allow positioning of an 

auricular cannula and orotracheal tube, proved rapid and without side eff ects. 



36 Chapter 2

Table 2.  Animal and preoperative specifi cations of large animal autotransplantation models

Animal Nr.1 Breed Gender Weight2 Accl.3 Fasting Survival Reference

Pig 10 White LR4 Male 25 (16-46) UM5 24 hrs 20 hrs Zacherl30

Pig 150 Large White US6 46-49 UM UM 14 days Baumert69

Pig 20 Large White Female 35-70 14 days UM 14 days Nicholson70

Pig 16 White US 25 7 days UM 7 days Badet 71

Pig 34 German LR Female 27 UM UM 7 days Treckman72

Pig 15 German LR Female 20-30 UM UM 7 days Maathuis73

Pig 12 Large White Female US 7 days UM 4 days La Manna74

Pig 12 US Female 24-51 2 days 12 hrs 10 days Jochmans43

Pig - Yorkshire LR Female 48-52 14 days 12 hrs 8 days This article

Minipig 14 Laboratory US 35-40 UM UM 1 hr Lledo-Garcia76

Dog 12 Mongrel Male 15-20 7 days Overnight 14 days Lin55

Dog 14 Mongrel US 9-15 UM UM 3 days Inoue77

Dog 20 Hybrid  Female 11-13 UM Overnight 14 days Tahara78

  (am.7 Foxhound, Labrador, Beagle)

Dog 18 Beagle US 3-4 Years 24 hrs UM 3 days Salomon79

Dog 12 Mongrel US 15-22 7 days Overnight 7 days Polyak80

1Nr.: number of animals used in the study, 2Weight: in kilograms unless mentioned as age,

3Accl.: Acclimatisation period, 4LR.: landrace, 5UM.: unmentioned, 6US.: unspecifi ed, 7Am.: American.

 Maintenance of anesthesia with sufentanil, ketamine, midazolam, pancuronium, 

or analogs minimizes hemodynamic infl uences in the animal. Postoperative IM 

administration of medetomidine and local bupivacaine allows time for skin closure and a 

smooth recovery.

Surgical considerations

Autotransplantation entails unilateral graft retrieval, removal of the contralateral kidney, 

and subsequent graft implantation, potentially followed by survival. The experimental, 

surgical procedures for animals may diff er from those used in the clinical settings for 
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humans. Clinical NHBD kidney retrieval mostly comprises a transperitoneal, multi-organ 

donation procedure and for living related donation a lumbar, hand-assisted laparoscopic 

approach. Kidney graft implantation in humans occurs mainly in the iliac fossa via an 

inguinal approach and retroperitoneal route, using the external iliac artery and vein for the 

vascular anastomoses. In the porcine model, the transperitoneal approach is used while 

the vascular anastomoses are constructed using the caval vein and native renal artery, 

respectively. The porcine susceptibility for intestinal complications requires an adapted 

surgical protocol regarding handling of the intestines and vascular anastomoses.

Pre-nephrectomy

 At fi rst, sustainable vascular access can be obtained via tunneling and 

exteriorizing a jugular catheter to the dorsum of the neck, allowing facile and 

relatively stress-free blood sampling during the survival period. Hereafter, exposure 

of the paralumbar region is easily performed via a midline laparotomy, circumventing 

bilateral lumbar incisions (for contralateral kidney collection, see ‘nephrectomy and graft 

implantation’) and thus reducing postoperative discomfort. 

 Pre-existent intussusceptions are common in pigs and therefore, abdominal 

inspection prior to nephrectomy is important. Intestinal manipulation (e.g. retraction 

using surgical gauzes) is to be performed with great care and exteriorization avoided in 

view of the increased susceptibility for intestinal edema and ischemia.21 Furthermore, 

intestinal post-operative fi brin deposits and adhesions can be avoided using a wetted fi ne 

cloth instead of gauzes.

Nephrectomy and graft implantation

 Graft implantation in the iliac fossa is not advised in the pig because it hampers 

postoperative mobility of the animal. Implantation in the contralateral retroperitoneal 

area is preferred, avoiding unnecessary re-exploration of the previous nephrectomy site 

in the retroperitoneum. The left kidney provides a long renal vein and the possibility of 

dissection of the renal artery at the aortal origin (Figure 1). Access to the retroperitoneal 

area and renal vascular hilus using a cautery knife prevents excessive lymph leakage 

and postoperative accumulation while pigs show higher lymphatic fl ow compared to 

humans.41 Closing the retroperitoneum after nephrectomy with matrass sutures prevents 

lymphalocele formation and intestinal adhesions, and is therefore highly recommended.42
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Figure 1.

Schematic illustration of the nephrectomy and transplantation procedure with A) the normal 

situation, B) after left nephrectomy where *marks the careful opened retroperitoneum, C) after 

contralateral (right) nephrectomy with preservation of maximal arterial length, D) transplantation of 

the cranial to caudal fl ipped left kidney, E) close-up of the new vascular situation, and F) the fi nal 

anatomical situation. See Appendix 1, page 202 for the color image.

 Prior to graft implantation, careful peritoneal and intestinal inspection is advised 

to identify possible complications as intussusceptions. The contralateral retroperitoneum 

is opened and lifted at the vascular hilus of the kidney, in order to be able to create a pouch 

for stabilization of the graft with the ureteral catheter and to prevent intestinal adhesions 

when the peritoneum is closed over the graft. Contralateral (right) nephrectomy is 

subsequently performed similarly as the left nephrectomy, providing room for placement 

of the kidney graft in the peritoneal pouch. 

 Dissection of the right renal artery distally at the cranio-caudal bifurcation 

facilitates anastomosis to the graft renal artery.43 Flushing the arterial stump with heparin 
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solution prior to completing the anastomosis is imperative in view of the pigs’ markedly 

increased coagulative tendency in comparison to humans.44 Cranio-caudal reversal of 

the graft conveniently exposes the renal vein simplifying the vascular anastomoses. An 

end-to-side anastomosis of the graft renal vein to the caval vein is constructed using a 

running Prolene® 7-0 suture, and an end-to-end anastomosis is performed for the renal 

artery using a running Prolene® 7-0 suture.

 An uretero-cutaneostomy is perfomed using a large (18-20 Fr) urinary catheter 

for urine collection to prevent twisting or blockage by protein deposits. The catheter is 

tunneled through the abdominal wall via a premarked point below the ribcage into the 

retroperitoneal pouch. It is important not to lift the ureter ventrally to prevent occlusion of 

the arterial and venous branches to the grafts dorsal pole.45, 46

Posttransplantation

 Flushing and inspection of the abdominal cavity with warm saline prevents 

the aforementioned fi brin deposits and potential intestinal complications during the 

survival period. Closure of the abdominal wall is best performed with a running suture 

(PDS II® 1.0) to withstand pressure on the wound when the pig is standing.47 Freeing the 

skin from the underlying connective tissue to decrease wound tension (undermining) 

will increase postoperative pain signifi cantly and should be discouraged. Post-operative 

urine collection during survival is possible (without a metabolic cage) using a “pig-jacket” 

(KARUNO, Figure 2), designed to hold a 4-L urinary bag.48-50 The jacket allows overnight 

urine collection without the risk of overfi lling and pressure rise in the renal pelvis and 

calices.

Postoperative management and analgesia

Recovery from general anesthesia is usually highly stressful at which time the natural 

instinct of the animal is to fl ee. It is therefore advisable to transfer the pig to its individual 

housing when it is almost able to stand and to assist the animal in assuming an upright 

position to alleviate stress and prevent pulmonary complications (e.g. hyperventilation, 

stridor). When returned to the pen, water must be available for reasons addressed 

in section ‘Feeding and Fasting’.26 Postoperatively, the pig frequently demands intake 

stimulation for which sweet fl avored treats can be off ered. When intake falls short despite 

these stimulants, IV fl uids or glucose are administered as additives up to the third or fourth 

postoperative day via the jugular catheter. The increase in intake and indication for glucose 
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IV can be based upon blood glucose levels. Taking the abovementioned considerations 

into account, the fi rst three to four postoperative days can be characterized as an intensive 

care period. Postoperative analgesia in this period is of utmost importance to provide 

basal welfare conditions for the animal, at the same time creating optimal conditions for 

the assessment of kidney function in the early postoperative phase.

Figure 2.

The KARUNO pig jacket that enables 4-liter urine collection without the use of metabolic cages.

 Non-steroidal anti-infl ammatory drugs (NSAID) like fl unixin, meloxicam, and 

ketoprofen have shown to be eff ective analgesics in the pig.51, 52 Whereas renal eff ects 

of meloxicam (selective COX 2-inhibition) and ketoprofen (nonselective COX 1- and 

2-inhibition) in anesthetized normovolemic piglets have shown signifi cant diff erences in 

urinary fl ow; selective COX 2-inhibition did not alter renal function when compared to a 

placebo group.53 Nonselective COX-inhibition led to signifi cant decreases in glomerular 

fi ltration rate (GFR) and renal blood fl ow (RBF). Clinical evidence suggests that the risk 

of acute kidney injury may be lower using selective COX-2 inhibitors.54 If normotension 

cannot be adequately maintained, the risk of decreased GFR and RBF is increased. 

 Using systemic opioids as postoperative analgesia, like buprenorphine, has 

shown to be eff ective in pigs, although high dosages are necessary for adequate analgesic 

eff ects. Importantly, gastrointestinal side eff ects like constipation or ileus could interfere 
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during this period, especially as pigs appear to be very susceptible to gastrointestinal 

complications after abdominal surgery. Fortunately, laxatives as lactulose or movicol have 

a sweet taste and will therefore be readily consumed by pigs. Postoperative analgesia 

using epidural morphine has been described in pigs after abdominal surgery and 

potentially unlocks a new era of postoperative pain management in laboratory animals.55, 

56 A particularly interesting development would be the implementation of ‘depodur’ as a 

long-acting epidural formulation, avoiding the use of systemic opioids and their impact 

on intestinal motility.57 Tramadol has been reported to improve the quality of induction 

and improve duration of anti-nociception in ketamine-xylazine anesthesia in young 

pigs.58 However, as a major downside, this analgesic treatment cannot be complemented 

with opioids when desired. Due to this disadvantage and the possible renal side eff ects 

resulting from NSAID, we recommend using opioids in the post-operative phase. Finally, 

pigs should be mobilized and receive proper fl uid management in combination with the 

aforementioned to prevent gastro-intestinal complications as obstipation.

Recommendations for monitoring and maintaining porcine health

Maintenance of a high quality of porcine health is indispensible throughout 

transplantation procedures to minimize variations in the transplantation results. The 

most important elements to secure the health condition of the pig are delineated in this 

paragraph. 

 Pigs are unaccustomed to restraining associated with the physical examinations 

as should be performed prior to each experiment. Therefore, visual inspection is relatively 

important to avoid physiological changes caused by the excitement of handling. If physical 

contact is necessary, the observations should be judged in relation to the amount of 

stress the pig is experiencing. As mentioned in the section ‘Housing & Stress’, chronic stress 

syndrome develops rapidly, and therefore, regular and at least preoperative inspections 

are performed taking account of attentiveness, posture, skin color, nutritional status, body 

condition, wounds, and other striking abnormalities such as diarrhea, coughing, sneezing, 

visible nasal discharge, or swollen joints. Impaired mobilization causes a problematic 

welfare assessment in the survival period. Vocalizations, interestingly, are an important 

indicator of health and should therefore be compared pre- and post-operatively.59, 60 

Furthermore, pigs should react promptly to noises and movements. Abnormalities and 

changes of these physical parameters should lead to exclusion from the experiment.

 The respiratory rate of pigs of 50 kg ranges from 25 to 40 breaths per minute 
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whereas heart rates vary from 75 to 110 (peak 140) beats per minute in a stable 

surrounding.61 Body temperature varies between 38.5 to 39.5 °C while temperatures 

above 41 °C should be lowered using wetted or alcohol soaked towels due to the pigs’ 

inability to sweat.61  Hypothermic pigs will bend their legs under their body and show pale 

skin with rough, raised hairs. Healthy pigs, in contrast, will lie comfortably in a sternal or 

lateral position with their legs stretched.

 Proper acclimatization and minimizing the number of caretakers will facilitate 

postoperative handling as it needs to be emphasized that pigs are generally very 

susceptible to changes in their environment. Solitary pigs tend to refrain from eating 

and demand extra stimulation, underscoring the need to synchronize behavior with pen 

mates. Mobilization in the pen or, advisably, a larger area, will stimulate bowel movement 

and enhance wellbeing as experienced during our animal experiments. Sounds (e.g. 

radio, caretakers) help fi lter noises from outside and reduce stress, whereas thorough 

perioperative cleaning of pens increases stress due to loss of a familiar surrounding. 

Postoperative food and water intake should be strictly controlled as an aberrant pattern is 

considered an indicator of discomfort and stress.

 In summary, close clinical observations, minimal changes in caretakers, sounds, 

smells, and stimulation of feeding and mobilization in the postoperative phase will 

minimize variations in outcome. This careful control of porcine health will greatly enhance 

the quality of the experiment and subsequent outcome.

Discussion

Although the kidney autotransplantation model is often deemed established, the way it 

is applied greatly infl uences the outcome of a transplantation study. A standardized use 

of type of animal, weight, sex, preoperative- and anesthetic protocols would not only 

be benefi cial for the animals, but also improves comparability of studies among various 

research groups (Table 2).

 Similarity between human and animal anatomy and physiology is the basis for 

devising a proper large animal model, along with other aspects such as the availability of 

pathogen-free (SPF) animals, low costs, and complexity of care and housing. Historically, 

large animal models comprise non-human-primates (NHP), dogs, mostly beagle or 

mongrel, and pigs.4, 5 NHP seem closest to man, however, intranal renal anatomy diff ers 

between species in form and number of renal pyramids.62, 63 Furthermore, NHP are 

expensive regardless of their SPF-status, and only a minimum of pathogens are excluded 
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in SPF-animals.64 In addition, NHP require specialized care and housing and, most 

importantly, institutes and individuals are often faced with societal condemnation and 

protest emanating from the use of NHP for research purposes. 

 Dogs feature a dissimilar anatomy in the arterial supply to the renal dorsal pole 

(comprising multiple supplying arteries) as compared to humans and display resilience to 

IR injury potentially resulting in misrepresentative extrapolations to the clinical setting.65, 

66 Furthermore, to obtain comparable size and morphology of the renal pelvis and calices, 

dogs taller than 70 cm must be used.67 SPF-status animals are plenty, but costs remain 

sixfold that of pigs (personal communication, Harlan, The Netherlands; van Beek Topigs 

BV, Lelystad, The Netherlands). Knowledge of housing and care is widespread, but as with 

NHP, societal pressure contributes to the decline in the use of dogs.5

 In pigs, basic renal function is comparable to man, but distal bifurcation of the 

renal artery is in cranio-caudal direction instead of antero-dorsally in man, resulting in a 

diff erent orientation of the kidneys’ avascular plane.12, 45, 46, 67, 68 Despite these diff erences, 

the susceptibility of pigs to ischemia reperfusion-induced organ damage is equal to that 

of man and societal resistance to the use of pigs for research is limited due to its large-scale 

agricultural use. This keeps costs low and availability high, creating an advantage of the 

porcine model above the NHP or canine model.

 The impact of age, sex, surgical and anesthesiological techniques of which 

potential pharmaceutical interactions are most prominent, are challenging when 

using pigs. Underreporting of the details of the models used in literature is a major 

issue in interpretation of transplantation results (in 10 of 15 models; Table 2). Despite 

their side eff ects, isofl urane was applied in 7 and halothane in 3 of 13 models in which 

inhalant anesthesia was applied for maintenance of anesthesia. The use of diuretics 

after transplantation of the graft clouds renal function, but has been used in 6 models. 

Postoperative systemic morphine or its analogs requires the use of laxatives to prevent 

obstipation, but this was not mentioned in all models reported. This suggests that not 

only underreporting is an issue but also incorrect implementation of the model.

 In conclusion, the female pig of 50 kg, or 5 months of age, is highly suitable for 

the kidney autotransplantation model. Using properly designed perioperative protocols, 

confounding eff ects on transplant outcome can be minimized. We have provided 

guidelines for perioperative care, anesthesia and surgical techniques proposing a more 

uniform use of the porcine kidney autotransplantation model. A standardized method 

will facilitate future planning of large animal studies in renal transplantation research and 

provides a basis to compare results of diff erent research groups.
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Abstract

Intra-organ fl ow is the most critical parameter in machine-perfused organ preservation 

systems (MPS). Ultrasonic fl ow sensors (UFS) are commonly employed in MPS. However, 

UFS are sensitive to changes in fl uid composition and temperature and require 

recalibration. Novel Coriolis-type mass fl ow sensors (CFS) may be more suitable for MPS 

because the measurement technique is not amenable to these factors.

 The eff ect of viscosity, colloids, temperature, pressure, and preservation solution 

on fl ow measurement accuracy of UFS and CFS was therefore investigated. A CFS-based 

MPS was built and validated for setpoint stability using porcine kidneys and the ability to 

reproduce diff erent pressure and fl ow waveforms.

 The UFS exhibited a temperature- and preservation solution-dependent 

overestimation of fl ow rate compared to the CFS. The CFS deviated minimally from the 

actual fl ow rate and did not require recalibration. The CFS-based MPS conformed to the 

preprogrammed temperature, fl ow, pressure, and vascular resistance settings during 

6-hour kidney preservation. The system was also able to accurately reproduce diff erent 

pressure and fl ow waveforms.

 Conclusively, CFS-based MPS are more suitable for organ preservation than UFS-

based MPS. Our CFS-based MPS provides a versatile yet robust experimental platform for 

testing and validating diff erent types of clinical and experimental MPS. 
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Introduction

A chronic shortage of donor organs has been the driving force for an expansion of the 

donor pool with non-heartbeating donor (NHBD) organs.1 Due to their origin, these 

organs are subjected to extensive organ damage as opposed to organs retrieved from 

heartbeating or living donors. Despite the advantages of hypothermic (4 °C) organ 

preservation, the clinical standard in transplantation programs, hypothermia, leads to post-

preservation organ damage following transplantation and reperfusion due to intracellular 

energy-, metabolite-, and anti-oxidant shortage.2, 3 As a consequence, renewed interest 

in ex vivo rewarming prior to transplantation and (sub)normothermic machine perfusion 

(28 to 37 °C) has arisen with the aim to prevent the detrimental eff ects associated with 

hypothermia.4-8

 For use under (sub)normothermic conditions, preservation solutions 

(perfusates) must contain metabolism-supporting substrates, colloids to prevent edema, 

and ideally, oxygen carriers.9 The complexity of these perfusates have implications for 

the dynamics of machine perfusion (i.e. pressure, fl ow, and waveform) that in turn, may 

aff ect accuracy of fl ow measurements in perfusates due to their temperature-dependent 

rheological properties.10, 11

 Perfusate fl ow remains the most commonly used parameter for the quality of 

organ perfusion. Accuracy of fl ow measurement, therefore, is imperative since fl ow and 

pressure are used to calculate intra-organ vascular resistance (VR, mmHg/ mL/ min) that is 

regarded the main indicator of microvascular integrity.12-15

 Ultrasonic-based sensors are usually applied in the experimental setting of 

hypo- or normothermic machine perfusion. Although they are easy-to-use and comprise 

a broad array of clamp-on tubing sensors, changes in perfusion temperature, pressure, 

and applied perfusate can aff ect the accuracy of fl ow measurements.9, 16 In addition, 

ultrasonic sensors require recalibration for temperature- and solution- changes, restricting 

their application in organ resuscitation by ex vivo rewarming prior to implantation. Using a 

Coriolis-based mass fl ow sensor that measures fl ow based on the solutions’ mass instead 

of volume or the Doppler eff ect may circumvent these drawbacks. Due to this property, 

experimental machine perfusion systems with Coriolis-based fl ow sensors might enable 

reproduction of clinically and experimentally encountered fl ow dynamics with a greater 

accuracy under changing preservation conditions.17 

 The aim of this study was to determine the accuracy of fl ow measurements 

using ultrasonic- and Coriolis-based fl ow sensors in respect with temperature-dependent 
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viscosities and pressure variations of the following preservations solutions: University 

of Wisconsin (UW), histidine-tryptophan-ketoglutarate (HTK), and the experimental 

preservation solution, Polysol (PS). On the basis of these fi ndings, an experimental machine 

perfusion system incorporating Coriolis-based mass fl ow technology was developed and 

validated for temperature-, fl ow-, and pressure-stability with the fi nal goal to provide 

reproducible generation of versatile fl ow patterns (waveforms). This development 

intended to provide a platform for optimal perfusion parameter determination.

Materials and Methods 

Viscosity measurements in preservation solutions 

 Temperature and preservation solution-dependent viscosity was measured 

using a LV DV-II + Pro Digital Rheometer (Brookfi eld Engineering Laboratories, 

Middleboro, MA) using Rheocalc 3.1-1 (Brookfi eld Engineering Laboratories) software 

for data acquisition. Samples of preservation solution (500 µL) were transferred to the 

measurement cup that was kept at 4, 15, 20, 28, or 37 °C using a water bath (Tamson 

Instruments, Zoetermeer, The Netherlands). Temperature-dependent viscosity (n= 7 for 

each solution) was determined in demineralized water (DW, Baxter, Deerfi eld, IL), histidine-

tryptophan-ketoglutarate (HTK, Dr F Köhller-Chemie, Bensheim, Germany), Polysol (PS, 

Organofl ush, Amsterdam, The Netherlands), and University of Wisconsin solution (UW, 

Fresenius Hemocare, Emmer-Copascuum, The Netherlands). The characteristics of the 

solutions are provided in Table 1.

Assessment of fl ow measurement accuracy

 Accuracy of fl ow measurement was determined in a custom-built setup in which 

two commercial systems of equal measurement capacity (250 mL/ min) were placed 

according to the manufacturers’ instructions, being an ultrasonic in-line sensor (ME4PXN, 

Transonic, Ithaca, NY on a TS410 console) and Coriolis mass-fl ow controller (Cori-Flow M14; 

Bronkhorst Cori-Tech, Ruurlo, The Netherlands). Flow was generated using a non-pulsatile 

gearpump (DGS.11; Tuthill, Alsip, IL) and allowed to stabilize at approximately 50 mL/ 

min. Pressure was controlled by a pressure transducer (El-Press P-502C-350R; Bronkhorst, 

Ruurlo, The Netherlands) at 30, 55, 75, or 95 mmHg (zero stability has been determined 

by the manufacturer) and temperature was set to 4, 15, 20, or 28 °C using a water bath 

(Tamson Instruments). Flow measurement accuracy was related to the fl ow rate derived 

from a precision weighing scale (PR8002; Mettler-Toledo, Tiel, The Netherlands) that was 
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continuously read-out by a custom-built program (Bronkhorst High-Tech, Ruurlo, The 

Netherlands). The program calculated the volumetric fl ow (mL/ min) reference by means 

of the weight increase and density (measured prior to each experiment) of each solution.

 The ultrasonic sensor was recalibrated according to the manufacturers’ 

instructions prior to each change of solution and temperature whereas the Coriolis sensor 

(manufactured and calibrated in 2009) did not require any recalibration according to its 

design. All hardware components were controlled by a FlowBus module (Bronkhorst 

High-Tech) and data were collected in FlowPlot (version 3.28, Bronkhorst).

Experimental machine perfusion system

 A schematic overview of our custom-engineered machine perfusion system 

is depicted in Figure 1. Briefl y, one-liter of perfusate was kept in a glass reservoir, 

oxygenated by a custom-built glass oxygenator (passive diff usion-based), and two 

custom-built glass bubble traps. Perfusate temperature was controlled by a custom-

built glass heat exchanger. The perfusion system was driven by a rollerpump (Watson-

Marlow Inc., Wilmington, MA), pumping perfusion solution from the reservoir to the fi rst 

bubble trap while a miniature membrane pump (NF60KPDCB-4, KNF Neuberger GMBH, 

Freiburg, Germany) provided the arterial perfusion pressure after the fi rst bubble trap. The 

membrane pump was combined with two bypasses in order to provide non-pulsatile fl ow 

to the organ.

 All glass components were temperature-controlled by a waterbath (HMT-

200; HETO, Holten, The Netherlands) and thermocouple (C8.B Licox; Integra, Vilvoorde, 

Belgium). A pressure controller (El-Press P-502C-350R; Bronkhorst) was positioned directly 

prior to the glass organ chamber for pressure regulation. A gas fl ow controller (O2 El-Press 

F-201CV; Bronkhorst) coupled to a 50-L oxygen-containing cylinder (Hoekloos Medical, 

Amsterdam, The Netherlands) subsequently regulated oxygenation of the perfusate. All 

hardware components were connected to a data acquisition board (NI USB-6229 BNC, 

National Instruments, Austin, TX) and controlled by a custom-written program in Labview 

(version 8.4.2, National Instruments).

Stability of the machine perfusion system settings

 System-setting stability was determined using a non-pulsatile fl ow of 50 mL/ 

min in a pressure range of 0 to 95 mmHg and temperatures of 4, 15, 20, 28, or 37 °C. As 

perfusate, PS was used inasmuch as it was specifi cally designed as a colloidal machine 

perfusion solution. Stability was defi ned as the capability of the perfusion system to
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Table 1. Composition of solutions used.

 HTK UW PS RL DW

Colloids (gr/ L)

PEG   20 (35 kDa)

HES  50

Impermeants (mmol/ L)

Mannitol 38

Lactobionate  100

Raffi  nose  30 3.2

Trehalose   5.3

Sodium gluconate   75

Potassium gluconate   20

Bu! ers (mmol/ L)

Histidine 198  6.3

KH2PO4  25

NaH2PO4   21.7

HEPES   24

Electrolytes (mmol/ L)

Calcium 0.0015   1.5 <2

Chloride 32 20  109 <2

Magnesium 4    <2

Magnesium sulfate  5

Potassium 9 120 15 4 <2

Sodium 15 25 120 130 <2

Anti-oxidants (mmol/ L)

Tryptophan 2

Allopurinol  1

Glutathione  3 5.6

Ascorbic Acid   0.11

Alpha-Tocopherol   5.4 10-5

Additives (mmol/ L)

Ketoglutarate 1

Adenosine  5 5

Vitamins   $
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Table 1. continued

 HTK UW PS RL DW

Amino Acids   $$

Lactate    28

Osmolarity (mOsm/ L) 310 325 325 272 <1

pH 7.02-7.2 7.4 7.4 6.5 7

Abbreviations: 

HTK, Histidine-tryptophan-ketoglutarate; UW, University of Winsconsin solution; PS, Polysol; RL, Ringers lactate; DW, Demineralized 

water; PEG, Polyethylene glycol; HES, Hydroxyethyl starch

$: Vitamins (mmol/ L):

 ascorbic acid (0.11), biotin (0.21), Ca-pantothenate (0.004), choline chloride (0.01), inositol (0.07), ergocalciferol (3 10-4), folic acid (0.002), 

menadione (4 10-5), nicotinamide (0.01), nicotinic acid (0.004), pyridoxal (0.005), ribofl avin (0.003), thiamine (0.03), vitamin A (3 10-4), 

vitamin B12 (1 10-4), and vitamin E (5 10-5)

$$ Amino Acids (mmol/ L): 

alanine (1.01), arginine (1.18), asparagines (0.08), aspartic acid (0.23), cystine (0.33), glutamic acid (0.34), leucine (0.57), glutamine 

(0.002), glycine (0.67), isoleucine (0.38), lysine (0.48), methionine (0.30), ornithine (2.00), phenylalanine (0.30), proline (0.78), serine (0.29), 

threonine (0.34), tryptophan (0.88), tyrosine (0.19), and valine (0.43)

with the preprogrammed setpoint with respect to fl ow, pressure, and temperature. All 

measurements were performed over a period of fi ve min and repeated fi ve times in a 

random fashion within the same temperature group.

Stability during ex vivo kidney preservation

 After approval of the animal ethics committee (BEX 102084) and in accordance 

with the principles of laboratory animal care, two non-heartbeating kidneys from 

two healthy, 50-kg female Landrace pigs were retrieved as previously described18 and 

connected to the preservation system. The kidneys were perfused for six hours via the 

renal artery with free venous outfl ow. PS with 10 % v/v PFOB emulsion19 as oxygen carrier 

was used as preservation solution at 28 °C and a fi xed autoregulated perfusion pressure 
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Figure 1.

Schematic representation of the machine perfusion system. The perfusion solution in the reservoir 

passes a roller pump, fi lter, oxygenator, bubble trap, miniature membrane pump, mass fl ow 

transducer, heat exchanger, 2nd bubble trap, pressure sensor, and temperature couple prior to 

entering the organ’s artery.

of 75 mmHg. Temperature, pressure, and fl ow were continuously measured using the 

previously mentioned setup.

Multi-functionality of the experimental machine perfusion system

 To confi rm multi-functionality of the perfusion system, complex waveforms 

encompassing pressure spikes or smooth pressure control were selected to ascertain 

the ability to mimic commercial devices with diff erent perfusion profi les. Although rapid 

pressure spikes are not clinically demanded, they provide insight in the capabilities of rapid 

adaptations by the perfusion setup. To this end, sinusoidal, sawtooth, and block waveforms 

were preprogrammed in Labview and sent as setpoints to the perfusion system. The 

waveforms’ characteristics were composed of a 10-mmHg off set and 10-mmHg amplitude 

as frequently used in the clinical setting, and the baseline fl ow was set at 10 mL/ min to 

allow pressure release at a 0 mmHg setpoint.

 While most commercial perfusion preservation devices generate a sinusoidal 

waveform, a theoretical, more complex waveform composed of fast and smooth pressure 

changes combined with a stabilization phase was created to mimic preclinical devices 
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like the Airdrive.20 The waveform characteristics were defi ned as a 15-mmHg off set and 

10-mmHg amplitude in a one second timespan but with a baseline fl ow of 20 mL/ min to 

allow pressure drops. Each waveform measurement was reproduced in tenfold in random 

order at 20 °C to determine reproducibility of waveform generation by the system. 

Statistical analysis

 Diff erences were statistically analyzed for signifi cance using GraphPad Prism 

(GraphPad software, La Jolla, CA). For intra- and intergroup diff erences in the viscosity 

experiments, a Kruskal-Wallis test with post-hoc Dunn’s-test was employed. All other 

ordinal diff erences were analyzed by a two-way ANOVA with Bonferroni post-hoc test. 

Flow measurement accuracy was displayed using a Bland-Altman analysis using the 

comparison: diff erence (A-B) versus average in which the diff erence is defi ned as the 

precision weighing scale result minus the Coriolis or ultrasound result, plotted against 

their averaged result. A P-value of <0.05 was considered statistically signifi cant.

Results

Viscosity of preservation solutions

 Colloidal solutions showed a signifi cant temperature-dependent viscosity 

while non-colloidal solutions did not (Figure 2). The viscosity of the colloidal solutions 

UW and PS was 2.5-fold higher at 4 °C compared to 37 °C (P <0.0001). This eff ect was less 

pronounced for the non-colloidal solution HTK that exhibited a 1.6-fold diff erence (P 

<0.0001). A signifi cant diff erence between the viscosities of the solutions was found at all 

temperatures except for the non-colloidal solutions at 28 °C and 37 °C.

Figure 2.

Viscosity of preservation solutions 

showing a temperature-dependent eff ect.
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Flow measurement accuracy

 Flow measurement accuracy of the ultrasonic- and Coriolis-based sensors 

related to the precision weighing scale reference was mainly determined by the solution 

used, as evidenced by the Bland-Altman analysis (Figure 3). The Coriolis mass fl ow sensor 

showed very little-to-none deviation from the fl ow measurement reference, regardless of 

preservation solution type and temperature. The maximum fl ow rate overestimation by 

the Coriolis sensor was 0.5 mL/min in the 4 °C HTK group. 

 The ultrasonic sensor displayed a more pronounced overestimation of the fl ow 

rate at 4 and 15 °C with a minimum of 3.7 mL/ min for RL and maximum of 7.6 mL/ min for 

PS. However, a colloid-dependent eff ect could not be demonstrated at these temperatures 

as shown by the inter- and intragroup analyses (Table 2). At higher temperatures (20 °C and 

28 °C) the ultrasonic fl ow sensor displayed greater accuracy with non-colloidal solutions 

(HTK and RL) in comparison to colloidal solutions (UW and PS, Table 2). Finally, the fl ow rate 

measurement accuracy of the ultrasonic and Coriolis fl ow sensor was uninfl uenced by 

pressure variations, regardless of temperature and preservation solution applied (data not 

shown).

Figure 3.

Bland-Altman plots (weighing scale - ultrasonic (US) or Coriolis (CS) vs. average) displaying 

overestimation of fl ow by the US technique in comparison to the CS technique.
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Table 2. Statistical diff erences in measurement accuracy between solutions per temperature group

 

 Ultrasonic sensor Coriolis sensor

Temperature Solutions P-value  Solutions P-value

4 °C PS vs UW <0.001

 PS vs HTK <0.001

 PS vs RL <0.001

15 °C PS vs UW <0.001

 PS vs HTK <0.001

 PS vs RL 0.034

 UW vs HTK <0.001

 HTK vs RL <0.001

20 °C PS vs HTK <0.001  PS vs UW 0.014

 PS vs RL 0.001

 UW vs HTK <0.001

 UW vs RL <0.001

28 °C PS vs HTK <0.001

 PS vs RL <0.001

 UW vs HTK <0.001

 UW vs RL <0.001

Stability of the experimental machine perfusion system settings 

 The perfusion system performed in excellent compliance with the pre-

programmed setpoint (Table 3). With respect to fl ow stability, the measured standard 

deviation (SD) from the setpoint did not exceed 0.317 mL/ min across the assessed 

temperature range of 4 °C to 37 °C. Regarding the perfusion pressure, the system could 

properly manage the pressure setpoint, indicated by the maximal pressure SD of 0.022 

mmHg. This minimal SD from the pressure setpoint indicates the ability to provide 

non-pulsatile fl ow. Furthermore, at the 50 mL/ min fl ow rate, the preservation solution 

temperature showed a maximum SD from the setpoint of 0.426 °C at 20 °C and even lower 

at the remaining temperatures.
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Ex vivo perfusion of NHBD kidneys resulted in stable mean preservation solution fl ow of 

116 ± 9.06 mL/ min/ 100 gr (mean ± SD) over the 6-hour preservation period. In this time, 

the temperature was maintained at 28.25 ± 0.09 °C and perfusion pressure at 74.92 ± 0.33 

mmHg. The results are displayed in Figure 4.

Figure 4.

The dynamics of temperature (a), fl ow (b), pressure (c), and vascular resistance (VR, d) during 6 h ex 

vivo machine perfusion preservation of 2 non-heartbeating porcine donor kidneys at 28 °C.

Multifunctionality of the machine perfusion system

 Sinusoidal and more complex waveforms were generated in the machine 

perfusion system to ascertain the ability to reproduce clinical and experimental machine 

perfusion devices. In Figure 5, a clear correlation is illustrated between the preprogrammed 

and measured waveform pressures and associated fl ow rates. The R2 value for the 

sinusoidal, sawtooth, block, and composed waveforms were 0.987, 0.821, 0.829, and 0.997, 

respectively. The goodness of fi t statistics confi rms the system’s capability to preprogram 

and execute predefi ned waveforms, suggesting that, when properly defi ned, waveforms 

encountered in the clinical setting can be duplicated. 
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Table 3. Machine perfusion system settings stability

Flow (mL/ min)

Temperature Setpoint Mean SD

4 °C 50 49.950 0.098

15 °C 50 50.062 0.257

20 °C 50 49.891 0.170

28 °C 50 49.881 0.125

37 °C 50 50.036 0.317

Pressure (mmHg)

 Setpoint Mean SD

 30 30.005 0.022

 55 55.000 0.002

 75 75.001 0.003

 95 94.999 0.003

Temperature (°C)

 Setpoint Mean SD

 4 3.990 0.036

 15 14.819 0.411

 20 20.224 0.426

 28 28.040 0.120

 37 37.013 0.371

 In this hardware setup, however, rapid pressure changes demand a slight time 

delay for pressure build-up and regulation by the pump and pressure controller. Without 

the clinical need for such rapid pressure changes, no hardware changes were applied in 

the setup. In support of the latter, a setpoint delay was not found in the corresponding fl ow 

waveforms and their R2 values (0.983, 0.893, 0.954, and 0.998 for a sinus, sawtooth, block, 

and composed waveform, respectively). Therefore, perfusion was properly maintained 

despite a lag-phase in pressure control.
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Figure 5.

Waveform generation in the experimental system simulating a sinusoidal (a), sawtooth (b), block 

waveform (c), and complex composed waveform (d). The red line represents the measured pressure 

(mmHg) and the black line represents the setpoint given to the controller device. (e)-(h) shows the 

associated fl ow patterns (mL/ min).
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Discussion

This study established that an invers proportional relationship exists between preservation 

solution viscosity and temperature, an eff ect most pronounced in the colloid-containing 

solutions. Furthermore, temperature and type of preservation solution considerably 

aff ected fl ow measurement accuracy when using an ultrasonic-based fl ow sensor but 

not a Coriolis-based mass fl ow sensor. Incorporation of the Coriolis-based sensor in 

our experimental machine perfusion system proved to perform in compliance with 

preprogrammed fl ow, pressure, and temperature. Moreover, compliance to complex 

waveforms enabled the system to recreate well-defi ned fl ow patterns of commercially 

available and experimental machine preservation systems.

Figure 6.

Principle of the Coriolis 

mass fl ow measurement, 

illustrating the forces and 

fl ow tube torsion when fl ow 

is present.

 In experimental perfusion preservation systems the ultrasonic-based fl ow 

sensors are frequently applied and pose no risk for impaired measurement accuracy when 

the preservation solution and applied temperature are left unchanged. However, with the 

hypothermia-related detrimental eff ects on preserved organs during reperfusion, interest 

in the complex process of organ rewarming prior to reperfusion is increasing. For the 

application of (sub)normothermic preservation, the eff ects of oxygen carrying particles, 

changing perfusion solutions, and perfusion temperatures must be taken into account.21 

In this respect, changes in the solution’s composition impact density and viscosity, leading 

to a change in conductivity of the ultrasonic wave used in ultrasonic-based sensors.10, 

11 Changes in viscosity, in turn, can cause velocity variations across the tubing diameter 

due to friction at tubing walls, impairing mean fl ow rate measurement accuracy in older 

generation sensors.16, 22 More importantly, particles present in preservation solutions 
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(microbubbles, protein aggregates, residual erythrocytes, artifi cial oxygen carriers, etc.) are 

constantly infl uencing ultrasonic fl ow measurement during perfusion, which impacts its 

reliability.11

 The major advantage of Coriolis-based fl ow sensors over ultrasonic sensors is 

that their measurement is based upon mass fl ow instead of volume or velocity (Doppler). 

Coriolis-based sensors are therefore capable to correct for temperature, density, and 

particle-related changes of the solutions fl owing through the sensor. In a Coriolis fl ow 

sensor, two U-shaped tubes are counter-vibrating within an 80- to 1000-Hz range, 

depending on the fl ow tube size. During fl ow, the vibration-amplitude at the infl ow of 

the fl ow tube becomes ‘out-of-sync’ with the outfl ow amplitude due to the Coriolis force 

that moves the tube in a direction perpendicular to the fl ow and imposed rotational axis 

(Figure 6). The Coriolis eff ect thereby facilitates the calculation of the exact mass fl ow from 

the phase-shift that occurs using the formula Fc = -2 L ω Φ m in which: L is the fl ow tube 

length, ω the torsion applied, and Φm the resulting mass fl ow (Figure 7). Mass fl ow can 

subsequently be calculated to volumetric fl ow by dividing it by the density of the fl uid. 

Density is easily extrapolated because the given vibration frequency is dependent on the 

given mass of the fl ow tubes and the unknown density of the solution passing through 

the fl ow tubes.

Figure 7.

Coriolis fl ow sensor in 

which ! is the torsion mode 

actuation vector and Fc 

indicates the Coriolis force as 

a results of Φm, being mass 

fl ow.

 The abovementioned corrections performed in a Coriolis-based fl ow sensor 

make the required recalibration prior to solution- or temperature-changes, which are 

obligatory for ultrasonic sensors, redundant. This is advantageous when normothermic 

organ resuscitation is applied, especially when taken in account that rewarming can take 

up to 68 min.23
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 The reproduction of various pressure and fl ow waveforms using the Coriolis 

technique with automatic, auto-feedback pressure regulation enabled the simulation of 

other experimental and commercial perfusion preservation devices. This allows research 

into optimal preservation conditions in one apparatus with inclusion of the current, 

clinically employed machine preservation devices. However, the application of Coriolis-

based sensors for clinical organ preservation is currently not possible for technical reasons. 

The current layout of the sensor and especially the fl ow tube comprises frequent bends 

and dead volumes. With the strict clinical regulations and the inability to autoclave the 

sensor with the attached electronics, clinical sterility guidelines cannot be followed. 

Furthermore, as the sensor’s measurement principle is based on the distortion of a 

generated vibration, the coriolis-based measurement is sensitive to external vibrations. 

Without hardware changes to overcome these issues, implementation in a portable, 

clinically useable system is not feasible. Therefore, this fl ow measurement technique and 

perfusion system described in this work are as yet specifi cally aimed at the development 

of (sub)normothermic preservation techniques in the experimental setting in a non-

portable setup.

 In conclusion, fl ow sensors based on the Coriolis technique measure fl ow rate 

more accurately without the need for recalibration regardless of preservation solution or 

temperature employed during machine perfusion. The preservation system presented 

proved to provide accurate fl ow and pressure management throughout temperature 

and preservation solution changes. The systems’ stability was hereafter confi rmed with 

the perfusion of NHBD kidneys, safeguarding extrapolation of our results to the setting of 

organ perfusion preservation. Moreover, the system could comply with preprogrammed 

fl ow- and pressure-waveforms, facilitating the reproduction of defi ned fl ow and pressure 

waveforms of experimental and clinical machine perfusion devices. This project therefore 

resulted in a system capable of looking into optimal machine perfusion settings in a way 

that fl ow and pressure waveforms might be pre-validated. 
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Abstract

Machine perfusion (MP) is a potential method to increase the donor pool for organ 

transplantation. However, MP systems for liver grafts remain diffi  cult to use because of 

organ-specifi c demands. Our aim was to test a novel, portable MP system for hypothermic 

preservation of the liver. 

 A portable, pressure-regulated, oxygenated MP system designed for kidney 

preservation was adapted to perfuse liver grafts via the portal vein. Three porcine livers 

underwent 20 hour of hypothermic perfusion using Belzer MP solution. The MP system 

was assessed for perfusate fl ow, temperature, venous pressure, and pO2/ pCO2 during the 

preservation period. Biochemical and histological parameters were analyzed to determine 

post-preservation organ damage. 

 Perfusate fl ow through the portal vein increased over time from 157 ± 25 mL/ min 

at start to 177 ± 25 mL/ min after 20 hours. Portal vein pressure remained stable at 13 ± 1 

mmHg. Perfusate temperature increased from 9.7 ± 0.6 °C at the start to 11.0 ± 0.0 °C after 

20 hours. AST and LDH increased from 281 ± 158 and 308 ± 171 U/ L after 1 hour to 524 

± 163 and 537 ± 168 U/ L after 20 hours, respectively. Blood gas analysis showed a stable 

pO2 of 338 ± 20 mmHg before perfusion of the liver and 125 ± 14 mmHg after 1 hour 

perfusion. The pCO2 increased from 15 ± 5 mmHg after 1 hour to 53 ± 4 mmHg after 20 

hours. No histological changes were found after 20 hours of MP. 

 This study demonstrated the feasibility of a portable MP system for preservation of 

the liver and showed that continuous perfusion via the portal vein can be maintained with 

an oxygen-driven pump system without notable preservation damage of the organ.
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Introduction

Static cold storage (SCS, 4 °C) is currently the gold standard for preservation of abdominal 

organs1, 2, allowing preservation times of more than 12 hours for healthy liver grafts.3, 

4 However, expanded criteria donor (ECD) organs, such as those from the elderly and 

non-heart-beating donors as well as steatotic livers, are known to be more prone 

to preservation-induced damage than healthy donor organs.5 Continuous artifi cial 

circulation through an organ during machine perfusion (MP) has the potential to keep 

organs from ECD in a better functional condition. This preservation technique, however, 

often requires complex pump systems and trained personnel and is subject to logistical 

constraints.

 For decades, MP of the liver was primarily confi ned to the experimental setting 

and reports of clinical application were scarce.6 However, MP has evolved into an accepted 

clinical preservation method for kidneys, especially from ECD kidneys. A large multi-center 

clinical trial has confi rmed the benefi ts of MP over CS, showing enhanced functional and 

survival outcomes.7 With respect to livers, however, only one clinical (phase 1) series has 

been reported thus far.8 Although this trial has presented encouraging results for MP 

of liver grafts, widespread implementation tends to be constrained by the diffi  culty to 

practically implement the technology necessary for the preservation of livers. Currently, 

the major obstacle preventing large scale clinical application of MP for liver grafts is the 

lack of portable, oxygenated hypothermic (4 °C) MP systems that are compatible with the 

size of liver grafts and the associated perfusion demands.9

 We have developed a disposable oxygenated MP system (Airdrive®) that 

has demonstrated its value in experimental hypothermic kidney preservation.10-12 The 

system is based on an oxygen-driven, positive displacement pump that allows pressure-

controlled pulsatile perfusion, continuous heat convection, and oxygenation of the 

perfusion medium. With the weight of <15 Kg and all components fully integrated into a 

single module, this system is also portable. In this study, the settings, perfusion dynamics, 

and organ quality were assessed in the Airdrive MP system during 20-h hypothermic 

preservation of porcine liver grafts.
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Methods 

Airdrive system 

 The Airdrive system (Figure 1) is based on pressurized oxygen as the driving 

force, which is used for three purposes: 1) to drive a positive displacement pump, 2) to 

supply the oxygenator, and 3) to induce overpressure in the organ chamber to support 

sterility. The oxygen is provided by a standard onboard 2-L pressurized cylinder containing 

medical grade oxygen (Medidis, Lelystad, The Netherlands). A 12-volt, non-rechargeable 

battery powers the gas valves and pressure feedback systems via a proportional-integral-

derivative (PID) controller.

Figure 1.

The disposable 

Airdrive MP system. 

 The pump design is based on a low energy, reciprocating positive displacement 

(membrane-)pump that separates the pump chamber in a lower half containing 

pressurized oxygen and an upper half containing perfusate (Figure 2A and 2B-11). The 

pump has a maximum output of 13.9 mL perfusate per cycle.

 The pump cycle (Figure 2C, phase A) starts with the opening of gas valve V2 

(Figure 2A), driving the O2 pressure to a maximum in the oxygen buff er vessel B1 (Figure 

2A) and the sub-membrane space. During phase B (Figure 2C), V2 closes and the stored 

O2 pressure in B1 continues to elevate the membrane by further expansion of the sub-

membrane space. During this phase, the produced perfusate fl ow is primarily restricted by 

the resistance of the tubing and tube connectors. As B1 is no longer continuously refi lled, 

the O2 pressure gradually decreases, represented by the declining trend observed in phase 

B. At the start of phase C (Figure 2C), the membrane reaches maximum defl ection, 
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Figure 2.

A. Schematic view of oxygen and perfusate fl ow in the Airdrive system. Oxygen pressure is reduced 

to 12.5 (± 2.5) kPa from the oxygen cylinder (160 kPa). Gas valves V1 and V2 are controlled by a PID 

controller. Expansion chambers are denoted as B1 (10-15 kPa) and B2 (1.6 kPa). Transducers P2 and T 

are monitored and their data stored during the preservation period, whereas P2 and P3 are used for 

feedback control. 

B. Anatomy of the Airdrive system. 1, porex gas outlet; 2, transparant lid; 3, perfusion outlet to which 

the aff erent vasculature is connected to; 4, organ suspension hammock; 5, sample port; 6, display and 

control panel; 7, bubbletrap; 8, expansion chamber; 9, oxygenator; 10, polystyrene housing module; 

11, pump system.  

C. Pressure profi le of a pump cycle. The cycle is comprised of 3 phases indicated by A, B, and C, where 

the white plane demarcates on cycle. The arrow designates closure of V2 coinciding with maximum 

O2 pressure build-up of B2.



76 Chapter 4

at which no more perfusate is infused into the system. During this phase, the organ is 

continued to be supplied by the stored pressurized perfusate in the buff er vessel B2 

(Figure 2A). Due to the relatively small volume capacity of B1, the O2 pressure drops rapidly 

during this phase. The perfusate fl ow is now primarily restricted by the vascular resistance 

of the organ. When a low-pressure threshold is passed at the end of phase C, B1 is refi lled 

by re-opening of V2, initiating a new cycle. 

 During the pump cycle, a software-embedded maximum pressure limit 

prevents overshoot of pressure and fl ow to the organ. Transducer P2 (Figure 2A) can limit 

the pressure to 6.0 kPa (45 mmHg). When P2 exceeds the maximum pressure, the system 

switches to a burst of short pump actions to relieve the oxygen in the system, lowering 

P2 to within the designated limits. Once baseline levels are reached, normal operation 

is resumed. Excess usage of the oxygen supply and batteries are prevented by fl ow 

limitation. The fl ow rate is limited to 200 mL/ min for renal artery perfusion and to 250 mL/ 

min for portal vein perfusion.

 The oxygenator is comprised of a coil of porous silicone tubing that is placed 

inside a pressurized oxygen container (Figure 2B-09). To maintain pressure in the 

aff erent tubing and remove air bubbles (which could lead to intra-organ emboli), the 

oxygenator is placed before an expansion chamber and a bubble trap (Figure 2B-11 and 

10, respectively). The oxygen used for the pump and oxygenator eventually dissipates 

into the chamber to induce overpressure. This pressure is limited by two outlets in the lid 

covered with breathable fabric (Porex), maintaining an overpressure in the organ chamber 

during perfusion. 

 During preservation, the fl ow, pressure, intra-organ vascular resistance 

(VR), temperature, and preservation time are continuously displayed and stored. All 

components are embedded in polystyrene (Neopor) to provide optimal isolation. Four 

pre-cooled packs (stored at -20 °C) are placed underneath the organ chamber inside the 

transporter box for temperature control. 

Experimental procedure

 All animal experiments were approved by the institute’s animal ethics 

committee and animals were treated in accordance with the National Institute of 

Health Guidelines for the Care and Use of Laboratory Animals. Three female landrace 

pigs weighing 50.3 ± 3.1 kg underwent a liver procurement procedure under general 

anesthesia. After induction anesthesia by intramuscular administration of ketamine (10-

15 mg/ kg, Eurovet Animal Health, Bladel, The Netherlands), midazolam (1-1.5 mg/ kg, 
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Actavis Group, Baarn, The Netherlands), and atropine (1.5 mg/ kg, Centrafarm, Etten-Leur, 

The Netherlands), the animal was intubated and ventilated. Maintenance anesthesia was 

provided by intravenous infusion of sufentanil (5-10 μg/ kg/ h, Hameln Pharmaceuticals, 

Hameln, Germany), ketamine (8-15 mg/ kg/ h, Eurovet, Bladel, The Netherlands), 

midazolam (1-2 mg/ kg/ h, Actavis, Hafnar' ordur, Iceland), and rocuronium bromide (2-2.5 

mg/ kg/ h, Sandoz, Princeton, NJ). 

 The liver was approached via a midline laparotomy. The celiac trunk was 

dissected and prepared for cannulation. All splenic and gastric branches of the celiac 

trunk were dissected and ligated. The common bile duct was ligated and transected. The 

portal vein was mobilized and prepared for cannulation. The infrahepatic caval vein was 

prepared for ligation. Before cannulation, 25,000 IU of heparin (Leo Pharma BV, Breda, The 

Netherlands) was given intravenously and allowed to circulate for at least fi ve minutes. 

A washout system with 4 L cold (4 °C) histidine-tryptophan-ketogluterate solution 

(Custodiol, Dr. Franz Köhler Chemie, Germany) was used at 100-cm hydrostatic pressure. 

The celiac trunk and portal vein were cannulated using a 9-French (3-mm) polyamide luer 

lock cannula (VBM Medizintechnik, Sulz am Neckar, Germany). Upon simultaneous start 

of the fl ush, the infrahepatic caval vein was ligated and the suprahepatic caval vein was 

dissected. Ice slush was placed in the abdomen to facilitate cooling of the organ. After 

2 L of washout solution had passed through the liver, the organ was removed and the 

washout continued on the back-table with an additional 2 L, during which a peripheral 

biopsy was obtained and the gallbladder was fl ushed with saline solution via a puncture. 

The gallbladder was canulated and left in place in this experimental setup to serve as a bile 

collection reservoir. 

 The Airdrive system was primed with 1 L of Belzer MPS (Bridge to Life, Colombia, 

SC) according to the manufacturer’s instructions. One gram of ceftriaxone (Fresenius Kabi, 

Bad Homburg, Germany) was added to the perfusion medium. The liver was placed in 

a suspended polyurethane hammock (Inoac USA, Bardstown, KY) inside of the organ 

chamber of the Airdrive and subsequently, the portal vein was connected to the pump 

tubing. After connecting the organ, the liver software program was initiated and perfusion 

of the organ was commenced. 

Data management and sample collection

 Blood gas analysis (pO2 and pCO2) was performed on the circulating perfusate 

using an ABL80 Flex gas analyzer (Radiometer, Brønshøj, Denmark) before placement of 

the liver in the Airdrive (t =0 h) and at 1, 3, 5, 10, and 20 h of perfusion. Perfusate samples for 
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biochemical assessment (lactate dehydrogenase (LDH), aspartate aminotransferase (AST), 

and total bilirubin) were obtained at similar time intervals as for the blood gas analysis.

 The fl ow was calculated by the Airdrive system and recorded from the display. 

Pump output was calculated by multiplication of the number of pump strokes and stroke 

volume (13.9 mL of perfusate). Pressure was measured at P2 (Figure 2A). Vascular resistance 

was calculated by dividing the pressure P2 (mmHg) by the calculated fl ow (mL/ min). 

Temperature was measured by an imbedded temperature sensor inside the pump. 

Histological analysis

 Biopsies for histological examination were obtained at two time points: a 

peripheral biopsy after the fl ush but before placement in the Airdrive (control sample) and 

a peripheral and core biopsy after 20 h of perfusion in the Airdrive. Biopsies were fi xed in 

ethanol, formaldehyde, acetic acid, and water in a 10: 2: 1: 7 ratio and dehydrated in graded 

steps of ethanol (70-80-90-100%) and xylene over 5 days prior to paraffi  n embedding. 

Histological slides were stained with hematoxylin and eosin and examined under a Leica 

DMBL microscope (40× objective, Leica Microsystems, Wetzlar, Germany) equipped with a 

Leica DC200 CCD camera that was controlled with QWin software (Leica Microsystems). 

The sections were scored in a randomized blinded fashion by a liver pathologist, according 

to a modifi ed liver scoring system (Figure 4). The data was analyzed using Matlab 

(Mathworks, Natick, MA) and presented as mean ± standard deviation (SD). 

Results

Perfusion dynamics

 Portal vein fl ow exhibited a gradual increase over time from 157 ± 25 mL/ min at 

start to 177 ± 25 mL/ min after 20 h of perfusion (Figure 3A). The mean portal vein pressure 

remained constant throughout the entire preservation period (13 ± 1 mmHg, Figure 3B). 

Vascular resistance remained constant with 0.08 ± 0.02 at start of perfusion and 0.07 ± 0.02 

mmHg/ min/ L after 20 h (Figure 3C). Perfusate temperature showed an increase from 9.7 

± 0.6 °C at start to 11.0 ± 0.0 °C after 20 h of perfusion (Figure 3D). Bile, probably residual, 

had accumulated in the gall bladder after 20 h of perfusion, totaling 7 ± 2 mL. 

Biochemical assessment

 Biochemical parameters showed an increase in AST and LDH from respectively 

281 ± 158 U/ L and 308 ± 171 U/ L after the fi rst hour to respectively 524 ± 163 U/ L and 
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Figure 3.

A, perfusion fl ow (mL/ min); B, pressure (mmHg); C, vascular resistance (mmHg/ min/ mL); D, 

temperature (°C); E, perfusate pO2 and pCO2 (mmHg); F, perfusate AST and LDH concentrations (U/ L). 

All values are depicted as mean±SD.
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Table 1.

Histology scores and representative H&E-stained liver sections. Sinusoidal dilatation: 0, absent; 1, less 

than 1/3 of parenchyma; 2, less than 2/3; 3, more than 2/3. Portal edema: 0, absent; 1, less than 25%; 2, 

between 25-50%; 3, between 50-75%; 4, more than 75%. Areas of confl uent parenchymal necrosis: 0, 

absent; 1, aff ecting less than 25% of parenchyma; 2, aff ecting 25-50%; 3, aff ecting 50-75%; 4, aff ecting 

>75%. Hepatocellular mitosis: 0, absent; 1, in case of <2 foci per 8 fi elds (40× objective); 2, in case of 

2-4 foci; 3, in case of 5-10 foci; 4, in case of >10 foci. Councilman bodies (cytosegresome formation): 0, 

absent; 1, in case of <2 foci (10× objective); 2, in case of 2-4 foci; 3, in case of 5-10 foci; 4, in case of >10 

foci. See Appendix 1, page 203 for the color image.

537 ± 168 U/ L after 20 h (Figure 3F). The bilirubin concentration remained below detection 

levels at all times (<1 μmol/ L), indicating no bile leakage. 

 Blood gas analysis before placement of the liver yielded a pO2 of 338 ± 20 

mmHg and a pCO2 of <1 mmHg (Figure 3E). After organ placement in the Airdrive, the 

pO2 dropped to 125 ± 14 mmHg and the pCO2 increased to 15 ± 5 mmHg. After 20 h of 

perfusion, the pO2 remained stable at 124 ± 14 mmHg and the pCO2 increased further to 

53 ± 4 mmHg. 
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Histology

  None of the biopsies showed evidence of portal edema, parenchymal necrosis, 

or mitosis (score = 0, Figure 4). All preserved livers showed signs of sinusoidal dilation (2 ± 

0.7 out of 3), with no apparent diff erences after MP (pre-MP of 2 ± 1 versus post-MP of 2 ± 

1). Three post-MP biopsies (2 peripheral, 1 core) showed signs of apoptosis, as evidenced 

by the presence of Councilman bodies (all scored 1 out of 4).

Discussion

Matching organ supply with demand has been a major focus in the transplantation 

fi eld in an eff ort to reduce the organ demand-supply gap. To this end, MP is increasingly 

employed to utilize more ECD organs. However, MP technology for liver grafts falls behind 

when compared to kidney grafts. A particular challenge for liver MP is the portability and 

dependability of the fl ow and pressure systems. Here we demonstrated the feasibility of 

an MP system for liver preservation that meets these challenges, and showed that liver 

perfusion via the portal vein can be achieved by an oxygen-driven pump system while 

remaining portable. Moreover, no notable damage to the organs was observed after a 

20-h preservation period.

Graft assessment

 This study sought to demonstrate the feasibility of a portable MP device that 

meets the fl ow and pressure demands considered suitable for preservation of a liver graft. 

We examined both biochemical (AST, LDH)  and histological parameters to assess the 

damage profi le after MP. During perfusion, the biochemical parameters showed a gradual 

increase, as usually found in a recirculating perfusion device. These values are in agreement 

with earlier reports on porcine and clinical liver MP when corrected for circulating volume, 

indicating minimal hepatocellular injury.8, 13

 Histologically, we have shown preservation of architectural integrity of the 

parenchyma and absence of edema after 20 h MP. The ultimate test is graft outcome in 

a large-animal liver transplantation model. In large animal kidney transplantation, MP 

using the Airdrive has proven to be benefi cial over conventional cold storage in pre-

damaged kidney grafts.12 However, large animal liver transplantation encompasses 

surgical restrictions (e.g. absence of collateral hepatic circulation) that make the model 

less comparative. 
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Pump system

 One of the main concerns in the use of an MP system, as refl ected by the 

technical diversity of the experimental and commercial systems produced to date, is 

implementation of the pump. Currently, most available MP systems are based on a roller 

pump mechanism to recirculate the perfusate.7, 14-17 However, a signifi cant technical 

obstacle associated with roller-type pumps is their extensive power consumption. As 

demonstrated by the commonly used liver MP systems, it is evident that these pump 

systems cannot support larger organs while maintaining portability.14, 15, 18 To circumvent 

this major hurdle, the Airdrive makes use of a 2-L oxygen cylinder to drive the pump while 

sustaining an average portal vein fl ow of >150 mL/ min for up to 20 h.

 The current confi guration of perfusion dynamics is aimed at perfusion via 

the portal vein only. It is arguable that a dual pump system could provide fl ow for both 

hepatic vascular systems, i.e., the portal venous system and the hepatic artery system. 

It can been conceived that dual MP can be benefi cial due to oxygenation of the biliary 

system.19 However, studies assessing this eff ect in a clinically representative model remain 

to be conducted.

Flow

 The required fl ow through a liver graft during MP remains a subject of debate 

and can be of critical importance for optimal preservation of the graft. Reports suggest 

that 25 % of physiological fl ow is safe for hypothermic MP, based on the resulting shear 

stress.20, 21 Given the fact that physiological portal fl ows at normothermic temperatures 

are typically around 1000 mL/ min, the recorded perfusate fl ow of 177 ± 25 mL/ min in our 

study is consistent with a safe range.22

 The second element governing intragraft fl ow is graft temperature and its 

corollary eff ects on cumulative diameter of the microvasculature. Hypothermia causes an 

initial aff erent vasoconstriction (i.e., reduction of total vascular diameter) resulting from 

surgical handling and a reduced Ca2+-ATPase activity in vascular smooth muscle cells.23 

In a pressure-controlled MP setting such as the Airdrive, a reduction in diameter causes a 

proportional decrease in fl ow at constant pressure, providing an additional rationale for 

using subphysiological fl ow rates.

Temperature

 Preservation of organs at 4 °C constitutes the gold standard in organ 

preservation. In this study, the MP system showed moderately higher temperatures during 
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perfusion, reaching an average of 10 ± 0.5 °C. Earlier experiments with kidney grafts using 

MP in the Airdrive report temperatures of 5.8 ± 0.8 °C.12 This diff erence may arise from the 

diff erence in organ mass needed to cool, and the residual metabolic activity.

 The main premise for hypothermic preservation temperatures is based on van 

‘t Hoff ’s principle, which states that metabolism is reduced by 50 % for every 10 °C decline 

in temperature.1 Theoretically, this would amount to less than 10 % residual metabolism at 

4 °C, enabling the organ to withstand the low levels of oxygen and nutrients during cold 

storage. In our experiments, metabolic activity was evident from the increase in perfusate 

pCO2 and decrease in pO2, collectively typifying a metabolically active organ. Taking this 

into consideration, it is arguable whether extreme lowering of metabolism is required 

during MP as nutrients and oxygen are continuously available. And, in line with this view, 

there is growing consensus on the use of (sub)normothermic preservation temperatures 

during MP. The preservation of sub-optimal organs, such as those from elderly or non-

heart-beating donors as well as steatotic livers, may benefi t from MP and from preservation 

at higher temperatures.24 In that respect, the Airdrive MP system is capable of operating at 

any temperature within the spectrum of hypothermic and (sub)normothermic perfusion.

Portability

 Allocation of organs is rarely resticted to a single center, making portability of 

an MP system essential to its implementation. By using disposable lightweight materials, 

the Airdrive weight remains below 15 kg when operating, which is below the maximum 

one-person manual handling weight enforced by occupational health codes in many 

countries. 

Conclusion

 This study has demonstrated the feasibility of a portable MP system for 

preservation of the liver. Using an oxygen-driven pump system, continuous perfusion 

via the portal vein can be maintained for a clinically relevant preservation time without 

notable preservation damage of the organ.
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Abstract 

Donor graft washout can be impaired by colloids in organ preservation solutions that 

increase the viscosity and agglutinative propensity of red blood cells (RBC), potentially 

decreasing organ function.

 The colloid-induced agglutinative eff ect on RBC and RBC retention after liver 

washout with Ringer’s lactate (RL), histidine-tryptophan-ketoglutarate solution (HTK), 

University of Wisconsin (UW) solution, or Polysol were determined as a function of 

washout pressure (15 or 100 mmHg) and temperature (4 or 37 °C) in a rat liver washout 

model using 99mTc-pertechnetate-labeled RBC.

 Colloids (polyethylene glycol in Polysol and hydroxyethyl starch in UW) induced 

RBC agglutination, regardless of the solution’s composition. RL induced RBC blebbing 

in vitro but resulted in the lowest 99mTc-pertechnetate-labeled RBC retention after a 

simultaneous arterial and portal washout at 37 °C, 100 mmHg. An RL washout was also 

associated with the shortest washout time. A single portal washout did not result in 

diff erences in the degree of RBC retention, regardless of temperature or pressure. 

 No diff erence in portal washout effi  cacy between colloidal solutions, HTK, or RL 

exists. Simultaneous arterial and portal washout using RL at 37 °C and 100 mmHg pressure 

resulted in the lowest RBC retention and shortest washout time. In light of this fi nding, 

we should possibly reconsider the concept of cold washout using an organ preservation 

solution as a fi rst step in eff ective organ storage.
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Introduction

Procurement of liver grafts is preceded by an organ washout using a preservation solution 

(perfusate) at hypothermic (4 °C) conditions to prepare the organ for storage.1 The 

completeness of the washout has been proposed to be an important determinant for liver 

graft function.2, 3 During washout, perfusates prevent acidosis by providing a high buff er 

capacity and counteract cell swelling or hypo-osmotic extravasation of fl uids owing to the 

added impermeants and/or colloids. Histidine-tryptophan-ketoglutarate solution (HTK-) 

contains mannitol as impermeant, although mannitol may not act as such in the liver4, 5, it 

yields similar or improved washout results compared to University of Wisconsin solution 

(UW+).6, 7 UW+ and the experimental perfusate Polysol (PS+) contain hydroxyethyl starch8 

and polyethylene glycol9, respectively, as colloids. 

 The addition of colloids to the perfusate increases the viscosity of the solution, 

which is exacerbated by the low temperatures at which the perfusates are used to cool 

the organ.10 In addition, colloids have a hyperaggregatory eff ect on red blood cells 

(RBC) that results in rouleaux formation.11 Consequently, the use of colloidal perfusates 

during a washout procedure may induce endothelial damage, leading to occlusion of 

the microvasculature and corollary ’no-refl ow‘ phenomena.12 Furthermore, washout 

is regarded as an important part of the organ preservation protocol inasmuch as the 

primary goal of the initial washout is to clear the organ of blood and reduce its core 

temperature when hypothermic storage follows. Higher washout pressures (100 mmHg) 

or normothermic (37 °C) temperatures might prevent microcirculatory RBC entrapment 

and ensure proper distribution of the perfusate through the liver.2, 3, 13-16 However, high 

pressures are associated with increased shear stress that can lead to impaired endothelial 

lining or even aff ect cellular energy metabolism.17, 18 These potential complications during 

washout have been successfully circumvented by the application of Ringer’s lactate (RL) 

as washout and short-term preservation solution.19, 20

 Since the abovementioned eff ects of perfusate temperature and colloid-

induced RBC aggutination during liver washout have not been clarifi ed, this study aimed 

to quantify RBC retention after liver washout at diff erent temperatures and pressures. 

Firstly, perfusate rheology was determined and agglutination of RBC was assessed 

microscopically in perfusates in the presence or absence of colloids. Secondly, a rat liver 

washout model was employed to determine the washout effi  cacy of several perfusates 

by scintigraphic analysis of intrahepatically-retained technetium (99mTc)-labeled RBC after 

hypothermic or normothermic washout at a low or high washout pressure.
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Materials and Methods

Perfusates

 The perfuates used were either containing colloids or not. The colloid-free 

perfusates were: RL (Baxter, Deerfi eld, IL), HTK- (Dr F Köhller-Chemie, Bensheim, Germany), 

and an especially produced polyethylene glycol-free batch of the experimental perfusate 

PS+ (PS-, Organofl ush, Amsterdam, The Netherlands). The colloid-containing perfusates 

were: PEG-35 enriched (20 g/ L, Sigma-Aldrich) HTK- (HTK+), HES containing UW+ 

(Fresenius Hemocare, Emmer-Compascuum, The Netherlands), and the standard PEG-35 

containing PS+. The characteristics of the solutions are provided in Table 1.

Assessment of perfusate viscosity

 Temperature and preservation solution-dependent viscosity was measured 

using a LV DV-II + Pro Digital Rheometer and Rheocalc 3.1-1 software (Brookfi eld 

Engineering Laboratories, Middleboro, MA) for data acquisition. Perfusate samples (500 

µL) were transferred to the measurement cup that was kept at 4 °C or 37 °C using a water 

bath (Tamson Instruments, Zoetermeer, The Netherlands). Temperature-dependent 

viscosity (n= 7 for each perfusate) was determined in RL, HTK, PS+, and UW+. 

Assessment of RBC agglutination using brightfi eld microscopy

 The RBC used were prepared from platelet- and leucocyte-poor human RBC 

concentrates (Sanquin, Amsterdam, The Netherlands) suspended in saline-adenine-

glucose-mannitol medium in conformity with the blood bank donor protocol. RBC were 

added to the solutions approximately 5 min prior to imaging. A 2-µL RBC suspension was 

prepared 5 min prior to imaging using RL, HTK-, PS+, and UW+ with a hematocrit (Ht) 

of 20 % (Advia 2120, Siemens, Munich, Germany) and transferred to a microscope slide 

for imaging. Additionally, RBC were added to HTK+ and PS- to demonstrate colloid-

dependent RBC agglutination. The preparations were visualized through a 100× oil 

immersion objective on a Leica DMBL microscope (Leica Microsystems, Wetzlar, Germany) 

equipped with a Leica DC200 CCD-camera that was controlled with QWin software (Leica 

Microsystems).

In vivo radioactive labeling of red blood cells

 The institute’s animal ethics committee approved all animal experiments 

(BEX102507) and animals were treated in accordance with the National Institute of Health 
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Guidelines for the Care and Use of Laboratory Animals. Male Wistar rats weighing 254 

± 27 g were anesthetized by intraperitoneal injection (0.27 mL/ 100 g body weight) of 

Hypnorm (10 mg/ mL fl uanisone and 0.515 mg/ mL fentanyl citrate, VetaPharma, Leeds, 

UK), Dormicum (5 mg/ mL, Actavis Group PTC, Iceland), and water for injection in a 1:1:2 

ratio, respectively. 

 RBC were labeled in vivo using the 99mTc-pertechnetate procedure adapted 

for small laboratory animals.21 Briefl y, 50 µg of freshly prepared stannous chloride (PYP, 

Technescan, Covidien, Petten, The Netherlands) in 0.2 mL saline solution was injected 

intravenously into the tail vein. After 30 min circulation, 40 Megabecquerel (MBq) of 99mTc-

pertechnetate (Ultratechnekow, Covidien) in 0.2 mL saline solution was injected into the 

tail vein. PYP is taken up by RBC and preferentially binds to the β-chain of hemoglobin.22 

Intracellular pertechnetate is reduced by the priorly injected PYP, causing the 99mTc to 

become trapped in the RBC. Hemoglobin-unbound 99mTc-pertechnetate-PYP is excreted 

through urine, whereas free 99mTc-pertechnetate is rapidly cleared via the gastric mucosa, 

thyroid glands, and salivary glands, accounting for very low scintigraphic background in 

the liver parenchyma.23, 24

Liver washout

 After 10-min circulation of 99mTc-pertechnetate, the washout was performed 

according to a previously described procedure.9 The liver was mobilized through a midline 

laparotomy with bilateral subcostal incisions. After mobilization of the liver and intestines, 

a blood sample was obtained from the inferior caval vein as a radioactive RBC reference 

andweighed on a precision scale (AB204, Mettler Toledo, Greifensee, Switzerland). Next, 

heparin (1000 units/ animal, Leo Pharma, Breda, The Netherlands) was administered via 

the tail vein. After 5 min, the aorta was ligated cranially of the celiac trunk and at the level 

of the iliacal bifurcation in case of an arterial washout. Hereafter, the aorta was cannulated 

using a 4-French enteral feeding tube (Vygon, Ecouen, France) without obstructing the 

renal arteries, ensuring free fl ow through the celiac trunk. All groups underwent a portal 

washout for which the portal vein was ligated proximally, dissected, and cannulated using 

a 6-French enteral feeding tube (Vygon). The inferior caval vein was ligated just above the 

renal vein and hereafter cut at the level of the iliac bifurcation and suprahepatically to 

avoid congestion. Subsequently, the liver was washed out with 50 mL of PS+, UW+, HTK-, 

or RL at 4 or 37 °C and 15-mmHg (standard) or 100-mmHg pressure3 (n= 6 per pressure) 

through each catheter (Figure 1). The time needed for 50 mL solution to fl ush through the 

liver, arterial or venous, was recorded with a stopwatch.
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Table 1. Composition of solutions used.

  HTK- UW+ PS+ RL

Colloids (gr/ L)

PEG   20 (35 kDa)

HES  50

Impermeants (mmol/ L)

Mannitol 38

Lactobionate  100

Raffi  nose  30 3.2

Trehalose   5.3

Sodium gluconate   75

Potassium gluconate  20

Bu! ers (mmol/ L)

Histidine 198  6.3

KH2PO4  25

NaH2PO4   21.7

HEPES   24

Electrolytes (mmol/ L)

Calcium 0.0015   1.5

Chloride 32 20  109

Magnesium  4

Magnesium sulfate  5

Potassium 9 120 15 4

Sodium 15 25 120 130

Anti-oxidants (mmol/ L)

Tryptophan 2

Allopurinol  1

Glutathione  3 5.6

Ascorbic Acid   0.11

Alpha-Tocopherol   5.4 10-5

Additives (mmol/ L)

Ketoglutarate 1

Adenosine  5 5

Vitamins   $

Amino Acids   $$
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Table 1 continued

 HTK- UW+ PS+ RL

Lactate    28

Osmolarity (mOsm/ L) 310 325 325 272

pH 7.02 - 7.2 7.4 7.4 6.5

Abbreviations: HTK-, Histidine-tryptophan-ketoglutarate; UW+, University of Winsconsin solution; PS+, Polysol; RL, 

Ringers lactate; PEG, Polyethylene glycol; HES, Hydroxyethyl starch

$ (mmol/ L): ascorbic acid (0.11), biotin (0.21), Ca-pantothenate (0.004), choline chloride (0.01), inositol (0.07), 

ergocalciferol (3 10-4), folic acid (0.002), menadione (4 10-5), nicotinamide (0.01), nicotinic acid (0.004), pyridoxal 

(0.005), ribofl avin (0.003), thiamine (0.03), vitamin A (3 10-4), vitamin B12 (1 10-4), and vitamin E (5 10-5)

$$ (mmol/ L): alanine (1.01), arginine (1.18), asparagines (0.08), aspartic acid (0.23), cystine (0.33), glutamic acid (0.34), 

leucine (0.57), glutamine (0.002), glycine (0.67), isoleucine (0.38), lysine (0.48), methionine (0.30), ornithine (2.00), 

phenylalanine (0.30), proline (0.78), serine (0.29), threonine (0.34), tryptophan (0.88), tyrosine (0.19), and valine (0.43)

Figure 1.

Diagram of the experimental setup and group size. 
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 After a 50-mL washout and visual confi rmation that the effl  uent was 
clear, the liver was removed and weighed. In the control group (no RBC washout), 
the suprahepatic and infrahepatic caval vein, portal vein, and hepatic artery 
were simultaneously ligated, trapping all the blood in the liver prior to removal 
and weighing. Rats were sacrifi ced by a heart dissection during washout or liver 
resection.
 Analysis of radioactive RBC in the blood samples and whole livers was 
performed with a gamma counter (Auto-gamma 5530; Packard Instruments, 
Downers Grove, IL). Intrahepatic blood content was calculated as the percentage 
of liver weight containing radioactive RBC, calculated as the total liver gamma 
counts (γ-countsliver) divided by the liver weight (weightliver) and corrected 
for the reference blood sample (γ-counts blood/ weight blood): (γ-counts liver/ 
weight liver)/ (γ-counts blood/ weight blood)× 100%. The amount of residual 
radioactive RBC was expressed as a percentage diff erence from control livers.

99mTc-pertechnetate distribution in rats
 On the basis of a high residual RBC retention after a portal vein washout 
(section ‘Liver washout’), the RBC labeling dynamics of 99mTc-pertechnetate-PYP 
were verifi ed in the rat. To this end, a dynamic gamma scan was performed in 
four rats that were anesthetized as previously described. Two rats underwent 
standard in vivo RBC labeling as discussed in section ‘In vivo radioactive labeling 
of red blood cells’, whereas PYP was omitted in the other two rats and substituted 
by physiological saline solution that does not interact with 99mTc-pertechnetate.22 
Images were acquired on a dual-head gamma camera (180 frames/ 5 s, 128× 128 
pixel resolution, E.cam, Siemens, Erlangen, Germany) to study the distribution 
and excretion of 99mTc-pertechnetate and 99mTc-pertechnetate-PYP. Furthermore, 
a gamma camera (ADAC ARC 3000, Philips, Amsterdam, The Netherlands) 
equipped with a pinhole collimator (3-mm insert, 128× 128 pixel resolution) 
was used to magnify the duodenal region, in the absence of a gallbladder in the 
rat, and assess the possibility of radioactive excretion via the biliary system into 
the duodenum. The scintigraphic images were processed using Hermes image 
software (Hermes, Medical Solutions, Stockholm, Sweden).
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Histology
 Retrieved livers were sectioned into three parts, placed in 10 % (v/ v) 
buff ered formalin solution, and stored at 4 °C for fi ve days to allow radioactive 
decay of 99mTc-pertechnetate. Subsequently, the parts were embedded in 
paraffi  n, cut into 5-μm sections, deparaffi  nized, and stained with hematoxylin 
and eosin. An experienced liver pathologist blinded to the experimental 
procedure assessed the liver sections. Images were acquired on an Olympus 
BX41 microscope equipped with a UC30 CCD-camera (Olympus, Tokyo, Japan).
 The scoring method comprised eight categorical parameters that 
were determined according to the scoring method presented in Table 2. These 
included portal, intralobular, and endothelial lymphocyte infi ltrates that were 
defi ned as focal clusters of lymphocytes present in the portal triad (Figure 2A), 
liver parenchyma (Figure 2C) en in continuity with the endothelium (Figure 
2D), respectively. The presence of sinusoidal dilation (Figure 2B), portal edema 
(Figure 2E), and areas of confl uent parenchymal necrosis were also evaluated. 
Hepatocellular mitotic activity (indicative of hepatocellular stress(25)) was 
counted in eight high-power fi elds (40× magnifi cation, Figure 2F) in the 
region with the highest prevalence, and hepatocellular acidophilic bodies (i.e., 
Councilman bodies, Figure 2G) that had formed in injured hepatocytes as a sign 
of apoptosis were assessed in the same manner (8 HPF).

Intrahepatic 99mTc-pertechnetate-PYP localization

 Rat livers were treated and washed out with UW, HTK-, or RL via the portal vein 

as described in sections ‘In vivo radioactive labeling of red blood cells’ and ‘Liver washout’, after 

which the left lateral liver lobe was quickly frozen in O.C.T. compound (Tissue-Tek; Sakura 

Finetek Europe, Alphen aan den Rijn, The Netherlands) and cut into 50-μm slices using a 

Jung CM3000 cryomicrotome (Leica Microsystems, Wetzlar, Germany).26 Every fi fth slice 

was mounted on a glass plate using standard mounting tape (Scotch, 3M, St. Paul, MN) 

and covered with saran wrap. The liver slices were exposed to a Fuji BAS-MS IP (Fujifi lm, 

Tokyo, Japan) photosensitive plate for approximately 24 hours. The images were scanned 

at a 50-μm resolution with a 16-bit pixel depth using a Fuji FLA-3000 phosphor imager 

(Fujifi lm) and analyzed with AIDA image software (HERMES, Nuclear Diagnostics).
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Table 2. Histological scoring system

 Portal in" ammation Sinusoidal dilatation

 0 Absent 0 Absent

 1 Mild 1 Mild

 2 Moderate 2 Moderate

 3 Severe 3 Severe

 Intralobular foci of in" ammation Endothelial in" ammation

 0 Not present 0 Not present

 1 <2 foci per 10× objective fi eld 1 <2 foci per 10× objective fi eld

 2 2-4 foci per 10× objective fi eld 2 2-4 foci per 10× objective fi eld

 3 5-10 foci per 10× objective fi eld 3 5-10 foci per 10× objective fi eld

 4 >10 foci per 10× objective fi eld 4 >10 foci per 10× objective fi eld

 Portal edema Con" uent parenchymal necrosis

 0 Not present 0 Not present

 1 <25% of portal tracts involved 1 aff ecting <25%  of the parenchyma

 2 25-50%  of portal tracts involved 2 aff ecting 25-50%  of the parenchyma

 3 51-75%  of portal tracts involved 3 aff ecting 51-75%  of the parenchyma

 4 >75%  of portal tracts involved 4 aff ecting >75%  of the parenchyma

 Hepatocellular mitosis Cytosegresome formations (Councilman bodies)

 0 Not present 0 Not present

 1 <2 foci per 8 HPF (x40 objective) 1 <2 foci per 10× objective fi eld

 2 2-4 foci per 8 HPF (x40 objective) 2 2-4 foci per 10× objective fi eld

 3 5-10 foci per 8 HPF (x40 objective) 3 5-10 foci per 10× objective fi eld

 4 >10 foci per 8 HPF (x40 objective) 4 >10 foci per 10× objective fi eld

Statistical analysis 

 Data were processed in GraphPad (GraphPad Software, La Jolla, CA). Rheological 

data and arterial liver washout times were analyzed using a Kruskal-Wallis test with a 

Dunn’s post-hoc test. All other liver washout and histological scoring data were tested for 

intra- and intergroup diff erences using a two-way ANOVA with bonferroni post-hoc test. 
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Figure 2.

Histological examples of the 

scoring parameters, being: 

A) portal infi ltrate (arrow), B) 

sinusoidal dilation (arrow), C) 

intralobular infi ltrate (encircled), 

D) endothelial infi ltrate (arrow), 

E) portal edema (arrow), 

F) hepatocellular mitosis 

(encircled), and F) councilman 

bodies (encircled). See 

Appendix 1, page 204 for the 

color image.

A P-value of <0.05 was considered statistically signifi cant. Results are expressed as mean ± 

standard deviation (SD). 

Results

Perfusate rheology 

 Colloidal solutions displayed a greater temperature-dependent viscosity in 

comparison to non-colloidal solutions. UW+ and PS+ were 2.5-fold more viscous at 4 

°C than at 37 °C (P <0.001), while HTK- was 1.6-fold more viscous at 4 °C than at 37 °C 

(P<0.001, Figure 3). Except for HTK- and RL at 37 °C, a signifi cant diff erence in viscosity was 

found between the solutions at 4 °C and 37 °C (P<0.001).

Brightfi eld microscopy

 Brightfi eld microscopy revealed extensive agglutination of RBC suspended in 

perfusates containing a colloid, as evidenced by rouleaux formation and morphological
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Figure 3.

Temperature-dependent 

viscosity at 4 °C and 37 °C. 

Except for RL and HTK at 

37 °C (P=0.16), all solutions 

were signifi cantly diff erent 

in viscosity (P<0.001) and 

a signifi cant decrease in 

viscosity was found of the 

solutions at 4 °C compared 

to 37 °C (P<0.001).

alterations of cells in Figure 4F) UW+, 4D) PS+, and 4C) HTK+. RBC agglutination was not 

observed in solutions not containing colloids, as depicted in Figure 4A) RL, 4B) HTK-, and 

4E) PS-.

 HTK+ and PS- confi rmed that RBC agglutination is colloid-induced and not 

attributable to other perfusate constituents. Furthermore, the impermeant- and colloid-

free RL led to extensive RBC blebbing (shedding of bullae from the cell surface), as shown 

in Figure 4A.

Liver washout

 When averaged over all perfusate groups, the portal washout reduced the 

mean RBC retention to 44.5 ± 1.7 % (P <0.05) of liver weight (8.1 ± 2.5 g) compared to the 

control group (no washout, 91.2 ± 17.5 %). A simultaneous, 37 °C/ 100 mmHg arterial and 

portal washout, averaged over all perfusates, further reduced the retention to 29.3 ± 7.9 % 

(P <0.001) compared to the control (Figure 5A).

 Perfusate-dependent reduction in RBC retention was achieved when RL was 

used in a simultaneous, 37 °C/ 100 mmHg arterial and portal washout (18.7 ± 9.4 %), 

compared to a 4 °C/ 15 mmHg (45.6 ± 5.1 %, P<0.01) and 4 °C/ 100 mmHg (50.5 ± 24.1 %, P 

<0.001) portal washout with RL. Also, a portal washout with RL at 37 °C/ 15 mmHg resulted 

in higher RBC retention (45.7 ± 30.5 %, P <0.01) compared to the simultaneous, 37 °C/ 100 

mmHg arterial and portal washout with RL. However, a simultaneous, 37 °C/ 100 mmHg 

arterial and portal washout with RL was only signifi cantly diff erent from a simultaneous

Figure 4.
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Brightfi eld micrographs of RBC-containing suspensions diluted with the diff erent solutions to an 

Ht of 20%. A) RL, illustrating blebbing of RBC without agglutinative eff ects; B) HTK-, illustrating no 

agglutination; C) HTK+, illustrating extensive rouleaux formation; D) PS+, illustrating extensive 

rouleaux formation; E) PS-, illustrating no agglutinative eff ects; F) UW+, illustrating microscopically 

comparable agglutinative eff ects as in C and D. See Appendix 1, page 205 for the color image.

arterial and portal washout with UW+ (37.4 ±  6.6 %, P <0.01).

 A signifi cant (P <0.001) portal washout time reduction was achieved by 

employing a 4 °C/ 100 mmHg washout with UW+ and PS+ (18.3 ± 8.0 s and 15.1 ± 1.8 s, 

respectively) versus a 4 °C/ 15 mmHg washout (84.4 ± 23.8 s and 71.4 ± 35.3 s, respectively), 

as shown in Figure 5B. Also, a 37 °C/ 100 mmHg portal washout with HTK-, UW+, and PS+ 

(7.0 ± 2.0 s, 13.3 ± 2.7 s, and 22.6 ± 28.3 s, respectively) signifi cantly reduced washout-times 

compared to 37 °C/ 15 mmHg (49.7 ± 38.2 s, 106.0 ± 20.2 s, and 79.3 ± 6.5 s, respectively, P 

<0.001). The infl uence of pressure instead of temperature on washout time is evidenced 

by the signifi cant reduction (P<0.001) in washout time at 4 °C/ 100 mmHg with HTK-, UW+, 

and PS+ instead of 37 °C/ 15mmHg (10.5 ± 8.1 s, 18.3 ± 8.0 s, and 15.1 ± 1.8s, respectively). 

Arterial washout time was reduced by using 37 °C/ 100 mmHg HTK- (29.7 ± 3.8 s, P <0.05) 

or RL (21.6 ± 7.7 s, P <0.001) instead of a 37 °C/ 100 mmHg UW+ washout (96.3 ± 7.2 s). 
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Figure 5A.

Residual 99mTc-pertechnetate-labeled RBC content in the liver categorized per washout pressure 

group.  Shown in black is the 4 °C group, in grey the 37 °C, and diamond shaped the control group 

(no washout). Simultaneous arterial and portal washout using RL at 37 °C/ 100 mmHg showed 

signifi cantly less retention than the other washout modalities (P <0.001).

Figure 5B

The times needed for a 50 mL washout via the portal vein are depicted in black  (4 °C) and grey (37 °C) 

with, in black, the arterial washout time of the simultaneous arterial and portal washout at 37 °C/ 100 

mmHg. Use of the non-colloidal solutions or application of 100 mmHg washout pressure signifi cantly 

reduced the washout times (P <0.001).
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99mTc-pertechnetate distribution in rats

 Intravenously injected pyrophosphate (PYP), bound to the β-chain of 

hemoglobin, chemically reduces intracellular pertechnetate, causing the 99mTc to become 

trapped in the RBC after intravenous administration. Renal accumulation of radioactivity 

and subsequent excretion into the bladder was seen in rats that received PYP and 99mTc-

pertechnetate (Figure 6A, 6C). The thyroid and salivary glands could be distinguished with 

low-level radioactivity due to the small fraction of 99mTc-pertechnetate unbound to PYP. 

In rats receiving 99mTc-pertechnetate without PYP, the accumulated 99mTc-pertechnetate 

in the thyroid and salivary glands was slightly higher than in the PYP-receiving rats and 

excretion was predominantly visualized in the gastric mucous membrane in the absence 

of renal excretion (Figure 6B, 6D). With the intrahepatic RBC retention after a 37 °C/ 100 

mmHg arterial and portal washout with RL, questions arose as to whether the RBC were 

hepatically cleared. Low-level radioactive biliary excretion into the duodenal loop was 

observed after approximately 20 min circulation of 99mTc-pertechnetate-PYP (Figure 7), 

potentially accounting for or contributing to the residual18.7 % of radioactivity.

Intrahepatic 99mTc-pertechnetate-PYP localization

 After washout with UW+, HTK-, or RL, 50-μm liver sections were placed on a 

photosensitive imaging plate to determine the intrahepatic distribution and localization 

of 99mTc-pertechnetate-PYP. A homogenous background throughout the liver lobes 

was seen for all washout conditions, of which a typical image is provided in Figure 8. 

Accumulation in the hepatic artery is noted owing to the sole portal vein washout in the 

imaged groups. However, despite the homogenous background, some accumulation 

in the portal branches of the hepatic artery in the portal system was observed owing to 

the fact that only a portal washout was performed. However, no major venous infarctions 

could be observed after a colloidal or non-colloidal washout due to the absence of 

radioactivity in the venous outfl ow tracts.

Histology

 Histological assessment of the livers did not show diff erences between the 

washout groups or perfusates. Furthermore, injury scores were very low with a mean of 6.5 

± 0.5 out of the 40-points maximal score. The obtained histological scores were 6.3 ± 1.1 

for 37 °C/ 15 mmHg, 6.5 ± 0.2 for 37 °C/ 100 mmHg, 6.6 ± 0.8 for 4 °C/ 15 mmHg, 6.6 ± 0.6 

for 4 °C/ 100 mmHg, and 6.6±0.6 for a combined washout. Individual scores of observed 

histological injuries can be found in Figure 9.



Figure 6.

Biodistribution of 99mTc-pertechnetate in rats. In the presence of PYP (A), 99mTc-pertechnetate-PYP was 

excreted via the urinary tract, whereas in the absence of PYP (B), 99mTc-pertechnetate was taken up by 

the salivary and thyroid glands as well as the gastric mucosa. The % of radioactive dose administered 

being accumulated or excreted in time per region of interest (ROI) is depicted in graph C and D for 

condition A en B, respectively.  The ROIs are located over the: 1) heart, 2) liver, 3) right kidney, 4) left 

kidney, 5) urinary bladder, 6) stomach, 7) abdominal background, 8) peripheral background, 9) thyroid 

gland, 10) parotis gland, and 11) submandibular gland. See Appendix 1, page 206 for the color image.

Figure 7.

Magnifi cation of the duodenal region of the rat using 

a pinhole gamma camera after 99mTc-pertechnetate-

PYP administration. The scintigraphic hyperdensity  

in the duodenal region (square) into which the biliary 

tract excretes can clearly be diff erentiated from 

the kidneys (ovals) and the liver located above the 

square.
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Figure 8.

Representative liver sections depicting the radioactivity distribution after 100 mmHg 

portal washout at 37 °C with RL. The arrows indicate accumulation of radioactive RBC in 

a branch of the hepatic artery owing to the portal vein washout in absence of an arterial 

washout.
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Figure 9. Histological results for each parameter per liver washout group. The washout conditions 

are depicted as W-L (37 °C/ 15 mmHg), C-L (4 °C/ 15mmHg), W-H (37 °C/ 100mmHg), C-H (4 °C/ 

100mmHg), and Art (simultaneous 37 °C/ 100 mmHg arterial and portal washout).
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Discussion

This study has shown that PEG and HES cause agglutination of RBC regardless of the 

preservation solution used, whereas a simultaneous arterial and portal washout with RL 

at 37 °C/ 100 mmHg signifi cantly reduces RBC retention and washout-times. In light of the 

colloid-induced RBC agglutination, the need for colloids in a washout solution has been 

questioned.27, 28 Moreover, a washout with solely RL has shown to yield good functional 

results in liver washout, despite the fact that RL is not suitable for preservation precluding 

prolonged storage.19, 29

 Our study confi rmed that RL was best in reducing RBC retention after a 

simultaneous, 37 °C/ 100 mmHg arterial and portal washout. Although RL is equally 

viscous as HTK- at 37 °C30, HTK- did not lead to reduced RBC retention. Any potential 

coagulation-related side eff ects of RL during intravenous infusion, as has been reported 

previously31, can be overcome by full heparinization.

 While perfusate composition regarding colloidal versus non-colloidal solutions 

are the basis of the washout debate, the perfusates in this study did not diff er in RBC 

retention after a portal washout. Thus, colloid-induced agglutination does not appear to 

cause solution- and corollary viscosity-dependent changes in washout effi  cacy in the rat 

liver as previously suggested.11 Viscosities of the solutions applied here were determined 

previously by our group and found to be equal for colloid-containing solutions.30 However, 

colloid-lacking solutions were 2.5-fold less viscous, regardless of the temperature. Despite 

these diff erences in viscosity, we could not fi nd any acute histological damage in the livers 

that might impact liver function, despite of the 100-mmHg pressures and associated shear 

stress.32

 A potential diff erence in the perfusates, when employed at hypothermic and 

normothermic conditions, is the pH. Higher temperatures will result in a slightly lower pH.33 

However, adjusting the pH with NaOH would alter the osmolarity and Na2+/ K+ ratio of the 

perfusates. Since an acidic milieu may exert a protective eff ect on the parenchymal cells34 

and we did not anticipate signifi cant eff ects of small diff erences in pH on outcomes, we 

chose not to alter the pH, also in view of the short exposure times during normothermic 

washout 

 Interestingly, a remnant RBC fraction of 18.7 % after a simultaneous, 37 °C/100 

mmHg arterial and portal washout with RL remained, leading to question whether RBC 

were cleared hepatically. Despite comparable rat 99mTc-pertechnetate kinetics to that of 

humans, a more rapid elimination in the rats’ biliary system was found. Radioactive biliary 
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excretion in the gallbladder or ileal-loop after in vivo labeling in humans is a rare fi nding, 

but has been described 24 hours after administration.35-39 Whereas rats do not have a 

gallbladder, the pinhole collimator-equipped camera showed radioactive bile being 

excreted into the duodenum after approximately 20 min. With bile fl ows of 0.6 μL/ g liver/ 

min in the rat40, accumulation in the intrahepatic biliary tract occurs before visualization by 

the pinhole camera.

 The liver was washed out via the portal vein and in one group, also 

simultaneously via the artery. The signifi cantly longer washout duration using a colloidal 

solution for an arterial washout (up to 10-times that of the portal vein washout) would, in 

our experience, be extended by the application of hypothermia. In that scenario, the times 

needed for a portal and arterial washout would diff er greatly and result in a non-perfused 

portal vein for the extra duration of the arterial washout.

 Prolonged washout times were predominantly observed with colloidal 

solutions, but, in case of a solely portal washout, were shortened by the application of 100 

mmHg washout pressure. However, high pressure is associated with increased shear stress 

and has previously been reported to induce endothelial damage.18 Endothelial damage, 

in turn, may lead to graft dysfunction as a result of perfusion defects.41, 42 Contrastingly, 

increased washout pressure, and thus shear stress, has been shown to result in improved 

early organ function.3, 17, 18 Increased shear stress with higher washout pressures actually 

reduced endothelial damage by 20 % in kidney grafts compared to standard pressure 

washout with colloidal and non-colloidal perfusates.3 In the latter study by van ‘t Hart, the 

presence of a colloid in the perfusate did result in small- and large venule injury, while 

large venule injury was only observed in the non-colloidal group. Our histological analysis 

did not result in diff erences between the perfusate groups regarding these types of 

vascular injury. 

 In the fi nal analysis, RL at 37 °C and 100 mmHg pressure appeared the most 

optimal washout solution in an organ retrieval setting.43-45 Accordingly, this study revealed 

that a simultaneous, 37 °C/ 100 mmHg arterial and portal vein washout with RL resulted in 

the lowest RBC retention in the liver. In light of this fi nding, we should possibly reconsider 

the concept of cold washout using an organ preservation solution as fi rst step in eff ective 

organ storage, after which hypothermic perfusion with a preservation-compliant solution 

should follow to achieve optimal organ storage.
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Abstract 

Bacterial contamination during cold organ preservation occurs without major 

complications. However, with organ preservation steering towards (sub)normothermic 

temperatures, bacterial contamination may be detrimental. Since limited evidence exists 

to support the choice of antibiotic, this study aimed to determine eff ective antibiotic 

prophylactis for (sub)normothermic preservation. Accordingly, we tested whether S. 

epidermidis was capable of growing in a subnormothermic suitable preservation solution 

(Polysol (PS)) and in solutions designed for cold preservation (University of Wisconsin (UW) 

solution, histidine-tryptophan-ketoglutarate (HTK) solution, and Belzer-MPS). 

 Various S. epidermidis and S. aureus strains were exposed to ceftriaxone 

and cefazolin concentrations from 0 - 1000 μg/ mL under subnormothermic and 

normothermic conditions in Polysol. To mimic procedural conditions, the eff ect of 

cefazolin was determined after exposure of bacteria to a 20-hour incubation at 28 °C in the 

presence of cefazolin, and subsequent incubation at 37 °C in the absence of cefazolin. The 

toxicity of cefazolin was assessed by cell viability and caspase activation assays in porcine 

kidney endothelial cells. Without antibiotics, Polysol sustained bacterial growth under 

sub(normothermic) conditions, whereas growth was absent in cold preservation solutions. 

Cefazolin exhibited a greater bactericidal eff ect on S. epidermidis than ceftriaxone. 

However, after inoculating PS with 106 CFU/ mL, only a cefazolin concentration of 1000 μg/ 

mL was able to exert a complete bactericidal eff ect on S. epidermidis and S. aureus strains 

and maintain sterility after removal of cefazolin. Finally, 1000 μg/ mL cefazolin showed no 

adverse eff ects on porcine kidney endothelial cells.

 On the basis of these fi ndings, we recommend that high-dose cefazolin is used for 

prophylaxis in (sub)normothermic organ preservation with Polysol. 
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Introduction 

A persistent donor organ shortage has stimulated the development of novel, more 

advanced organ preservation techniques to increase donor organ availability. Expansion 

of the donor pool by including extended criteria donor organs requires preservation 

techniques that minimize preservation injury.1 Hence, organ preservation is steering away 

from static cold storage, initially to hypothermic (4 °C) machine perfusion preservation, 

followed by subnormothermic (28 °C) and even normothermic (37 °C) machine perfusion 

((S)NMP).2

 Nutrient-rich preservation solutions and extended preservation times 

increase the risk of bacterial graft contamination and pose a threat to the graft and the 

immunocompromised recipient.  Graft or preservation solution contamination has a 

reported clinical incidence of 8 - 62.5 % in transplantations that employ hypothermic 

preservation, of which up to 17.8 % involves high-risk microorganisms.3-8 Although 

graft contamination after hypothermic preservation usually does not result in adverse 

outcomes, contamination may be detrimental at warmer conditions and in nutrient-rich 

preservation solutions, as these provide a fecund environment for bacterial growth.4, 6

 An review of recent literature (1990-2012) for studies employing renal or liver (S)

NMP revealed that only 14 of 33 recently published papers addressed antibiotic prophylaxis, 

indicating that antibiotic addition is omitted by many, or grossly underreported.9-13 

Tolboom et al.14, employing a cell culture medium for perfusion, based their choice of 

penicillin/ streptomycin on successful in vitro work (personal communication). High dose 

cephalosporin (1500 μg/ mL) was used most frequently to prime the perfusion circuit15 or 

as a bolus (1000 μg/ mL) per 24 h of perfusion.16 Cephalosporins are eff ective against many 

of the preservation-associated microorganisms in the absence of antibiotic-induced 

adverse eff ects.17

 The use of cephalosporins during (S)NMP has not yet been examined and 

no guidelines or recommendations for antibiotic prophylaxis during (S)NMP exist. The 

antibiotic choice must be rationalized by optimal prevention of bacterial growth without 

causing additional damage to the preserved organ. 

 This study aimed to establish a suitable antibiotic prophylaxis regime in renal (S)

NMP. To this end, in vitro models were employed using various Staphylococcus epidermidis 

and Staphylococcus aureus strains4 to determine the bactericidal effi  cacy. Porcine 

kidney endothelial cells were used to assess toxicity. The panel of strains also included 

Staphylococcus small colony variants, slow growing variants that form small colonies on 
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agar plates which may have a reduced susceptibility to antibiotics and are diffi  cult to 

diagnose and treat.18

Materials and Methods

Microorganisms and inoculum preparation

 S. epidermidis strains RP62a (ATCC 35984), O-4719, and the patient-derived strain 

6455-I were used. hemB mutants of O-47 and 6455-I, O-47mx20 and 6455-II (patient strain), 

respectively, were included as small colony variants (SCV). Additionally, S. aureus strains 

UAMS-1 (ATCC 49230) and 8325-421 were studied, including the SCV I1022 and the hemB 

mutant of 8325-4. 

 Inocula were prepared using 50 mL of logarithmic growth phase cultures of 

the S. epidermidis and S. aureus strains in tryptic soy broth (TSB, BD Difco, Detroit, MI). The 

cultures were washed thrice (15,000 ×g, 10 min) in 30 mL of the corresponding incubation 

solution, resuspended, and diluted to 107 colony-forming units (CFU)/ mL. Concentrations 

were determined spectrophotometrically in 1-mL cuvettes at 620 nm (OD620nm, Ultraspec 

2000, Pharmacia Biotech, Uppsala, Sweden), whereby an OD620nm of 0.3 corresponds to 108 

CFU/ mL. 

Culture conditions

 Bacterial growth and dose-response experiments were performed in 

quadruplicate by adding 20 μL of inoculum to 180 μL of the corresponding preservation 

solution in polypropylene microtiter plates (Greiner Bio-One, Kremsmuenster, Austria). The 

plates were then incubated while shaking at 80 rpm (Minitron Incubator Shaker, Infors HT, 

Bottmingen-Basel, Switzerland).

Quantifi cation of bacteria

 Bacterial concentration was quantifi ed spectrophotometrically (OD620nm) using a 

fi lter photometer (AR 2001, Anthos Labtec Instruments, Wals, Austria) and by quantitative 

culture, i.e., by plating four replicate 10-μL aliquots of 10-fold serial dilutions on blood 

agar plates (BAP, Columbia agar and 5 % sheep blood, bioMérieux, Marcy l’Etoile, France). 

The BAP were incubated at 37 °C for 24-48 h, after which CFU were counted (quantitative 

plating). 
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Bacterial growth in preservation solutions

 S. epidermidis RP62a growth was determined at 37 °C in the experimental, 

nutrient-rich preservation solution Polysol (PS, Organofl ush, Amsterdam, The Netherlands) 

and compared to growth in TSB over a 24-h period by quantitative plating of samples 

taken at predefi ned timepoints.

 The growth of the S. epidermidis and S. aureus strains was monitored by 

quantitative plating of samples taken at relevant time points during 20 h of shaking 

incubation at 28 °C in PS and TSB. Subsequently, the temperature was raised to 37 °C 

and the bacterial concentration was quantifi ed for an additional 48 h. The growth of S. 

epidermidis RP62a was determined in histidine-tryptophan-ketoglutarate solution (HTK, 

Dr F Köhller-Chemie, Bensheim, Germany), University of Wisconsin solution (UW, Bristol-

Myers Squib, New York, NY), Belzer-MPS (Bridge to Life, Colombia, SC), and PS during the 

same subnormothermic regimen, namely 20 h at 28 °C followed by 48 h at 37 °C.

E"  cacy of ceftriaxone and cefazolin

 The bacteriostatic eff ect of ceftriaxone and cefazolin on S. epidermidis RP62a 

in PS was assessed at ceftriaxone (Fresenius Kabi, Bad Homburg, Germany) or cefazolin 

(Sandoz, Kundl, Austria) concentrations of 0, 75, 150, 300, 600, or 1000 μg/ mL, by 

measuring the OD620nm after 0, 2, 4, 6, 8, 12, 24, and 48 h of incubation at 37 °C. In addition, 

bactericidal activity was determined by quantitative culture.

Dose-response of cefazolin under (sub)normothermic conditions 

 Cefazolin’s bactericidal capacity against the S. epidermidis and S. aureus strains 

was assessed during in vitro (sub)normothermic incubation in PS.  To this end, 0, 300, or 

1000 μg/ mL cefazolin was added to microtiter plates, prepared as described above. Plates 

were incubated for 68 h at 37 °C or 20 h at 28 °C, followed by 48 h at 37 °C. CFU/ mL were 

determined by quantitative culture of the samples.

 Washout of cefazolin during organ reperfusion was simulated in vitro to assess 

its eff ect on residual bacterial growth. Cefazolin was added at a concentration of 0, 300, 

and 1000 μg/ mL to 5 mL of S. epidermidis RP62a-inoculated PS. After 20 h of incubation at 

28 °C (shaking), the cefazolin was removed by washing the bacteria three times in 5 mL PS 

(15,000 ×g, 10 min, 20 °C) and resuspending the pelleted bacteria in an equal volume of 

PS as used for the fi rst incubation period. These suspensions were subsequently incubated 

for another 24 h at 37 °C. Bacterial growth was determined by quantitative culture and 

compared to suspensions in which cefazolin had not been washed out.
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Isolation of porcine kidney endothelial cells

 Mature porcine kidney endothelial cells (PKEC) were isolated from kidneys of 

30-kg male Landrace pigs (van BeekTopigs BV, Lelystad, The Netherlands). After 5 min of 

warm ischemia following a cardiac resection, the endothelial cells were procured from the 

kidneys. Kidneys were fl ushed using HTK and phosphate buff ered saline (PBS, Fresenius 

Kabi) followed by infusion of 10 mL of 0.04 % Liberase (Roche, Basel, Switzerland) in PBS 

through the renal artery. The kidney was incubated for 26 min at 37 °C and fl ushed with 

20 % fetal calf serum (FCS; Lonza, Verviers, Belgium)-enriched endothelial cell growth 

medium (ECGM, Promocel, Heidelberg, Germany) to obtain detached endothelial cells. 

The PKEC were subsequently cultured to confl uence at 37 °C in culture fl asks (T25 Primaria, 

BD Biosciences, Franklin Lakes, NJ) in a humidifi ed 5 % CO2 atmosphere. 

 After reaching confl uence, cells were collected after brief treatment with 1 

mL of Accutase (Innovative Cell Technologies, San Diego, CA), washed in PBS (400 ×g, 

10 min, 4 °C), and resuspended in Williams medium E (WE, Lonza) containing 20 % FCS. 

Next, an equal volume of WE containing 20 % fresh DMSO was slowly added to the cell 

suspensions up to a fi nal volume of 1.8 mL, after which the cell suspensions were stored in 

liquid nitrogen. 

 Prior to use, cells were thawed and washed twice with 18 mL of 20 % FCS-

enriched WE (400 ×g, 10 min, 4 °C). The cell pellet was resuspended in 5 mL ECGM and 

cultured as described. Cells were used after the third passage had become confl uent.

Cell viability and caspase induction

 PKEC were seeded in fi bronectin (Sigma-Aldrich, St. Louis, MO)-coated 24-wells 

culture plates (Corning Incorporated, Corning, NY) and cultured in ECGM. Upon reaching 

confl uence, cell viability and caspase 3 and 7 levels were determined after 0 h and 8 h.

 Cell viability was determined with a tetrazolium salt assay (WST-1, Roche). The 

medium was aspirated, the wells incubated in WST reagent (300 µL per well) and incubated 

for 30 min at 37 °C. The absorbance was measured using a Synergy HT microplate reader 

(λabs= 440 nm, BioTek, Winooski, VT). 

 Caspase 3 and 7 levels were determined using a fl uorochrome inhibitor of 

caspase (FLICA) kit (reference# A20173, AbD Serotec, Oxford, UK) according to the 

manufacturer’s instructions (λex= 575 nm, λem= 620 nm).

 WST and caspase data were normalized to protein content (Bradford protein 

assay, BioRad, Hercules, CA) and expressed as a percentage of the mean of the 0-h values.
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Statistical analysis

 Statistical analysis of diff erences in bacterial concentrations was performed 

using a 2-way analysis of variance (ANOVA) with a Bonferroni post-hoc test between 

groups, and unpaired-sample Student’s t-test between time points within one group. 

Toxicity data were analyzed using a Kruskal-Wallis test with Dunn’s multiple comparison 

test (α= 0.05). A P-value of <0.05 was considered statistically signifi cant.

Results

Bacterial growth in preservation solutions

 Signifi cant S. epidermidis RP62a growth was observed in both TSB and PS. 

However, a ten-fold larger increase in CFU/ mL was observed in TSB after 24 h (P<0.001, 

Figure 1). After 20 h of incubation at 28 °C and subsequently for 48 h at 37 °C, growth of all 

S. epidermidis and S. aureus strains occurred in both TSB (Figure 2A) and PS (Figure 2B). In 

PS, however, the numbers of CFU of S. aureus 8325-4 and its SCV strain I10 decreased until 

44 h, but increased to numbers similar to those of the other strains at 68 h. No diff erences 

in growth in TSB and PS were observed between the wild type and corresponding SCV 

strains. In general, the strains grew to higher numbers of CFU in TSB than in PS. While there 

was growth of S. epidermidis RP62a in TSB and PS, the numbers of CFU decreased during 

the total 68-h incubation in HTK, UW solution, or Belzer-MPS (Figure 2C). 

Figure 1.

Growth kinetics of S. epidermidis RP62a in Polysol (PS) and tryptic soy broth (TSB) during 24 h at 37 °C. 

* indicates a signifi cant diff erence from TSB.
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Figure 2. 

Growth kinetics of S. epidermidis and S. aureus strains in Polysol (PS) (A) and in tryptic soy broth (TSB) 

(B) during incubation at 28 °C for 20 h followed by 48 h at 37 °C. C) Growth curve of S. epidermidis 

RP62a in diff erent preservation solutions and TSB. Belzer MPS: Machine Perfusion Solution-Belzer; UW: 

University of Wisconsin solution; HTK: histidine-tryptophan-ketoglutarate solution.

*indicates a signifi cant diff erence in bacterial concentration between PS and Belzer-MPS, UW, and 

HTK. See Appendix 1, page 207 for the color image.
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Figure 3.

Bactericidal eff ect of ceftriaxone 

and cefazolin on S. epidermidis 

RP62a. 

The dose-response curves after A) 

2 h and B) 12 h incubation at 37 °C 

show the bactericidal effi  cacy in 

TSB (dashed lines) and in PS (solid 

lines).

E"  cacy of cefazolin and ceftriaxone

 In the absence of antibiotics, S. epidermidis RP62a showed signifi cant growth 

during the fi rst 12 h (P<0.001). A slightly increased OD620nm was observed after 48-h 

incubation in TSB with 75 μg/ mL ceftriaxone (NS). In all other incubations the antibiotic 

inhibited the growth of the bacteria. Based on spectrophotometric measurements, 

cefazolin had superior bactericidal effi  cacy over ceftriaxone, which was confi rmed by 

quantitative plating (Figure 3A/ B). After 2 and 12 h, 75 μg/ mL of cefazolin was suffi  cient 

to reduce the numbers of CFU/ mL of S. epidermidis RP62a below the detection limit. In 

contrast, ceftriaxone required a concentration of 1000 and 300 μg/mL after 2 and 12 h, 

respectively, to obtain a similar bactericidal eff ect.
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Figure 5.

Effi  cacy of cefazolin against S. epidermidis and S. aureus strains cultured at 28 °C for 20 h, followed by 

48 h at 37 °C. Each graph shows the concentration of the respective bacterial strains and the three 

lines indicate diff erent concentrations of cefazolin.
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Figure 4.

Effi  cacy of cefazolin on S. epidermidis and S. aureus strains under normothermic conditions. Each 

graph shows the concentration of the respective bacterial strains, and the three lines indicate 

diff erent concentrations of cefazolin.
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Figure 6. 

Eff ect of the removal of cefazolin on continued growth of S. epidermidis RP62a.

S. epidermidis RP62a were exposed to the indicated cefazolin concentrations for 20 h at 28 °C, after an 

temperature increase to 37 °C without any changes in the solution (solid lines), or after replacement 

of the cefazolin-containing solution with antibiotic-free solution.

Dose-response of cefazolin under (sub)normothermic conditions

 Incubation of S. epidermidis and S. aureus strains at 37 °C in PS with cefazolin 

led to a complete elimination of most strains (Figure 4). A 1000-μg/ mL concentration 

decreased the bacterial concentration to below the detection limit at t=44 h, while 300 μg/ 

mL led to a slower elimination and was insuffi  cient to eradicate the SCV S. epidermidis strain 

6455-I. To mimic subnormothermic preservation and normothermic post-transplantation 

conditions, S. epidermidis was incubated in PS for 20 h at 28 °C and subsequently for 24 

h at 37 °C. The bactericidal eff ect was less prominent at 28 °C compared to 37 °C, but 

subsequent warming to 37 °C greatly enhanced the eff ect (Figure 5). Again, a concentration 

of 1000 μg/ mL was able to consistently reduce bacterial numbers to undetectable values 

by t= 44 h, while 300 μg/ mL led to slower and incomplete eradication.

 Removal of the cefazolin prior to warming from 28 °C to 37 °C allowed S. 

epidermidis RP62a growth in the suspensions to which 300 μg/ mL had initially been 

added (Figure 6). However, an increase in CFU/mL was deterred up to 12 h compared 

to the antibiotic-free control. Only an initial cefazolin concentration of 1000 μg/ mL was 
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capable of reducing bacterial CFU in PS to below the limit of detection after cefazolin had 

been removed.

Figure 7.

Caspase 3 and 7 levels (red bars) and metabolic capacity (WST, white bars) after 8 h exposure to 

various cefazolin concentrations are shown as the percentage change versus t= 0 h. WST: water 

soluble tetrazolium; FLICA: fl uorochrome inhibitor of caspase. 

* indicates a signifi cant decrease in caspase 3 and 7 levels from t= 0 h compared to 0 μg/ mL.

Cytotoxicity of cefazolin to porcine kidney endothelial cells

 After 8-h incubation, the change in PKEC viability relative to t = 0 h did not diff er 

signifi cantly between the 0 μg/ mL and the 1000 μg/ mL cefazolin concentrations (21.1 

% and 26.5 % increase) and all other concentrations (Figure 7). Furthermore, caspases 3 

and 7 activation remained absent regardless of the cefazolin concentration. Interestingly, 

incubation in 300 μg/ mL cefazolin was associated with a reduced extent of apoptosis 

compared to control (0 μg/ mL) after 8 h (-24.8 % and -4.3 %, respectively, P <0.05). 

Accordingly, no evidence of cytotoxicity of high-dose cefazolin was observed in PKEC.
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Discussion

This is the fi rst study to describe the growth of S. epidermidis and S. aureus wild type and 

SCV strains in diff erent preservation media during (sub)normothermic conditions, and 

their susceptibility to antibiotic prophylaxis. The main fi ndings were: 1) bacterial growth in 

(S)NMP preservation solutions is a risk at (sub)normothermic conditions, 2) in the nutrient-

rich PS, the bactericidal effi  cacy of cefazolin is greater than that of ceftriaxone, 3) 1000 μg/ 

mL of cefazolin is bactericidal during subnormothermic and at normothermic incubation, 

even after cefazolin removal, and 4) 1000 μg/ mL cefazolin is non-toxic to PKEC in vitro.

 High rates of bacterial contamination in organ preservation solutions have 

always been a reason for concern. While hypothermia appears to prevent bacterial growth 

and limit infectious complications4, bacteria remain viable after hypothermic preservation, 

even in the presence of penicillin and trimethoprim/ sulfamethoxazole.23 With the current 

preservation techniques moving from static hypothermic storage to dynamic (sub)

normothermic techniques, more aggressive antimicrobial prophylaxis is required to 

ensure sterility of nutrient-rich preservation solutions and the ex vivo preserved organ.24 

We found that HTK and UW did not support bacterial growth under (sub)normothermic 

conditions, which is likely due to the absence of nutritional constituents for bacteria in 

these solutions.25 PS, developed primarily for warm preservation, did facilitate signifi cant 

bacterial growth, implying that a potential risk for other novel, (S)NMP preservation 

solutions exists as well.26, 27

 New insights into the nature of the microorganisms responsible for signifi cant 

infections should be taken into account when determining appropriate prophylaxis. In 

this respect, SCV are associated with a slow growth rate, atypical colony morphology, 

and aberrant biochemical properties that are thought to make them less susceptible to 

many antibiotics and therefore, responsible for persistent and latent infections.18 S. aureus 

8325-4 and its SCV have been shown to be equally infective and comparably susceptible 

to cephapirin.28 Accordingly, our fi ndings show similar effi  cacy of cefazolin across diff erent 

strains and their respective SCV, supporting the broad antimicrobial coverage of cefazolin. 

Furthermore, the continuing bactericidal eff ect after removal of the antibiotic appears to 

be instrumental in preventing latent infections.

 The in vitro model presented here allowed sensitive and controlled 

determination of bacterial growth and antibiotic susceptibility. However, this model is not 

a perfect representation of the complex interaction between preservation solution and 

the various compartments of the organ. In previously performed, contaminated, isolated 
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ex vivo renal perfusion experiments using PS at subnormothermic conditions, peritubular 

capillary obstruction occurred due to bacterial overgrowth, compromising perfusion (data 

not shown). By showing eff ective prophylaxis of cefazolin against high concentrations of 

frequent bacterial contaminants, a solid basis is provided for the use of this antibiotic in (S)

NMP systems. 

 Prophylactic addition of antimicrobial agents to preservation solutions has been 

common practice for decades.23 However, current experimental and clinical preservation 

protocols frequently neglect antibiotic prophylaxis, and, where reported, do not address 

sterility and antibiotic toxicity, despite high contamination rates and nephrotoxicity, 

respectively. It is likely that this stems from the absence of an evidence-based 

recommendation. Our results provide compelling in vitro rationalization for the use of 

high-dose cefazolin, which is effi  cacious against the major contaminating staphylococcal 

species and even against their SCV. When combined with bacterial culturing according 

to standard operating procedures, high dose cefazolin could help minimize infectious 

complication following (S)NMP.

 In conclusion, a 1000 μg/ mL cefazolin dose is eff ective against multiple S. 

epidermidis and S. aureus strains and their SCV at 28 °C and 37 °C in PS, and was non-toxic 

for PKEC. It is therefore recommended to use high-dose cefazolin as antibiotic prophylaxis 

during warm kidney preservation with Polysol.
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Abstract 

Endothelial barrier function is pivotal for the outcome of organ transplantation. Since 

hypothermic preservation (gold standard) is associated with cold-induced endothelial 

damage, endothelial barrier function may benefi t from organ preservation at warmer 

temperatures. We therefore assessed endothelial barrier integrity and viability as function 

of preservation temperature and perfusion solution. 

 Human umbilical vein endothelial cells (HUVEC) were preserved at 4 to 37 °C 

for up to 20 hours using Ringer’s lactate, histidine-tryptophan-ketoglutarate-solution, 

University of Wisconsin (UW) solution, Polysol, or endothelium culture growth medium 

(ECGM). Following preservation, the monolayer integrity, metabolic capacity, and ATP 

content were determined as positive parameters of endothelial cell viability. As negative 

parameters, apoptosis, necrosis, and cell activation were assayed. A viability index was 

devised on the basis of these parameters. 

 HUVEC viability and barrier integrity was compromised at 4 °C regardless of 

the preservation solution. At temperatures above 20 °C, the cells’ metabolic demands 

outweighed the preservation solutions’ supporting capacity. Only UW maintained HUVEC 

viability up to 20 °C. Despite high intracellular ATP content, none of the solutions were 

capable of suffi  ciently preserving HUVEC above 20 °C except for ECGM. 

 Optimal HUVEC preservation is achieved with UW up to 20 °C. Only ECGM 

maintains HUVEC viability at temperatures above 20 °C.
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Introduction

Graft function after transplantation is coupled to post-preservation endothelial function 

and barrier integrity.1 The endothelium does not only provide a dynamic barrier in 

metabolic traffi  cking but also controls vasomotor activity and regulates innate immune 

responses, coagulation, and neovascularization.2 Loss of endothelial integrity during organ 

preservation therefore triggers microcirculatory hypoperfusion and, more importantly, 

results in an activated state of the endothelium. The activated state promotes intravascular 

coagulation and immunological complications that may lead to graft rejection.3-7

 Most preservation-induced damage can be attributed to hypothermic (4 °C) 

organ preservation, with static storage being the current gold standard. Hypothermia 

decreases the intracellular degradation of metabolites or nutrients by reducing the cell’s 

metabolic rate by 70 - 90 %, resulting in suffi  cient energy and nutrient levels during the 

preservation period. However, the negative infl uences of hypothermia on membrane-

fl uidity, the cytoskeleton, intercellular contacts, vasomotor activity, and cell survival are 

detrimental during prolonged storage.2, 4, 8-10

 Therefore, application of (sub)normothermic (20 - 37 °C) preservation (SNP) 

has been proposed to bypass hypothermia-related eff ects and consequently improve 

organ function and transplantation outcome.11-14 Preservation of metabolically active 

cells during SNP, however, requires extensive metabolic support. Even with the advent of 

novel, nutrient-enriched preservation solutions, sustaining cell metabolism during SNP 

might prove cumbersome.15 In addition, current preservation solutions used for SNP must 

contain components like blood derivates or artifi cial oxygen carriers to maintain organ 

and endothelial function. These components are, to date, not amenable to widespread 

clinical implementation.16-18

 In view of the importance of endothelial integrity for post-transplantation 

outcome and the anticipation of a shift from hypothermic to (sub)normothermic 

organ preservation, this study aimed to investigate the temperature- and preservation 

solution-dependent eff ects on endothelial cell integrity, viability, and activation using 

human umbilical vein endothelial cell cultures. We used several clinical and experimental 

preservation solutions, including Ringer’s lactate, histidine-tryptophan-ketoglutarate 

solution, University of Wisconsin solution, Polysol, and an endothelial culture medium at 

hypothermic to normothermic (4, 15, 20, 28, or 37 °C) cell culture conditions. The results 

provide insight in the functionality of endothelial cells during hypothermic preservation 

and SNP, and identify limitations of the currently employed preservation solutions on 
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endothelial function under (sub)normothermic conditions.

Materials and Methods

Human umbilical vein endothelial cell culture

 Human umbilical vein endothelial cells (HUVEC) were isolated from umbilical 

cords obtained at the obstetrics department in our institution. Umbilical veins were 

cannulated within 36 h after retrieval, fl ushed with calcium-free medium (142 mM NaCl, 

6.7 mM KCl, 3.36 mM HEPES in demineralized water (DW), ingredients from Sigma-Aldrich, 

St. Louis, MO), and perfused with 5 to 15 mL of 0.04 % Liberase (Roche, Basel, Switzerland) 

in phosphate buff ered saline (PBS, Fresenius Kabi, Graz, Austria). The cords were incubated 

for 30 min at culture conditions (95 % Air, 5 % CO2, 37 °C). Next, the veins were opened, 

fl ushed with 20 % fetal calf serum-enriched (FCS, Lonza, Basel, Swiss) Williams medium 

E (WE, Lonza), and the effl  uent collected and washed twice in 20 % FCS-enriched WE (10 

min, 400× g, 4 °C). The cell pellet was resuspended in endothelial cell growth medium 

(ECGM, Promocel, Heidelberg, Germany) and seeded in culture fl asks (T25 Primaria, BD 

Biosciences, Franklin Lakes, NJ). Upon reaching a confl uent fi rst passage, the HUVEC were 

cryopreserved in liquid nitrogen for at least one week in WE containing 20 % FCS and 20 

% DMSO (Sigma-Aldrich). At least two isolated aliquots of cryopreserved HUVEC were 

thawed prior to each experiment. The HUVEC were washed (10 min, 400× g, 4 °C) in 10 

% FCS-enriched WE, cultured in ECGM, and used at a confl uent third passage (P3 HUVEC). 

The experimental design for P3 HUVEC is provided in Figure 1.

Electric cell-substrate impedance sensing

 P3 HUVEC were incubated with 1 mL Accutase (Innovative Cell Technologies, 

San Diego, CA) for 10 min. The collected cells were counted and titrated to approximately 

6× 105 cells per well (Casy Counter, Roche), seeded on electric cell-substrate impedance 

sensing (ECIS) culture arrays (8W10E, Applied Biophysics, Troy, NY) that were pretreated 

with L-cysteine (10 mM in 0.9 % NaCl, Sigma-Aldrich) and fi bronectin (FN, 5× 10-3 %, 

product# F1141, Sigma-Aldrich), and grown in ECGM (300 μL/ well). Next, ECIS arrays 

were connected to the ECIS console (ECIS Z, Applied Biophysics) and placed in culture 

conditions for at least 23 h, allowing the cells to form a stable, ECIS-confi rmed, confl uent 

monolayer. 

 After reaching confl uence, the medium was aspirated, the wells were washed 

with 10 mM tris(hydroxymethyl)aminomethane (TRIS) in DW, and 300 μL of one the 
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Figure 1.

Overview of the experimental setup, preservation solutions and temperatures, and outcome 

parameters used in the HUVEC assays. 
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following solutions was added: Ringer’s lactate (RL, Baxter, Deerfi eld, IL), histidine-

tryptophan-ketoglutarate solution (HTK, Dr F Köhller-Chemie, Bensheim, Germany), 

University of Wisconsin solution (UW, Bristol-Myers Squib, New York, NY), Polysol (PS, 

Organofl ush, Amsterdam, The Netherlands), or fresh ECGM, all of which the individual 

compositions are provided in Table 1. Then, ECIS arrays were transferred to a custom-built 

incubator, exposed to 4, 15, 20, 28, or 37 °C for 20 h (n= 3 wells/ solution/ temperature) in a 

controlled humidifi ed atmosphere with 95 % air and 5 % CO2, and continuously measured 

by ECIS. ECIS data were corrected for fl uid specifi c conductivity at all temperatures to 

eliminate conductivity-based infl uences and expressed as a percentage of monolayer 

impedance measured at the end of the 23-h monolayer formation prior to the solution 

change (t= 0 h).

Table 1. Composition of solutions used.

  RL HTK UW PS ECGM#

Colloids (gr/ L)

PEG    20 (35 kDa)

HES   50

Impermeants (mmol/ L)

Mannitol  38

Lactobionate   100

Raffi  nose   30 3.2

Trehalose    5.3

Sodium gluconate    75

Potassium gluconate   20

Bu! ers (mmol/ L)

Histidine  198  6.3

KH2PO4   25

NaH2PO4    21.7

HEPES    24

NaHCO3     1.4#

Electrolytes (mmol/ L)

Calcium 1.5 0.0015   0.16#

Chloride 109 32 20

Magnesium   4

Magnesium sulfate   5  1#
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Table 1 continued

 RL HTK UW PS ECGM#

Potassium 4 9 120 15 0.4#

Sodium 130 15 25 120 11#

Sodium phosphate     0.05#

Anti-oxidants (mmol/ L)

Tryptophan  2

Allopurinol   1

Glutathione   3 5.6

Ascorbic Acid    0.11

Alpha-Tocopherol    5.4 10-5

Additives (mmol/ L)

Ketoglutarate  1

Adenosine   5 5

Vitamins    $

Amino Acids    $$

Lactate    28

Osmolarity (mOsm/ L) 310 325 325 272

pH 7.02-7.2 7.4 7.4 6.5

Abbreviations: RL, Ringers lactate; HTK, Histidine-tryptophan-ketoglutarate; UW, University of Winsconsin solution; 

PS, Polysol; ECGM, endothelium cell growth medium; PEG, Polyethylene glycol; HES, Hydroxyethyl starch

$ (mmol/ L): ascorbic acid (0.11), biotin (0.21), Ca-pantothenate (0.004), choline chloride (0.01), inositol (0.07), 

ergocalciferol (3 10-4), folic acid (0.002), menadione (4 10-5), nicotinamide (0.01), nicotinic acid (0.004), pyridoxal 

(0.005), ribofl avin (0.003), thiamine (0.03), vitamin A (3 10-4), vitamin B12 (1 10-4), and vitamin E (5 10-5)

$$ (mmol/ L): alanine (1.01), arginine (1.18), asparagines (0.08), aspartic acid (0.23), cystine (0.33), glutamic acid (0.34), 

leucine (0.57), glutamine (0.002), glycine (0.67), isoleucine (0.38), lysine (0.48), methionine (0.30), ornithine (2.00), 

phenylalanine (0.30), proline (0.78), serine (0.29), threonine (0.34), tryptophan (0.88), tyrosine (0.19), and valine (0.43)

#personal communication with PromoCell, other ingredients undisclosed
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Flow cytometry

 Flow cytometry (FACS) was used to determine the extent of apoptosis, necrosis, 

and endothelial activation after preservation. To this end, P3 HUVEC (n= 4/ solution/ 

temperature) were seeded on L-cysteine and FN-pretreated culture slides (BD Falcon 

8-well CultureSlide, BD Biosciences). After 10- or 20-h preservation at 4, 15, 20, 28, or 37 

°C, the medium was aspirated, wells washed with 100 mM TRIS in DW (5 min, 400× g, 4 

°C), HUVEC incubated with 75 µL Accutase for 10 min, and washed in 1 % FCS-enriched 

PBS (PBS+). The pelleted cells were resuspended in PBS+ and divided into two 300-μL 

aliquots and one 100-μL aliquot for immunoglobulin- and fl uorophore-matched isotype 

control. One 300-μL aliquot was incubated with R-phycoerythrin-conjugated mouse anti-

human E-selectin (CD62E-PE) monoclonal antibodies (1:25 dilution, BD Pharmingen, BD 

Biosciences) and Alexa Fluor 647-conjugated mouse anti-human intercellular adhesion 

molecule-1 (ICAM-1, CD54-AF647) monoclonal antibodies (1:400 dilution, AbD Serotec, 

Kidlington, UK) for 20 min at room temperature (RT). The other aliquot was incubated 

with fl uorescein isothiocyanate (FITC)-conjugated annexin V (diluted 1:25 in annexin V 

binding buff er, BD Pharmingen) and ToPro-3 (1:8000 dilution, Life Technologies, Paisley, 

UK). Annexin V was incubated with cells for 10 min at RT and ToPro-3 was added just 

prior to FACS analysis. Ten thousand events were collected for each sample on a Canto 

2 fl ow cytometer (BD Biosciences). FACS data were analyzed using FlowJo software (Tree 

Star, Ashland, OR), corrected for the background fl uorescence intensity derived from the 

isotype control, and expressed as a percentage of baseline (t= 0 h).

Metabolic activity, intracellular energy, and e# ector caspases 

 P3 HUVEC were seeded in FN-coated 24-wells culture plates (Corning 

Incorporated, Corning, NY). Confl uent cells were incubated at 4, 15, 20, 28, or 37 °C for 

10 or 20 h and the metabolic activity, intracellular energy content (defi ned as adenosine 

triphosphate (ATP) content), and caspase 3 and 7 were assayed in separate cell populations.

 Metabolic activity was determined with a tetrazolium salt assay (WST, Roche), 

which refl ects the metabolic capacity of mitochondria. To this end, the medium was 

aspirated, the wells incubated with WST solution in ECGM at 37 °C, and measured using 

a Synergy HT microplate reader (BioTek, Winooski, VT) according to the manufacturer’s 

instructions (λabs= 440 nm). 

 ATP content was assessed after 10- or 20-h incubation using a bioluminescence 

assay kit (CLS II, Roche). After aspiration of the medium, 250 µL of 100 °C TRIS-EDTA-buff er 

(100 mM TRIS, 4 mM EDTA in DW, pH= 7.75) was added to the wells and kept at 100 °C 
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for 2 min. Subsequently, the culture plate was centrifuged (1 min, 400× g, 4 °C), 50 µL 

of the supernatant aspirated and transferred to white-walled 96-well plates (reference# 

3610, Corning), and 50 µL of luciferase reagent was added. Next, the luminescence was 

measured directly using the fl uorescence microplate reader in luminescence mode 

according to the manufacturer’s instructions. 

 Caspase 3 and 7 activity levels were determined using a FLICA kit (reference# 

A20173, AbD Serotec) according to the manufacturer’s instructions (λex= 575 nm, λem= 

620 nm). Caspase activation levels were detected in cells after three wash steps with the 

provided wash buff er.

 All data were corrected for the amount of protein per well using a Bradford 

assay (BioRad, Hercules, CA) and corrected for background absorbance or fl uorescence. All 

parameters are expressed as a percentage of the respective t= 0 h (baseline) value to allow 

intergroup comparison and calculation of the viability index mentioned in the following 

section.

Viability index

 To obtain insight in the cumulative eff ect of all determined parameters (n= 3/ 

parameter/ modality) on endothelial function, a viability index was devised according to 

the following equation:

(ECIS [%] + WST [%] + ATP [%]) / (((annexin V [%] + FLICA [%]) / 2) [%] +ToPro-3 [%] + 

activation [%])

 The numerator refl ects all parameters contributing to maintaining or prolonging 

endothelial barrier integrity and endothelial function. Therefore, it encompasses the 

ECIS as gold standard for endothelial barrier integrity, metabolic activity (WST), and 

ATP content. The denominator includes parameters associated with a compromised 

endothelial function, either directly through apoptosis (annexin V and FLICA values) or 

necrosis (ToPro-3-positive cells), or delayed through activation-dependent processes 

(ICAM-1 and/or E-selectin expression) that are known to impair the transplanted graft’s 

function.19 The duplicate outcomes for apoptosis (annexin V and FLICA) were averaged to 

prevent overrepresentation.

Light microscopy

 P3 HUVEC were cultured as described above and, after 20-h incubation, imaged 
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using a phase contrast microscope (Leica DMBL, Leica Microsystems, Wetzlar, Germany) 

equipped with a Leica DC200 CCD camera that was controlled with QWin software (Leica 

Microsystems). Furthermore, real time imaging recordings were conducted at 20 °C for 10 

h under cell culture conditions to study endothelial barrier dynamics. To this end, primary 

HUVEC (Lonza) were cultured in culture fl asks (TPP, Trasadingen, Switzerland) containing 

endothelium growth medium-2 (EGM2, Lonza). HUVEC were cultured on FN-pretreated, 

24-well glass-bottom imaging plates (Zell-Kontact, Nörten-Hardenberg, Germany). When 

the monolayer was confl uent, cells were washed twice with PBS containing 1 mM CaCl2 

and 0.5 mM MgCl2, and incubated with 300-μL RL, HTK, PS, UW, or ECGM. Real time imaging 

was performed using a Carl Zeiss Observer Z1 microscope (Oberkochen, Germany) with 

a 20× objective (DIC) with defi nite focus enabled. Each culture well was automatically 

imaged every fi ve min during the 10-h incubation.

Results

Endothelial cell barrier integrity

 Endothelial cell barrier integrity was determined using ECIS. The measured 

impedances represent the tightness of cell-cell contacts, whereby higher electric 

impedances refl ect less permeability and thus more intact endothelial monolayers. All 

cultured HUVEC exhibited typical monolayer impedances at t= 0 h as exemplifi ed by 

Figure 2.

Figure 2.

Representative electric 

cell-substrate impedance 

sensing trace obtained 

during the formation of 

an endothelial monolayer 

prior to experimental 

preservation. The marked 

area represents the 

monolayer impedance 

interval used to calculate 

the t= 0 h baseline.
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 Following 10- or 20-h preservation, a severely compromised integrity was 

observed for all solutions at 4 °C (Figure 3). In case of RL, barrier integrity never reached 

baseline values and decreased with increasing temperatures and preservation times. 

HTK-preserved HUVEC barrier integrity remained around 20 % of baseline impedance 

values, regardless of incubation temperature and duration. Preservation after 10 h- or 20 

h-incubation at 15 °C using PS resulted in an initial impedance increase to respectively 

120 % or 90 % of baseline but rapidly dropped with increasing temperatures. UW 

outperformed all solutions at 15 °C and 20 °C, with impedance levels reaching respectively 

180 % and 160 % of baseline values. However, with temperatures above 20 °C, only ECGM 

was able to maintain endothelial barrier integrity up to 20-h preservation.

Figure 3.

Electric cell-substrate 

impedance sensing results 

after 10 (A) or 20 (B) h of human 

umbilical vein endothelial 

cells preservation using 

Ringer’s lactate (RL), histidine-

tryptophan-ketoglutarate 

solution (HTK), University of 

Wisconsin solution (UW), 

Polysol (PS), or endothelial cell 

growth medium (ECGM). The 

mean ± range impedance of 

the last hour of preservation is 

presented as a percentage of 

baseline.
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Figure 4.

The electric cell-substrate impedance sensing results, expressed as a percentual diff erence from 

baseline monolayer impedance during 20-hours preservation. Results are expressed as mean 

(±range) for preservation at A) 4, B) 15, C) 20, D) 28, and E) 37 °C. See Appendix 1, page 208 for the 

color image.

Endothelial cell activation and death

 Endothelial cell activation was assessed by means of E-selectin and ICAM-1 

expression. An activated state of endothelial cells has been associated with impaired long-
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term graft function. Annexin V staining, which binds to the cell membrane-expressed 

phosphatidylserine during apoptosis, was employed as early marker of apoptotic cell 

death. Additionally, caspase 3 and 7 levels were determined using a FLICA detection kit 

and necrosis was assessed using ToPro-3, which intercalates into DNA of permeabilized 

(i.e., necrotic) cells.

 Endothelial activation was maximal in HTK-preserved HUVEC after 10-h 

incubation (170 %, 163 %, and 153 % at 4, 20, and 37 °C, respectively) and 20-h incubation 

at 4 °C and 20 °C (187 % and 180 %, respectively, Figure 5) compared to baseline. ECGM also 

resulted in a considerable activation (183 %) after 20-h preservation at 4 °C. Activation of 

UW-incubated HUVEC peaked to 158 % after 20-h preservation at 20 °C, but the activation 

state was comparable to baseline at all other conditions. In contrast to all other groups 

and preservation conditions, the activation observed in the HTK and UW group at 20 °C 

emanated principally from E-selectin expression (Figure 6, 1C) and to a lesser extent from 

ICAM-1 expression.

Figure 5.

Endothelial activation was 

determined by fl ow cytometry 

after 10 h (A) or 20 h (B) in 

Ringer’s lactate (RL), histidine-

tryptophan-ketoglutarate 

solution (HTK), University of 

Wisconsin solution (UW), 

Polysol (PS), or endothelial 

cell growth medium (ECGM). 

Activation was determined 

by the extent of E-selectin 

and intercellular adhesion 

molecule-1 expresseion 

and expressed as the mean 

(± range) positivity as a 

percentage of baseline.
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Figure 6.

E-selectin (E+), E-selectin and intercellular adhesion molecule-1 (ICAM-1, E+I+), and ICAM-1 (I+) 

expression were determined by fl ow cytometry and are presented in the columns from left to right, 

respectively. Each row represents a diff erent preservation temperature, being: A) 4, B) 15, C) 20, D) 28, 

and E) 37 °C. Results are expressed as mean (± range) positivity from their respective baseline values. 

See Appendix 1, page 209 for the color image.
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 Annexin V-positive but ToPro-3-negative events were predominantly detected 

at temperatures above 4 °C (Figure 7). However, annexin V-positive events at 4 °C were 

increased after 20-h preservation with the nutrient-rich UW, PS, and ECGM (134 %, 129 %, 

and 152 %, respectively). Preservation in RL resulted in increased annexin V binding, with 

a maximum of 526 % compared to baseline at 28 °C. HTK-induced annexin V binding after 

20 h increased from 50 % at 4 °C to 130 % at 15 to 28 °C, with a peak of 242 % at 37 °C. PS 

showed an increase to 280 % at 20 °C after 20 h, while UW- and ECGM-induced annexin 

V binding decreased to approximately 90 % of baseline. At 37 °C after 20 h, however, an 

increase in annexin V binding was detected in UW- (379 %) and PS-preserved HUVEC (295 

%) compared to an increase of 157 % in the ECGM group.

Figure 7.

Annexin V as early marker of 

apoptosis was determined by 

fl ow cytometry after 10 h (A) 

or 20 h (B) with Ringer’s lactate 

(RL), histidine-tryptophan-

ketoglutarate solution (HTK), 

University of Wisconsin 

solution (UW), Polysol (PS), 

or endothelial cell growth 

medium (ECGM). The mean 

(±range) positivity (ToPro-3-

negative) is presented as a 

percentage of baseline.



 Caspase 3 and 7 were not activated at preservation temperatures up to 20 °C, 

regardless of the preservation solution (Figure 8). However, a mean increase of 220 % in 

eff ector caspases was observed for all solutions at 28 °C, with the maximum activation in 

the RL group (435 %). Preservation with UW triggered extensive eff ector caspase activity at 

37 °C (520 %), while caspase activity following preservation in RL, HTK, PS, and ECGM was 

approximately 175 %.

Figure 8.

Eff ector caspase 3 and 7 levels 

were determined after 10 h (A) 

or 20 h (B) in Ringer’s lactate 

(RL), histidine-tryptophan-

ketoglutarate solution (HTK), 

University of Wisconsin 

solution (UW), Polysol (PS), 

or endothelial cell growth 

medium (ECGM). The mean 

(±range) levels are presented 

as a percentage of baseline

 Necrosis was most prevalent in the RL group at 15 °C and 37 °C after 20-h 

preservation (413 % and 515 %, respectively), but remained around 230 % for the remaining 

temperatures (Figure 9). HTK- and PS-preserved HUVEC exhibited similar levels of necrotic 

cell death, between 250 to 350 % of baseline, from 15 °C to 37 °C after 20-h preservation. 

Preservation with UW at 28 °C and 37 °C was associated with extensive necrosis (357 % and 
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271 %, respectively), while preservation with ECGM led to a decrease in ToPro-3 positivity 

from 100 % at 4 °C and 15 °C to 54 % at 37 °C after 20h. The levels detected in the 10-h 

preservation groups were comparable to those observed after 20-h preservation.

Figure 9.

ToPro-3 as marker of necrosis 

was determined by fl ow 

cytometry after 10 h (A) or 

20 h (B) in Ringer’s lactate 

(RL), histidine-tryptophan-

ketoglutarate solution (HTK), 

University of Wisconsin 

solution (UW), Polysol (PS), 

or endothelial cell growth 

medium (ECGM). The mean (± 

range) positivity is presented 

as a percentage of baseline.

Metabolic activity and intracellular ATP

 Metabolic activity and ATP content were assessed to obtain insight in the 

metabolic capacity and corollary energy levels of preserved HUVEC.

 WST levels were highest after 20 h at 28 °C in the ECGM group (477 %) followed 

by PS and HTK at 20 °C (457 % and 416 %, respectively, Figure 10). In general, metabolic 

activity was increased relative to baseline in the RL, HTK, UW, and ECGM groups up to 20 

°C following 10- and 20-h preservation. RL-preserved HUVEC displayed a typical decrease 

in WST levels from 318 % at 4 °C after 10 h to a mean of 150 % after 20 h at 28 °C and 37 °C. 



Interestingly, HTK, PS, and ECGM showed a small increase in WST levels at 28 °C compared 

to the WST levels at 20 °C after 10- and 20-h preservation. Only UW and ECGM were able to 

yield WST levels of 300 % in cells preserved at 37 °C for 20 h.

Figure 10.

Metabolic activity was 

determined with the 

tetrazolium salt assay (WST) 

after 10 h (A) or 20 h (B) in 

Ringer’s lactate (RL), histidine-

tryptophan-ketoglutarate 

solution solution (HTK), 

University of Wisconsin 

solution (UW), Polysol (PS), 

or endothelial cell growth 

medium (ECGM). The mean 

(± range) is presented as a 

percentage of baseline.

 Intracellular ATP content was depleted following preservation in RL, regardless 

of the temperature (Figure 11). Preservation in HTK and ECGM resulted in a small peak of 

220 % in ATP content at 15 °C, but remained around baseline at all other temperatures. For 

UW- and PS-preserved cells, ATP content was equal to baseline levels at 4 °C but increased 

to 571 % and 379 %, respectively, at 15 °C preservation and to 275 % of baseline levels at 28 

°C and 37 °C.
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Figure 11.

ATP content (intracellular 

energy status) was determined 

by bioluminescence after 10 

h (A) or 20 h (B) in Ringer’s 

lactate (RL), histidine-

tryptophan-ketoglutarate 

solution (HTK), University of 

Wisconsin solution (UW), 

Polysol (PS), or endothelial cell 

growth medium (ECGM). The 

mean (± range) ATP content, 

normalized to protein content, 

is presented as a percentage of 

baseline.

Viability index

 The viability index was devised to obtain insight in factors promoting or 

compromising endothelial barrier integrity and endothelial function. The index results are 

shown in Figure 12.

 Only preservation with ECGM deterred extensive manifestation of 

compromising eff ects and resulted in a temperature-independent net positive eff ect 

on barrier function. After 10-h preservation with UW, a similar outcome was obtained. 

However, the index dropped below 1 after 20-h preservation at 4 °C and 37 °C. UW was 

best in preserving HUVEC viability at 15 °C and 20 °C. Preservation with PS for 20 h yielded 

similar results as UW at 15 °C to 28 °C. However, it resulted in a lower viability after 10-h 

preservation at 4 °C and 15 °C. Preservation in HTK for 10h was viability promoting at 15 °C 

and 20 °C, but after 20 h at 15 °C the promoting eff ects no longer prevailed. RL preservation 

was detrimental to HUVEC at any temperature after both 10- or 20-h preservation.
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Figure 12.

The viability index of human 

umbilical vein endothelial 

cells after preservation in 

Ringer’s lactate (RL), histidine-

tryptophan-ketoglutarate 

solution (HTK), University of 

Wisconsin solution (UW), 

Polysol (PS), or endothelial cell 

growth medium (ECGM). The 

index (mean score ± range) is 

presented for all preservation 

solutions at all temperatures. 

When factors promoting 

endothelial barrier integrity 

and function outweigh those 

that compromise endothelial 

barrier integrity and function, 

the index value is >1.

Light microscopy

 No solution-dependent diff erences in morphology between HUVEC were 

observed at 4 °C. All monolayers displayed some gap formation after 20-h preservation 

at 15 °C, although cell-cell contacts showed increased integrity following preservation 

with UW, PS, or ECGM (Figure 13). PS-preserved HUVEC showed more pronounced 

gap formation compared to UW- or ECGM-preserved HUVEC at temperatures above 

15 °C. However, PS did not exert as much damage on the monolayer as observed after 

preservation with RL or HTK. Only ECGM maintained endothelial monolayer integrity at 

temperatures above 20 °C.

 Real time imaging showed marked diff erences between solutions with respect 

to HUVEC barrier function and morphology over 10 h at 20 °C. RL preservation resulted 

in a rapid retraction of the cell plasma membrane with major gap formation and a minor 
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degree of cell death. During HTK preservation, cell death occurred extensively in the 

HTK group once the preservation period exceeded 5 h. Preservation with PS resulted in 

limited gap formation, however, HUVEC were not as active in changing the shape of the 

cell membrane as observed in cells preserved in UW or ECGM. The HUVEC preserved with 

UW and ECGM remained viable and exhibited changing cell membrane shape over time, 

resulting in a net unchanged number of gap formations and a morphologically normal 

endothelial monolayer. 

Figure 13.

The endothelial monolayer was assessed by light microscopy (10× magnifi cation) after 20-h 

preservation at each temperature. Preservation of human umbilical vein endothelial cells was 

performed with Ringer lactate (RL), histidine-tryptophan-ketoglutarate solution (HTK), University of 

Wisconsin solution (UW), Polysol (PS), or endothelial cell growth medium (ECGM). A clear benefi t of 

preservation with a nutrient-rich solution (UW, PS, or ECGM) can be observed. See Appendix 1, page 

210 for the color image.
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Discussion

Endothelial barrier function, defi ned as endothelial function and barrier integrity, was 

assessed by means of an in vitro cell preservation model using RL, HTK, UW, PS, and 

ECGM at 4, 15, 20, 28, and 37 °C. Optimal barrier preservation for 20 h was accomplished 

using UW at 15 °C and 20 °C. Only ECGM was able to preserve barrier function for 20 h at 

temperatures above 20 °C. 

 Barrier function is essential for post-preservation organ function and graft 

survival.20 While HUVEC are considered a poor model with respect to allograft-related 

research due to their higher turnover rate in vitro, the metabolism-dependent processes 

can be accurately assessed.1, 21, 22 HUVEC have been used in well-established organ 

preservation-related models of endothelial injury.20 Moreover, this in vitro cell preservation 

model enables the study of endothelial cell activation, viability, and monolayer integrity 

under diff erent preservation conditions.23-26 

 At present, prolonged organ preservation is based on the application of 

hypothermia that induces preservation-related injury, particularly in marginal donor 

organs.27 Causative mechanisms underlying hypothermia-induced endothelial injury are 

multifactorial and not yet fully elucidated.23, 28, 29 An important factor appears to be stress on 

the cytoskeleton, either by fl ow or hypothermia-induced membrane rigidity, that leads to 

a cascade of events surpassing the cytoskeleton itself.10 Disruption of intercellular contacts 

after hypothermic injury eventually leads to endothelial detachment by undermining the 

intracellular matrix25, of which the implications are shown by our ECIS results.

 Our data corroborate that, with rising temperatures, energy-dependent 

processes reach a turnover point between 4 °C and 15 °C. This turnover coincides with 

the plasma membrane phase transition of endothelial cells.28 The implications of this 

temperature change have been shown previously in bovine aortic endothelial cells.30 In 

our study, the turnover point was associated with a sharp increase in E-selectin expression 

in the absence of ICAM-1 expression, persisting up to 20 °C in HTK- and UW-preserved 

HUVEC. These high expression levels could be attributed to a previously described cellular 

stress response initiated at temperatures around 15 °C.31 

 With the temperature dependency of metabolic processes refl ected in our 

results, the ATP data are of particular interest. As intracellular ATP levels are commonly 

applied as an indicator of cell viability and metabolism, the ATP levels were increased in 

the 15 to 37 °C temperature range in the energy precursors-containing solutions HTK, UW, 

and PS. In HTK, the α-ketoglutarate has been shown to be less eff ective in maintaining ATP 
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levels than the adenosine present in UW and PS, possibly explaining the diff erence in ATP 

between the solutions.32 However, while high ATP levels are associated with endothelial 

cell viability up to 24 h under hypothermic conditions33, the persistently high ATP content 

in HUVEC preserved with UW or PS at temperatures above 20 °C did not positively 

correlate with cell survival in this study. The mismatch in ATP content and viability might 

be explained by the cell membrane-stabilizing eff ects of the colloids in UW and PS, 

causing a decreased cell motility and thus ATP consumption by the cell.34 - 36 Interestingly, 

ECGM did not result in high intracellular ATP levels, despite the evidently better viability 

at 37 °C compared to the other preservation solutions. However, a previous study 

demonstrated that low ATP levels are characteristic of viable cells due to the extensive 

consumption of ATP.21 Therefore, as the traditional viability indicators could not accurately 

determine cell survival, we devised a viability index to gain more in-depth insight into a 

broader spectrum of (patho)physiological processes. Such an approach has been shown 

to be helpful previously.37 The viability index encompassed all the measured outcome 

parameters and enabled a more accurate assessment of endothelial cell survival.

 The presence of high intracellular levels of ATP should favor the induction of 

apoptosis instead of necrosis.38 However, annexin V and caspase 3 and 7 levels were only 

increased after 20 °C preservation with UW or PS in the presence of suffi  cient levels of 

intracellular ATP, but not in other groups/ conditions where ATP levels were high. During 

hypothermia, the “fl ip fl op” of phospholipids is disabled by the rigidity of the cell membrane, 

accounting for the low annexin V binding.39 In this respect, hypothermic protection against 

apoptosis has long been established and might explain the predominant occurrence 

of necrosis instead of apoptosis up to 20 °C. At this temperature, enzymatic cleavage of 

caspases has been shown to be suboptimal.40 As a result, preservation of the endothelium 

has the highest viability score at room temperature conditions (20 °C), combining the 

advantages of hypothermic preservation with those of (sub)normothermic conditions.

 With current organ preservation techniques moving from static cold storage 

towards hypothermic or (sub)normothermic machine perfusion, intelligent matching 

of solutions and temperatures can reduce preservation-induced injury. This study was 

designed to assess perfusate- and temperature-dependent eff ects on the endothelium 

in order to optimize (sub)normothermic organ preservation. That preservation at 20 °C 

is most benefi cial for cells in vitro has been demonstrated previously.41 In our opinion, 

preservation at 20 °C, i.e., at room temperature, has the advantage of reduced metabolism 

without an increased infl ammatory response and should therefore be investigated further. 

 In conclusion, preservation of endothelial cell viability in vitro at hypothermic 
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conditions (at 4 °C) resulted in impairment of endothelial barrier integrity. Maintaining 

HUVEC viability using preservation solutions at a warmer temperature is possible with UW 

up to 20 h at 20 °C.
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Abstract 

Endothelial damage is a critical step in the development of (xeno)transplantation-related 

and cardiovascular pathology. In humans, the amount of circulating endothelial cells (CEC) 

correlates to disease intensity and functions as a valuable damage marker. While (xeno)

transplantation and cardiovascular research is regularly performed in porcine models, the 

paucity of antibodies against porcine endothelium epitopes hinders the use of CEC as 

damage marker.

 This study aimed to develop a method for porcine CEC detection using anti-

human antibodies against porcine endothelium epitopes.

 Human umbilical vein endothelial cells (HUVEC, control) and their swine equivalent 

(SUVEC) were used to assess the cross-species immunoreactivity of fl uorescently labeled 

anti-human CD31/ CD51/ CD54/ CD62E/ CD105/ CD106/ CD144/ CD146/ PAL-E/ lectin-1/ 

vWF antibodies by isotype-controlled FACS and confocal microscopy. Next, reactivity was 

ascertained with mature porcine kidney-derived endothelial cells (PKEC) and a FACS-

based whole blood CEC quantifi cation method was employed using osmotic erythrolysis 

and CD105 and CD146 double staining after CD45 exclusion.

 Of the 21 assayed antibodies, the MEM-229 clone of CD105 and P1H12 clone 

of CD146 showed immunoreactivity with SUVEC and PKEC. Double staining showed 

baseline porcine CEC count of 673.1 ± 551.4 CEC/ mL, while the fi rst 7.5 mL of drawn blood 

(representative of vascular damage) contained 1118 ± 661.4 CEC/ mL (n= 14, p= 0.04). A 

second experiment (n= 5) including CD45 exclusion identifi ed only 14.5 ± 10.8 events/ mL 

double positive CD105-146 events per mL blood.

 Porcine endothelium can be specifi cally labeled using anti-human CD146 and 

CD105 antibodies. These antibodies can therefore be used for the identifi cation and 

quantifi cation of CEC in porcine whole blood by FACS after osmotic erythrolysis.
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Introduction

Disruption of endothelial integrity and decreased endothelial function play a pivotal role 

in the development of vascular disorders1 and the outcome of (xeno)transplantation.2 

The number of desquamated, circulating endothelial cells (CEC) has been shown to 

correlate with plasma markers such as von Willebrand factor (vWF) and E-selectin in 

a plethora of endothelial injuries; e.g., kidney graft injury, anti-neutrophil cytoplasmic 

antibody-associated vasculitis, and cerebrovascular events.3-10 Furthermore, endothelial 

disease intensity corresponds with the number of CEC found in the blood. The use of CEC 

as endothelial injury marker instead of vWF, E-selectin, or P-selectin off ers the advantage 

of being independent of the endothelial activation state. This independence enables 

diff erentiation between endothelial dysfunction and damage11-13 and would allow graft 

monitoring after (xeno)transplantation.

 The isolation and quantifi cation of CEC has mainly been enabled by the 

development of antibodies against CD146 (MCAM), an endothelium cell surface 

receptor responsible for outside-in signaling, cell-cell cohesion, and actin cytoskeleton 

rearrangement.14-16 Anti-CD146 antibodies can be used for immunomagnetic separation 

of CEC or detection and sorting of CEC by fl uorescence-activated cell sorting (FACS). In 

fact, anti-CD146 antibodies are predominantly employed for CEC detection in human 

blood.17-19

 A signifi cant proportion of information on endothelium-related diseases 

is obtained from animal models owing to their comparability with human anatomy 

and physiology20-25 and pigs are considered the best donors for future clinical 

xenotransplantation. It is therefore crucial to develop protocols with which CEC can be 

quantifi ed in the respective animal species. However, the absence of published studies 

on the detection of CEC in porcine whole blood and the paucity of antibodies specifi cally 

targeted against porcine endothelium26,27 limit the use of this valuable marker.

 The aim of this study was therefore, to develop a detection and quantifi cation 

protocol for porcine CEC for use in whole blood analysis using commercially available 

anti-human endothelial antibodies. First, we screened 11 diff erent antibodies (21 clones) 

against human endothelial surface epitopes for cross-species immunoreactivity with 

swine endothelial cells by FACS and confocal microscopy. For these purposes, human 

umbilical vein endothelial cells (HUVEC) and swine umbilical vein endothelial cells (SUVEC) 

were used. Next, the endothelial markers that exhibited cross-species immunoreactivity 

with SUVEC were validated in mature porcine kidney endothelial cells (PKEC). Finally, 
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quantifi cation of CEC was performed in porcine whole blood using FACS to provide a 

baseline reference for future applications.

Materials and Methods

Preparation of umbilical vein endothelial cells

 Swine umbilical cords were collected after farrowing (van Beek SPF 

Varkenfokkerij, Lelystad, The Netherlands) and a maximum of two cords were immediately 

transferred into 90 mL ice-cold transport buff er (140 mM NaCl, 0.52 mM Na2HPO4, 4.0 

mM KCl, 0.15 mM KH2PO4, 11.0 mM glucose (Sigma-Aldrich, St. Louis, MO), 900 units of 

heparin (Leo Pharma, Breda, The Netherlands), 1 ml Penicillin-Streptomycin-Amphotericin 

B Mixture (Lonza, Verviers, Belgium), pH= 7.4, and 0.2-µm sterile fi ltered) in sterile cups 

(Sarstedt, Etten-Leur, The Netherlands). Human umbilical cords were collected at 

the obstetrics department of our institution, placed in the transport buff er at room 

temperature, and like the porcine cords processed within 36 h. The acquisition of HUVEC 

by these means is exempt from medical ethics committee approval at our institution. 

 Under sterile conditions, the umbilical veins were cannulated and subsequently 

fl ushed with Ca2+-free medium (142 mM NaCl, 6.7 mM KCl, and 3.36 mM Hepes, ingredients 

from Sigma-Aldrich) followed by phosphate buff ered saline (PBS, Sigma-Aldrich) until the 

effl  uent was clear. Next, at the opposite end of the umbilical cord, the veins were dissected 

free, ligated, and fi lled with 3 to15 mL 0.04 % Liberase (Roche, Basel, Switzerland) via the 

cannula, depending on cord length. The porcine and human cords were incubated for 

10 and 30 min, respectively, at 37 °C in a sterile petri dish, after which the ligated end was 

opened and fl ushed with 20 % fetal calf serum (FCS, Lonza)-enriched endothelial cell 

growth medium (ECGM, Promocel, Heidelberg, Germany). The effl  uent was collected in a 

sterile tube and centrifuged at 400× g for 10 min at 4 °C. The supernatant was discarded, 

the cell pellet suspended in ECGM, and two cord isolates were pooled into a culture fl ask 

(T25 Primaria, BD Biosciences, Franklin Lakes, NJ). After reaching confl uence, the cells were 

incubated with 1 mL Accutase (Innovative Cell Technologies, San Diego, CA), collected, 

washed in PBS (400× g, 10 min, 4 °C), resuspended in Williams medium E (WE, Lonza) 

containing 20 % FCS, to which an equal volume of WE containing 20 % fresh DMSO was 

slowly added. Aliquots of 1.8 mL cell suspension were placed in a cryocontainer (Nalgene 

Cryo-1, Thermo Fisher Scientifi c, Waltham, MA), kept at -80 °C overnight, and stored in 

liquid nitrogen for at least four days before further use.

 Prior to each experiment, an aliquot was thawed in a 37 °C water bath, 18 mL of 
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20 % FCS-enriched WE was added to the 1.8-mL cell suspension, and cells were washed 

twice (400× g, 10 min, 4 °C). Finally, the cell pellet was resuspended in 5 mL ECGM and 

cultured in a T25 Primaria fl ask at 37 °C and an atmosphere of 95 % oxygen and 5 % carbon 

dioxide. Third passage cells were used for each experiment.

Isolation of porcine kidney endothelial cells

 Mature porcine endothelial cells isolated from kidneys (PKEC) were used to 

investigate whether the expression of the surface antigens was similar to SUVEC. PKEC 

were isolated from porcine kidneys harvested from 30 kg male Landrace pigs that had 

been used for cardiac excision. Following maximally 5 min of warm ischemia, a midline 

laparotomy was performed with bilateral opening of the retroperitoneum, the kidneys 

were dissected free, the renal vein and artery cannulated, after which the kidneys were 

fl ushed via the renal artery with room temperature-equilibrated histidine-tryptophan-

ketoglutarate (HTK, Dr F Köhller-Chemie, Bensheim, Germany) at 100-cm hydrostatic 

pressure. When the effl  uent was clear, the kidneys were brought to the cell culture 

laboratory within 60 min of procurement in a sterile bag containing 200 mL HTK and 

subsequently fl ushed with PBS to remove the HTK. After arterial infusion of 10 mL Liberase 

0.04 % in PBS at room temperature, the renal vein was closed, an additional 3 to 5 mL 

Liberase in PBS was added, the artery was closed, and the kidney was incubated at 37 °C 

for 26 min under standard culture conditions. Next, the kidney was fl ushed with 20 % FCS-

enriched ECGM and the PKEC were isolated and processed as described for SUVEC in the 

section ‘Preparation of umbilical vein endothelial cells’.

Immunolabeling and fl ow cytometry of HUVEC, SUVEC, and PKEC

 Confl uent post-cryopreservation cultures at their third passage were washed 

in 5 mL PBS, incubated with 1 mL Accutase for 15 min, harvested and washed in 5 mL PBS 

containing 10 % FCS (400× g, 10 min, 4 °C), and resuspended in 10 mL PBS containing 1 % 

FCS (PBS+). For assays with cell activation-dependent markers, additional endothelial cells 

were incubated with interleukin-1α (IL-1α, 5 ηg/ mL, product # I2778, Sigma-Aldrich) for 4 

h prior to harvest to determine activation-dependent epitope-binding.

 Harvested cells were washed in PBS and divided in three aliquots of which 

one was used as an unstained reference for autofl uorescence, one was incubated with 

matched isotype controls (i.e., host species, immunoglobulin class, and fl uorophore), 

and the third was used for staining with the anti-human endothelium antibodies. In case 

of polyclonal antibodies, only the Fab-fragment with matching fl uorophore was used 



162 Chapter 8

(Roche). Unconjugated CD146 (clone P1H12) antibodies were fl uorescently labeled with 

Alexa-Fluor 647 (AF647, Alexa-Fluor 647 protein labeling kit, product # A20173, Molecular 

Probes, Eugene, OR) to allow staining of cells in combination with commercially available 

R-phycoerythrin (PE)-conjugated anti-CD105 (clone MEM-229). Cells were incubated 

with the antibodies (Table 1) or isotypes for 30 min at 4 °C after an initial FACS-based 

determination of the optimal dilution factor in PBS+. Stained cells were washed and at 

least 10.000 events were measured on a FACS Canto 2 fl ow cytometer (BD Biosciences).

 Results were processed using FlowJo software (Tree Star Inc., Olten, Switzerland) 

and the amount of immunostained cells corrected for the matched isotype-controls. 

Of the antibodies exhibiting cross-species immunoreactivity, activation-independent 

endothelial markers were preferred for CEC detection. 

Confocal microscopy

 Cells were cultured on fi bronectin-coated (product # F1141, Sigma-Aldrich), 

coverglass bottom dishes (product # PAA100350, PAA, Linz, Austria) and washed three 

times with 3 mL PBS+. Hereafter, the cells were stained with 100 μL PBS containing 

CD146-AF647 (dilution 1:10), CD105-PE (1:50), or Lectin-1-FITC (1:100) incubated for 20 min 

at room temperature in the dark. The isotype controls were treated similarly but incubated 

with 100 μL PBS containing IgG1-allophycocyanin (APC, control for CD146-AF647, 1:10) or 

IgG2a-PE (1:50). The slides were then washed three times with PBS and imaged by confocal 

microscopy (model SP2, Leica, Heidelberg, Germany). Images were processed using Leica 

Application Suite software. 

Porcine whole blood CEC quantifi cation

 Following approval of the institute’s animal ethics committee, whole blood 

was obtained through an 18-G ear vein cannula in 50 kg female Landrace pigs (n= 14). 

The blood was drawn directly after the pigs, used for surgical training purposes, were 

anesthetized by intramuscular premedication as described previously, before any surgical 

procedures were carried out.28 The fi rstly drawn 7.5 mL of blood was used as positive 

control for endovascular damage8, after which the directly following 5 ml was collected 

in an EDTA tube (BD Biosciences) for baseline CEC quantifi cation.29 Subsequently, osmotic 

erythrolysis was induced by incubation on ice for 10 min with a 4-times greater volume 

of lysis buff er (155 mM NH4Cl, 99 mM KHCO3, and 103 mM Na-EDTA in 1 L demineralized 

water, ingredients from Sigma-Aldrich). The mixture was washed twice (400× g, 10 min, 4 

°C) in PBS and the pellet resuspended in 40 μL PBS+. The samples were processed for FACS 
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within 2 hours after collection and analyzed as described in the section ‘Immunolabeling 

and fl ow cytometry of HUVEC, SUVEC, and PKEC’. The CD146-AF647 (clone P1H12) and 

CD105-PE (clone MEM-229) double positive events were corrected for the drawn blood 

volume after FACS analysis and expressed as events/mL whole blood.

 In a following experiment, the protocol above was performed on whole blood 

taken from an additional fi ve pigs, but in combination with CD45-FITC (clone K252.1E430) 

staining of leukocytes. This allowed analysis of the degree of binding specifi city of the 

CD146 and CD105 antibodies for CEC and revealed the extent of non-specifi c labeling 

of blood cells. To this end, CD146 and CD105 double positive cells were quantifi ed in the 

CD45 positive and negative fractions, corrected for drawn blood volume, and expressed as 

events/ mL whole blood.

Results

Immunolabeling and fl ow cytometry of HUVEC, SUVEC, and PKEC

 Using HUVEC and SUVEC, the cross-species immunoreactivity of 11 anti-human 

antibodies (21 clones) against endothelial surface markers was determined by FACS (Table 

1). The isotype-controls did not show aspecifi c antibody binding and unstained cells did 

not exhibit any notable autofl uorescence. Only six antibodies were able to stain HUVEC as 

well as SUVEC: CD105-PE (clone MEM-229), CD106-FITC (clone 1.G11B1, IL-1α-activated), 

CD146-PE and CD146-AF647 (clone P1H12), UEA-1-FITC, and vWF-FITC (clone F8VWF) 

(Figure 1). Due to the activation-dependent character of CD106 and vWF, these antibodies 

were excluded. UEA-1 displayed a change in the side-scatter channel (cellular granularity) 

during FACS in the presence of whole blood and was therefore excluded for CEC detection 

and quantifi cation but included for confocal microscopy. The CD105-PE (MEM-229) and 

CD146-AF647 (P1H12) immunostaining resulted in 78.3 % and 85.0 % positive events, 

respectively, in SUVEC. These antibodies were therefore used in all following experiments.

 PKEC immunostaining with the CD146-AF647 and CD105-PE antibodies resulted 

in 90.0 % and 85.0 % positivity, respectively. A CD105–CD146 double immunostaining 

yielded 77.4 % double-positive events, indicating that these antibodies can be used to 

immunostain and subsequently quantify mature porcine endothelial cells. 
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Table 1. Immunostaining results

Antibody Name Clone Host Species Fluorophore Isotype

CD 31 PECAM-1 AC128 Mouse APC IgG1

  WM59 Mouse PE IgG1

CD 51 Integrin alpha-V AMF7 Mouse FITC IgG1

CD 54 ICAM-1 84H10 Mouse FITC IgG1

  HA58 Mouse PE IgG1

CD 62-E E-Selectin HAE-1f Mouse PE IgG1

CD 105 Endoglin SN6 Mouse FITC IgG1

  43A4E1 Mouse PE IgG1

  2H6F11 Mouse PE IgG1

  43A3 Mouse APC IgG1

  MEM-229 Mouse PE IgG2a

CD 106 VCAM-1 1.G11B1 Mouse FITC IgG1

  1.G11B1 Mouse PE IgG1

CD 144 VE-Cadherin aa 1-258 Rabbit FITC Ig-rec

  TEA 1/31 Mouse PE IgG1

CD 146 Mel-Cam 541-10B2 Mouse FITC IgG1

  P1H12 Mouse FITC IgG1

  P1H12 Mouse PE IgG1

  SHM-57 Mouse PE IgG2a

  P1H12 Mouse Alexa Fluor 647 IgG1

PAL - E Discontinued 8853 Mouse PE IgG2a

  8086 Mouse PE IgG2a

UEA - 1 Ulex europaeus -1 natural sources  FITC

vWF F8VWF - Sheep FITC Polyclonal
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Table 1. Continued

Concentration Dilution HUVEC SUVEC PKEC Supplier

Not specifi ed 1 : 10 98.1 6.0 - Miltenyi

0.5 mg/ mL 1 : 10 98.0 2.4 - Biolegend

0.2 mg/ mL 1 : 10 99.6 19.5 - ImmunoTech

1 mg/ mL 1 : 10 76.9 24.8 - ImmunoTech

0.5 mg/ mL 1 : 10 70.0 3.6 - BD Bioscience

0.5 mg/ mL 1 : 100 8.2 2.9 - Ancell

  84.8 29.7 - Ancell + IL-1α

0.1 mg/ mL 1 : 100 99.9 12.6 - AbD Serotec

Not specifi ed 1  : 10 99.8 2.6 - Miltenyi

Not specifi ed 1 : 10 82.3 65.5 - Abcam

Not specifi ed 1 : 10 98.5 0.7 - Biolegend

1 mg/ mL 1 : 50 98.5 78.3 85.0 Abcam

Not specifi ed 1 : 10 91.6 50.3 - Cabiochem

 1 : 10 93.8 84.2 - Calbiochem + IL-1α

0.1 mg/ mL 1 : 10 1.3 3.3 - Southern Biotech

1 mg/ mL 1 :10 76.1 27.2 - Alexis

0.2 mg/ mL 1 : 10 28.7 3.0 - Coultier

Not specifi ed 1 : 10 99.7 4.1 - Miltenyi

1 mg/ mL 1 : 100 99.5 63.0 - Abcam

0.5 mg/ mL 1 :10 99.6 81.6 - BD Bioscience

Not specifi ed 1 : 10 98.8 2.2 - Biolegend

0.8 mg/ mL 1 : 10 100.0 85.0 90.0 Abcam

0.4 mg/ mL 1 : 100 97.6 38.7 - Abcam 

0.015 mg/ mL 1 : 100 99.3 25.0 - Abcam

1 mg/ mL 1 : 100 99.9 96.2 - Sigma-Aldrich

Not specifi ed  1 : 50 100.0 99.6 - AbD Serotec

FITC, fl uorescein isothiocyanate; PE, R-phycoerythrin; APC, allophycocyanin;  -, not applicable
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Confocal microscopy

 Confocal microscopy was used to visualize the binding sites of the antibodies 

CD105, CD146, and UEA-1. Binding of UEA-1 to the endothelial cell membrane was 

heterogeneous in SUVEC (Figure 2), whereas the CD146-AF647 and CD105-PE antibody 

staining exhibited a comparable, homogeneous staining of the cell membrane in HUVEC, 

SUVEC, and PKEC (Figure 3). 

Figure 1.

Bland-Altman plot depicting the extent of cross-species immunoreactivity between anti-human 

antibodies and HUVEC or SUVEC (x-axis) as well as the diff erence in positive staining between HUVEC 

and SUVEC, as determined by FACS (y-axis). See Appendix 1, page 211 for the color image.
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Porcine whole blood CEC quantifi cation

 None of the animals in the fi rst (n= 14, 52.0 ± 7.3 kg) or second (n= 5, 48.8 ± 1.3 

kg) CEC experiment showed any signs of disease (regarding temperature, respiratory, or 

hemodynamic aberrations) prior to blood collection or thereafter. In the fi rst experiment, 

the fi rstly drawn 7.5 - mL of blood, a validated representative of vascular injury from the 

venous puncture8, contained a CEC count of 1,118.0 ± 661.4 per mL (Figure 4A). The 

directly following 5 ml, considered to be reliable as baseline, resulted in a signifi cantly 

lower CEC count of 673.1 ± 551.4 per mL (two-tailed paired t-test, p= 0.04). 

 In the second experiment, the 5 mL of whole blood drawn subsequent to the 

discarded 7.5 mL contained 551.3 ± 456.3 CD45 negative but CD105 and CD146 double 

positive events per mL (Figure 4B). The excluded CD45 positive events contained 14.5 ± 

10.8 CD105 and CD146 double positive events per mL whole blood.

Figure 2.

Immunostaining of porcine 

endothelial cells with UEA-1-FITC 

imaged by confocal microscopy, 

showing heterogeneous 

distribution of the fl uorescently 

labeled antibody on the endothelial 

membrane as well as intracellular 

localization (63× oil objective). See 

Appendix 1, page 212 for the color 

image.
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Figure 3.

Visualization of immunostained HUVEC, SUVEC, and PKEC with CD146-AF647 (shown in yellow green) 

and CD105-PE (shown in red) by confocal microscopy (63× oil objective). See Appendix 1, page 213 

for the color image.

Discussion

 Our goal was to develop a method to detect and quantify CEC in porcine whole 

blood. Using SUVEC and PKEC, we identifi ed anti-human CD146 (clone P1H12) and CD105 

(clone MEM-229) antibodies as having cross-species immunoreactivity with porcine 

endothelial cell surface epitopes. The results were verifi ed using confocal microscopy and 

confi rmed with PKEC. The CEC count in porcine whole blood without CD45 exclusion was 

673.1 ± 551.4 events per mL whole blood. With CD45 exclusion, the baseline CEC count 

was 551.3 ± 456.3 events per mL whole blood.
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 The reported number of CEC in human clinical trials varies greatly and depends 

on the applied detection method and exclusion parameters.31-33 The application of 

antibody-coated metal beads used for microscopic evaluation was fi rst applied for the 

quantifi cation of CEC.31 With the introduction and widespread implementation of FACS, 

the determination of multiple cellular characteristics on living cells using fl uorescently 

labeled antibodies became possible. However, a discrepancy in the number of CEC 

between microscopic and FACS analysis constituted a serious issue, as CEC read-outs by 

FACS were up to a 1,000-fold higher than those obtained by microscopic assessment.34 This 

is due to the fact that microparticles, platelets, endothelial cell debris, and autofl uorescent 

cells cannot be ubiquitously excluded or distinguished by FACS analysis.17

Figure 4A

CEC counts in the fi rst 

experiment (n= 14) in which 

Tube 1 represents the fi rstly 

drawn 7.5 mL of whole 

blood. Tube 2 represents the 

subsequently drawn 5 mL of 

whole blood. The bars represent 

the mean ± SD values and are 

signifi cantly diff erent (p= 0.04).

Figure 4B

CEC counts in the second 

experiment (n= 5) that includes 

diff erentiation on the basis 

of CD45 positivity. Both bars 

represent data from the 5 mL 

whole blood drawn after the 

initially discarded 7.5 mL. 
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 Diff erent seperation techniques were attempted to further purify the whole 

blood sample prior to FACS analysis. Positive selection magnetic cell separation (MACS, 

Miltenyi Biotech, Bergisch Gladbach, Germany) using CD105 and CD146 double staining, 

conducted by Miltenyi, resulted in a lower CEC count of 30 to 79 events/ mL whole blood. 

However, the negative elution solution (obtained from the second 5-mL whole blood 

aliquot) displayed 5 to 52 events/ mL, making it, at the moment, an unreliable method to 

use with these antibodies. Using density gradient centrifugation (Ficoll-Paque PLUS, GE 

Healthcare, London, UK) with or without erythrolysis resulted in an equal CEC count as 

found with erythrolysis alone. Therefore, as none of the methods or combinations resulted 

in improved CEC detection over erythrolysis via ammonium chloride-induced osmotic 

shock, we used this method for further studies.

 Application of CEC as a marker for endothelial injury has been shown to 

have advantages over endothelium activation-dependent markers like vWF, P-selectin, 

and E-selectin.12 Besides in cardiovascular research, an important application may lie in 

the follow-up of vasculopathy in (xeno)grafts from porcine donors35-37, regardless of 

the origin of vascular injury (donor or graft) or procedural step involved (preservation, 

transplantation, perfusion). Anti-galactose-α-1,3-galactose antibodies would allow the 

diff erentiation of porcine and baboon/human origin of the CEC.2, 37 However, in order for 

xenotransplants to survive, it is important to use knockout α-1,3-galactosyl transferase 

pigs. Therefore, the next step for CEC-detection would be the inclusion of a species-specifi c 

diff erentiation marker. Furthermore, the rapid discovery of monoclonal anti-porcine 

antibodies should be monitored to facilitate further enhancement of the CEC detection 

protocol. Suitable markers include endothelial markers such as CD31 (PECAM-1), CD34 

(hematopoietic progenitor cells), CD45 (pan-lymphocytic), CD133 (hematopoietic stem 

cells), CD144 (VE-Cadherin), CD146, and, more recently, mRNA levels have been used in 

humans.18, 19, 33 Unfortunately, CD105 and CD146 are also both expressed on a subset of 

human lymphocytes and vascular pericytes.14,38 With the low number of CD45-positive 

events (14.5 ± 10.8 events/ mL) identifi ed in the baseline CEC counts and the validated 

blood collection method, this diff erence is most likely attributable to FACS artifacts rather 

than other causes, as mentioned above.

 In conclusion, we have shown that the quantifi cation of CEC in porcine blood 

is possible with the use of anti-human antibodies against endothelial surface ligands 

and simple laboratory techniques. The monoclonal anti-human antibodies CD105 (clone 

MEM229) and CD146 (clone P1H12) exhibited strong cross-species immunoreactivity with 

SUVEC and PKEC. The ability to determine porcine CEC counts might prove benefi cial for 
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research on organ (xeno)transplantation-related conditions and cardiovascular diseases 

performed in porcine models. To increase specifi city, the protocol could be amended 

with the inclusion of exclusion markers against additional porcine cells if these become 

available, in conformity with those markers that are currently being used in human CEC 

detection methods.
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This thesis deals with new avenues to facilitate, create, or appraise techniques in organ 

preservation and to ultimately enable the shift from hypothermic to (sub)normothermic 

perfusion preservation of organs.

Appraisal of organ transplantation and the use of large-animal models

That prolonged, (sub)normothermic organ preservation is an unestablished method 

of the past, is evident from the historical development of organ preservation and 

transplantation. To put novel methods into perspective, Chapter 1 provides an overview 

over the historical development of organ preservation and highlights the current, 

renewed interest in warm organ preservation.

 As is evident from the historical perspective, large animal models, comprising 

dogs and non-human primates are the cornerstones for gaining insight in novel methods 

of organ preservation.1-3 However, animal models have their limitations and are vulnerable 

to bias from a plethora of infl uences. To assess these concerns in current transplantation 

research, Chapter 2 provides an appraisal of large animal kidney transplantation models 

reported in literature from 2000-2008. The literature not only showed a species diversity in 

large animal models4-9, but also a major lack of information on practical points concerning 

housing, anesthesia, and postoperative care.

 While non-human primates and dogs have traditionally been used for 

transplantation-related research, a dissimilar renal anatomy, resilience to ischemia-

reperfusion injury, high costs, and societal condemnation and protest have deemed 

these models less preferable.10-13 As a result, pigs are now considered more favorable with 

respect to renal function, anatomy, and the associated factors stated above. Female pigs 

of 5 months (approximately 50 kg) are found to be optimal for transplantation studies, as 

they combine the advantages of a manageable weight, absence of hormonal infl uences, 

mature renal anatomy, and comparable function to humans. However, dietary changes 

can induce a pro-infl ammatory state of the gut in the short timespan of an experiment.14 It 

is therefore advisable to maintain the farmers’ diet and also to properly acclimatize the pig 

and avoid prolonged fasting in order to prevent a starvation response.

 For anesthesia, ventilator-assisted anesthesia using oro-tracheal intubation 

but avoidance of volatile anesthesia is advisable to minimize interference with ischemia-

reperfusion related processes.15 Additionally, many drugs may infl uence hemodynamic 

parameters requiring exploration of the specifi c side-eff ects. For example, propofol 

has a greater anti-infl ammatory and kidney-protective eff ect than sevofl urane.16 The 
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postoperative period should be regarded as an intensive care period inasmuch as pigs’ 

oral intake is dependent on their well-being.17 Therefore, intravenous fl uids should be 

administered liberally and eff ective pain management structured to minimize infl uences 

on the pigs’ physiology. Furthermore, avoidance of solitary housing, provision of a familiar 

surrounding (i.e. smells, sounds, and caretakers) while under non-threatening observation, 

should improve the outcome and comparability of transplantation studies across diff erent 

research groups.

Reconsideration of systems for machine perfusion preservation

With current organ preservation techniques shifting from static storage to machine 

perfusion preservation, a novel array of devices has been developed in the last decades.18-20 

All devices are based upon pulsatile perfusion despite the ongoing question regarding 

the advantage over non-pulsatile perfusion.21 However, recent in vitro and ex vivo studies 

show an advantage for pulsatile perfusion on endothelial function22, cell survival23, and 

expression of vasoprotective agents.24 Although many experimental systems use pulsatile 

perfusion pumps to perfuse organs, they have the drawback of employing ultrasonic 

fl ow sensors. While experimental systems may especially be capable of investigating the 

eff ect of diff erent preservation solutions and temperatures on the organ, conventional 

ultrasonic sensors may be inaccurate when employed under changing conditions.25 This 

introduces a crucial inaccuracy as perfusate fl ow is used to assess an important viability 

parameter of the organ, namely intrarenal vascular resistance.

 This potential inaccuracy is addressed in Chapter 3, together with the viscosity 

of diff erent perfusates used for organ preservation. Perfusate viscosity can infl uence 

the organs’ vascular resistance26, certainly at lower temperatures when viscosity is 

signifi cantly higher. Colloid-containing solutions were 2.5-fold more viscous than non-

colloidal solutions at 4 °C. The diff erence in viscosity between colloidal and non-colloidal 

solutions remained 2-fold higher at 37 °C. Across this temperature range, the ultrasonic 

fl ow sensor overestimated the fl ow rate with a maximum of 7.6 mL/ min as opposed to 

a maximum overestimation of 0.5 mL/ min using the coriolis-based, mass-fl ow sensor. 

The coriolis-based sensor provided accurate measurement of fl ow regardless of the 

solution’s composition and temperature. Our redesigned perfusion system, incorporating 

the coriolis-based sensor, proved highly stable in maintaining perfusion settings for 

preservation of porcine kidneys. Furthermore, the system was able to reproduce perfusion 

characteristics of other experimental or commercially employed machine perfusion 
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preservation devices.

 The Airdrive, the recreation of a machine for organ preservation, is an oxygen-

driven perfusion machine, providing the fi rst disposable device for kidney and liver 

preservation. This device, as described in Chapter 4, employs pressurized oxygen to 

pump, oxygenate, and maintain sterility of the perfusate and organ at hypothermic 

conditions. Preservation using the Airdrive of three porcine livers for 20 h resulted in 

increased portal fl ow to 177 mL/ min at 13-mmHg pressure in the absence of histological 

damage. Previously, the Airdrive successfully preserved porcine kidneys for 20 h at 

hypothermic conditions.27, 28 We conclude that the Airdrive is capable of preserving organs 

using an oxygen-driven pump providing opportunities in the clinical fi eld.

Organ washout and preservation

The eff ect of colloidal additions on viscosity and the related vascular resistance provides 

the basis for a long-lasting discussion in organ retrieval. The organ needs to be cleared 

of blood by a washout procedure prior to or just after retrieval whereas an incomplete 

washout impairs organ function.27 However, the agglutinative eff ects of colloids29 in 

combination with the increased viscosity of the solution (Chapter 4), potentially impair 

proper blood washout. Chapter 5 deals with the eff ect of colloids on blood and their 

consequences in a washout solution. Firstly, colloid-induced erythrocyte agglutination 

was independent of the solutions’ composition, whereas the use of Ringer’s lactate (RL) 

resulted in erythrocyte blebbing. A rat liver washout with 99mTc-pertechnetate labeled 

blood was performed with RL, histidine-tryptophan-ketoglutarate solution (HTK), 

University of Wisconsin solution (UW), or Polysol (PS) at 4 or 37 °C with 15 or 100 mmHg 

pressure. Using RL resulted in an 81.3 % reduction of blood retention after arterial washout 

at 37 °C and 100 mmHg portal pressure.

 The remnant-blood fraction of 18.7 % was intriguing as the washout effl  uent 

was macroscopically clear. A small amount of residual erythrocytes could be explained by 

their presence in the otherwise injury-free, histological liver sections. Therefore, dynamic 

gamma-scans of the rat with special focus on the duodenal region (in which the rats’ 

biliary system directly drains) were performed. This way, the much faster radioactive biliary 

excretion in the rat, in comparison to humans, was confi rmed and seen as a contributory 

cause for the remaining 18.7 % retention.

 Not only retained erythrocytes can occlude the livers microvasculature as we 

observed during (sub)normothermic experiments with machine perfusion of porcine 
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kidneys. Bacteria from an infected preservation additive had overgrown during kidney 

perfusion experiments and occluded the peritubular capillaries. As antibiotic prophylaxis 

was administered, the effi  cacy of antibiotic agents under these conditions can be 

questioned. Unfortunately, literature only provides information on risks of preservation 

solution infections under hypothermic conditions30 and no references on antibiotic 

effi  cacy during (sub)normothermic perfusion. Therefore, Chapter 6 is concerned with 

the currently applied antibiotic prophylaxis during (sub)normothermic perfusion and 

the effi  cacy of two cephalosporins under these conditions. Only 14 of the 33 recently 

published papers on (sub)normothermic organ preservation mention the use of antibiotic 

prophylaxis. The risk of bacterial growth in perfusates was proven by the overgrowth of 

diff erent S. Epidermidis and S. Aureus strains in Polysol (PS) at 28 and 37 °C.  However, not all 

preservation media provide a bacteria-supporting basis as PS, which is a culture medium-

derived perfusate designed for (sub)normothermic organ preservation.31

 The effi  cacy of ceftriaxone and cefazolin was assessed in PS and showed that 

75 μg/ mL cefazolin had a similar eff ect as 1000 μg/ mL ceftriaxone at 37 °C. Although 

the effi  cacy of cefazolin decreased at 28 °C, requiring 1000 μg/ mL for a similar eff ect, the 

bactericidal property of cefazolin was observed even after washout and warming to 37 °C. 

Unfortunately, cephalosporins might induce cytochrome C uncoupling at high dosages, 

leading to cellular toxicity.32 The non-toxicity of 1000 μg/ mL cefazolin was proven by the 

unaltered viability of porcine kidney endothelium cells. As a conclusion from these results, 

a 1000 μg/ mL dose of cefazolin is recommended to safeguard the sterlity of the perfusate.

 After a proper washout and maintenance of perfusate sterility, the preservation 

solution must maintain or even recover the organ’s function. To this end, Chapter 7 

was added to look into the most optimal condition to maintain cell viability.  While RL 

showed to be advantageous for washout in chapter 5, the advantage is lost during 

human umbilical vein endothelial cell (HUVEC) preservation, as previously mentioned in 

literature. At 4 °C, no solution was capable of sustaining HUVEC monolayer integrity and 

viability after 20 hours, underscoring the detrimental eff ects of prolonged hypothermic 

preservation. At 15 and 20 °C, a sharp increase in endothelial viability was observed 

using the nutrient-enriched solutions UW, PS, and the endothelial cell culture medium 

(ECGM), showing the best results with UW. Interestingly, 20 °C, which comes down to 

room temperature preservation, has previously shown to yield good functional results 

using a similar, nutrient-enriched preservation solution.33 However, at temperatures above 

20 °C, all commercial and experimental perfusates were unable to sustain monolayer 

integrity and viability. Only ECGM was capable of preserving excellent HUVEC-viability and 
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monolayer integrity after 20-h preservation up to 37 °C.

 Measuring the organ’s viability during preservation has been extensively 

explored using diff erent biomarkers, for example NGAL34, KIM-135, IL-1636, and vascular 

resistance in the organ.37 While (sub)normothermic preservation could provide the 

opportunity to maintain normal organ function31, it does require physiological support of 

the metabolism. As shown in chapter 7, the endothelium is vulnerable for preservation-

related injury and potentially provides a valuable biomarker in the form of circulating 

endothelial cells (CEC).38 Because to date, no CEC-detection method exists for porcine 

blood39, a method for the detection and quantifi cation of circulating endothelial cells in 

porcine whole blood is described in Chapter 8. To enable translation to HUVEC, swine 

umbilical vein endothelial cells (SUVEC) were harvested from porcine umbilical cords and 

a culture method devised. Characterization of endothelial cells was only possible after 

application of a minumum of two, non-overlapping epitopes of anti-human endothelium 

antibodies. Of 11 anti-human endothelium antibodies (21 clones), only endoglin, 

CD105 MEM-229, and melanoma cell adhesion molecule, CD146 P1H12, showed cross-

species immunoreactivity during fl ow-cytometric comparison of HUVEC and SUVEC. 

Immunofl uoroscent imaging of HUVEC, SUVEC, and porcine kidney endothelial cells 

showed a homologous distribution of the fl uorescently labeled CD105 MEM229 and 

CD146 P1H12 on the cell membrane. Using these two antibodies after osmotic erythrolysis 

of whole blood, fl ow cytometric quantifi cation of baseline levels of CEC in porcine whole 

blood yielded 673.1 ± 551.4 events/ mL in a 50 kg female pig.39

Conclusions

In our eff orts to unlock the full potential of (sub)normothermic organ perfusion, the 

underreporting of transplantation-model specifi c variables like acclimatization, fasting, 

anesthesia protocol, antibiotic prophylaxis during organ preservation, postoperative care, 

hinders comparison between research groups. While needing a clinically relevant, large-

animal transplantation model, a 50-kg female pig will provide the best comparable model 

to humans. However, special attention should be paid to the design of preoperative care, 

anesthesia, surgical practice, and postoperative care.

 When changing conditions in kidney preservation are investigated, mass-fl ow 

sensors are more reliable than ultrasonic fl ow sensors. The Airdrive, a new disposable, 

oxygen-driven pump device for machine perfusion preservation proved effi  cacious in 

preserving kidney and liver grafts.
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 During organ procurement, a colloidal washout solution should be avoided 

to reduce erythrocyte retention. A washout with Ringer’s lactate via the portal vein and 

hepatic artery at 37 °C and 100-mmHg pressure, will signifi cantly reduce erythrocyte 

retention. However, Ringer’s lactate is not advised for prolonged storage at any 

temperature because of the cell damage induced. Endothelial integrity and viability is best 

maintained using University of Wisconsin solution at 20 °C while at higher temperatures 

only the endothelial cell growth medium was equally eff ective.

 During organ preservation, the prophylactic addition of 1000 μg/ mL cefazolin 

maintains perfusate sterility. The risk of bacterial overgrowth is signifi cantly increased 

when employing perfusates especially designed for perfusion at (sub)normothermic 

temperture. A high-dose cefazolin (1000 μg/ mL) prophylaxis proved non-toxic to the 

endothelium. Damaged endothelial cells detach and can be detected as circulating 

endothelial cells in porcine whole blood by fl ow cytometry using the anti-human 

endothelium antibodies CD105 MEM229 and CD146 P1H12. Osmotic erytholysis proved 

suffi  cient to reliably determine the CEC-levels in porcine whole blood.

Future Prospects

There is a persistent shortage of donor organs that requires novel tactics to make better 

use of the currently available organs.40 An assignment that is as diffi  cult as it is challenging 

in the current times. Improving current organ procurement with donor pretreatment is 

promising. Not only by avoiding cardiac arrest (as is required by law for brain dead donors 

in the Netherlands), administration of pharmaceuticals41, preconditioning by peripheral 

ischemia (42),  but also by extracorporeal perfusion.43

 Improvements in the method of blood washout will contribute to novel 

developments in organ procurement. The major benefi t, however, will lie in the 

improvement of organ preservation techniques.44 As evidenced by the literature and the 

results derived from the studies in this thesis, the era of hypothermic organ preservation is 

likely to come to an end. Although application of normothermia, a major research topic at 

many research institutes, is not likely to be developed in a widespread, clinically applicable 

method.

 Oxygen demand of the organ will require addition of oxygen carriers.45 With the 

scarcely available packed red blood cells being in high demand, artifi cial oxygen carriers 

are key additives but are, unfortunately, far from clinical application. Therefore, room 

temperature preservation appears to be a relatively unexplored, but highly promising 
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organ preservation condition. 

 It is adviseable that novel research into warm organ preservation is therefore 

changed to room temperate. This provides the benefi ts of warm organ preservation, 

including the possibility to conduct organ function tests, without the drawbacks of 

hypothermic organ preservation. The benefi ts of warm organ preservation can only be 

explored in full if the energized preservation systems are redesigned. 

 In conlusion, the paradigm shift of hypothermic to subnormothermic organ 

preservation is dependent on a mentality change. The current perception of organ 

preservation should be reexplored and constructed using the technical, pharmaceutical, 

and practical possibilities of the current time.
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Dit proefschrift belicht nieuwe en bestaande invalshoeken om 

orgaanpreservatietechnieken  verder te ontwikkelen van hypotherme naar (sub)

normotherme condities.

Waardering van orgaan transplantatie en het gebruik van modellen met grote 
dieren.

De historische ontwikkeling van orgaanpreservatie en transplantatie is het bewijs dat 

langdurige, (sub)normotherme orgaan preservatie een concept uit het verleden is. 

Om de huidige vernieuwingen in perspectief te plaatsen, behandelt Hoofdstuk 1, de 

introductie van dit proefschrift, de historische ontwikkeling en hernieuwde interesse in 

(sub)normotherme (28 - 37 °C) orgaan preservatie.

 Uit het historische perspectief komt de belangrijke rol van modellen met 

grote dieren als honden en primaten (geen mensapen) duidelijk naar voren voor het 

verkrijgen van inzicht in nieuwe orgaan preservatiemethoden.1-3 Echter, er zijn limieten 

aan de mogelijkheden  van diermodellen en hun vatbaarheid voor resultaat vervorming 

door omgevingsinvloeden. Deze invloeden worden belicht in Hoofdstuk 2 waar een 

kritische waardering wordt gegeven van de niertransplantatie modellen in grote dieren 

die gepubliceerd zijn tussen 2000 en 2008.  Uit de literatuur bleek niet alleen een grote 

diversiteit in species te bestaan4-9, maar ook een gebrek aan essentiële, praktische 

informatie aangaande huisvesting, anesthesie en perioperatieve zorg.

 Terwijl traditioneel primaten en honden zijn gebruikt voor transplantatie-

gerelateerd onderzoek, zorgen een niet vergelijkbare nieranatomie, resistentie voor 

ischemie - reperfusie schade, hoge kosten en maatschappelijke veroordeling voor 

afnemende populariteit van deze modellen.10-13 Hierdoor worden varkens steeds vaker 

gezien als een optimaal dier voor transplantatie-gerelateerd onderzoek, mede door hun 

vergelijkbare nierfunctie, anatomie en de geassocieerde bovenstaande factoren. Het blijkt 

dat vrouwelijke varkens van ongeveer 5 maanden (of 50 kg) de voordelen combineren 

van een handelbaar gewicht, afwezigheid van beïnvloeding door hormonen, volwassen 

nier anatomie en vergelijkbare nierfunctie met mensen, resulterend in een translationeel 

transplantatiemodel. Echter, bij binnenkomst worden varkens vaak overgezet op ander 

voer, terwijl snelle dieetveranderingen kunnen leiden tot een pro-infl ammatoire staat 

van de ingewanden.14 Het is, gezien de korte duur van een experiment, aan te raden 

om het voer van de boer te blijven gebruiken. Daarnaast is het van belang het varken 

niet te lang preoperatief te laten vasten bij hun hoge calorische behoefte om een 



190 Hoofdstuk 9

verhongeringsreactie te voorkomen.

 Voor de anesthesie is mechanische ventilatie na oro-tracheale intubatie 

raadzaam, terwijl volatiele anesthetica vermeden moeten worden om inteferentie 

met ischemie - reperfusie gerelateerde processen te minimaliseren.15 Verder zijn er veel 

middelen die de hemodynamiek kunnen beïnvloeden en zal er eerst gekeken moeten 

worden naar de specifi eke bijwerkingen van ieder middel. Propofol heeft bijvoorbeeld 

een groter anti-infl ammatoir- en nierbeschermend eff ect dan Sevofl urane.16 Daarnaast 

dient de postoperatieve periode beschouwd te worden als zeer intensief daar de orale 

intake van een varken gekoppeld is aan hun welzijn.17 Om die reden moeten intraveneuze 

vloeistoff en liberaal toegediend worden in samenspraak met strikt pijnmanagement 

en minimale invloeden op de fysiologie van het varken. Daarnaast is het belangrijk 

solitaire huisvesting te vermijden en een herkenbare omgeving te verzorgen (qua geur, 

geluiden en verzorgers) waarbij observatie niet bedreigend is. Deze simpele handelingen 

zouden de uitkomsten en vergelijkbaarheid van transplantatiestudies van verschillende 

onderzoeksgroepen kunnen verbeteren.

Heroverwegingen van machine perfusie preservatie systemen

Samen met de huidige ontwikkelingen van statische naar machine perfusie orgaan 

preservatietechnieken is een scala aan nieuwe apparaten ontwikkeld in het laatste 

decennium.18-20 Ondanks de onbeantwoorde vraag of pulsatiele perfusie voordelen 

heeft ten opzichte van non-pulsatileit, zijn alle nieuwe apparaten op pulsatiele perfusie 

gebasseerd.21 Een antwoord op deze vraag wordt mogelijk verkregen door recent in 

vitro en ex vivo werk dat een voordeel voor pulsatiele perfusie laat zien op het gebied 

van endotheelfunctie22, overleving van de cel23 en de opregulatie van vasoprotectieve 

stoff en.24 Terwijl de huidige (experimentele) systemen al gebruikmaken van pulsatiele 

perfusie, zijn deze vaak ook voorzien van een ultrasone stroomsnelheidssensor. 

Met name in experimentele systemen waar gekeken wordt naar de invloeden van 

perfusievloeistoff en en temperatuur op het orgaan, kan dit type sensor inaccuraat blijken 

onder veranderende condities.25 Dit introduceert een cruciale inaccuratesse in een van de 

belangrijkste viabilitietsparameters, de intravasculaire weerstand, welke met name wordt 

opgebouwd door de stroomsnelheid.

 In Hoofdstuk 3 wordt deze mogelijke inaccuratesse behandeld tesamen 

met de viscositeitsinvloeden van orgaan preservatievloeistoff en. Met name op lagere 

temperaturen als de viscositeit signifi cant hoger is, kan het een groot eff ect hebben op 
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de intravasculaire weerstand.26 Vloeistoff en waaraan colloïden zijn toegevoegd, zijn 2.5 

maal meer visceus dan vloeistoff en zonder colloïden op 4 °C. Dit verschil neemt af tot 

een 2 maal hogere viscositeit van colloïdale vloeistoff en op 37 °C ten opzichte van niet 

colloïdale vloeistoff en. In dit temperatuursbereik overschatte de ultrasone sensor de 

stroomsnelheid tot en met 7.6 mL/ min, in tegenstelling tot de maximale overschatting 

van 0.5 mL/ min door de coriolis massastroom sensor. De sensor die op coriolis techniek is 

gebasseerd bleek accuraat de stroomsnelheid aan te geven, ongeacht de samenstelling 

en temperatuur van de vloeistof. Het experimentele, machine perfusie, preservatiesysteem 

dat op het laboratorium werd omgebouwd met incorporatie van een coriolis sensor was 

in staat de preservatie condities voor varkensnieren zeer stabiel te houden. Verder bleek 

het systeem in staat de karakteristieken van andere klinische of experimentele systemen 

voor machine perfusie preservatie van organen te reproduceren.

 De zuurstof-aangedreven Airdrive is het eerste gerealiseerde wegwerp machine 

perfusie systeem voor nier- en leverpreservatie. In Hoofdstuk 4 staat beschreven hoe 

het apparaat hyperbare zuurstof gebruikt om de vloeistof rond te pompen, oxygeneren 

en de steriliteit te bewaren bij hypotherme condities. 20-uurs preservatie van drie 

varkenslevers in de Airdrive liet een oplopende stroomsnelheid in de vena porta zien tot 

177 mL/ min met 13 mmHg druk, zonder bijgaande histologische schade. De Airdrive was 

reeds bewezen eff ectief in het 20 uur preserveren van varkensnieren.27, 28 Hieruit valt te 

concluderen dat er mogelijkheden zijn in het klinische veld voor de zuurstof-aangedreven 

Airdrive.

Uitwassen en preserveren van organen

Bij het uitnemen van organen zijn het eff ect van colloïden op de viscositeit en 

gerelateerde intravasculaire weerstand basis voor een sinds lange tijd gevoerde discussie. 

Het uitgenomen orgaan dient door een uitwas-procedure vrijgemaakt te worden 

van bloed tijdens of net na de uitname, zodat er geen nadelige eff ecten zijn voor de 

toekomstige funtie.27 Echter, de agglutinatieve eff ecten van colloïden29 samen met de 

geassocieerde grotere viscositeit van de vloeistof (Hoofdstuk 4), kunnen mogelijk het 

uitwassen belemmeren. In Hoofdstuk 5 wordt er gekeken naar het eff ect van colloïden 

op erythrocyten en hun consequenties in een vloeistof gebruikt voor het uitwassen 

van organen. Allereerst bleek de colloïd-afhankelijke agglutinatie van erythrocyten 

onafhankelijk van de samenstelling van de vloeistof, waarbij het gebruik van Ringer’s 

lactaat (RL) leidde tot ‘blebbing’ van het erythrocyt celmembraan. Vervolgens werd 
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de effi  ciëntie van het uitwassen van 99mTc-pertechentate gelabelde erythrocyten uit 

rattenlevers bepaald met RL, histidine-tryptophaan-ketoglutarate vloeistof (HTK), 

University of Wisconsin vloeistof (UW) of Polysol (PS) op 4 of 37 °C op 15 of 100 mmHg 

portale druk. Het meest effi  ciënt bleek een uitwasprocedure op 37 °C, 100 mmHg 

simultaan via de arterie en vena porta, resulterend in een reductie in radioacitiviteit van 

81.3 % ten opzichte van het niet uitwassen.

 De resterende radioactiviteit van 18.7 % leidde tot verbazing gezien het effl  uent 

geen macroscopische tekenen van erythrocyten bevatte. De verkregen histologie, die 

geen tekenen van schade liet zien, liet enkele achtergebleven erythrocyten zien, maar 

zeker niet genoeg om de bijna 20 % retentie te verklaren. Om deze reden is met een 

gamma-scan zeer specifi ek de duodenale regio bekeken omdat het biliaire systeem van 

de rat hier direct in draineert in afwezigheid van een galblaas. Hierdoor werd de aanzienlijk 

snellere radioactieve biliaire drainage in de rat ten opzichte van de mens onderkent en als 

mogelijke oorzaak voor de hoge retentie aangedragen.

 Niet alleen de retentie van erythrocyten leidt tot obstructie van de microcirculatie 

zoals tijdens (sub)normotherme experimenten op het laboratorium werd ontdekt. Een 

gecontamineerd preservatievloeistof additief leidde tot bacteriële overgroei tijdens een 

machinaal nierperfusie experiment met occlusie van de peritubulaire cappilairen to 

gevolg, ondanks antibiotica prophylaxe. De literatuur biedt echter sporadisch informatie 

over het infectierisico van preservatievloeistoff en onder hypotherme omstandigheden30 

en over de eff ectiviteit van antibiotica bij (sub)normotherme orgaanperfusie. In 

Hoofdstuk 6 wordt daarom gekeken naar de momenteel toegepaste antibiotica 

prophylaxe gedurende experimentele (sub)normotherme preservatie en de eff ectiviteit 

van twee cephalosporines onder (sub)normotherme preservatieomstandigheden. Van de 

33 recent gepubliceerde artikelen over (sub)normotherme preservatie benoemen enkel 

14 het gebruik van antibiotica. Dat bacteriële overgroei een wezenlijk probleem is werd 

bewezen door de groei van S. Epidermidis en S. Aureus bacteriën in Polysol (PS) op 28 en 37 

°C.  Echter, niet alle preservatievloeistoff en zijn een goede voedingsbodem voor bacteriën 

zoals PS, wat wordt bezien als een potentieel (sub)normotherm preservatiemedium.31

 De bactericide eff ectiviteit van 75 μg/ mL cefazoline in PS op 37 °C was gelijk 

aan de eff ectiviteit van 1000 μg/ mL ceftriaxon. Echter, de eff ectiviteit van cefazoline nam 

af op 28 °C waardoor een dosis van 1000 μg/ mL benodigd was voor een vergelijkbaar 

eff ect als op 37 °C. Verder bleek de hoge dosering van 1000 μg/ mL cefazoline op 28 

°C dusdanig effi  ciënt te werken dat het na het uitwassen van de cefazoline geen groei 

liet zien na verwarming tot 37 °C. Helaas worden cefalosporines geassocieerd met 
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cytochroom C ontkoppeling bij hoge doseringen, leidend tot cellulaire toxiciteit.32 Om 

deze reden werd de non-toxiciteit van 1000 μg/ mL cefazoline bewezen in een varkensnier 

endotheelcelcultuur en het gebruik van een hoge concentratie cefazoline aangeraden als 

antibiotica prophylaxe bij (sub)normotherme orgaanprservatie.

 Na het uitwassen en behouden van steriele orgaanpreservatie condities moet 

de orgaan preservatievloeistof in staat zijn de orgaanfunctie te onderhouden of zelfs 

te herstellen. In Hoofdstuk 7 is daarom gekeken naar een optimum in de combinatie 

van temperatuur en preservatievloeistof. Bijvoorbeeld, RL, dat optimaal bleek voor het 

uitwassen in Hoofdstuk 5, bleek desastreus voor langdurige preservatie van humane 

navelstreng endotheelcellen (HUVEC). Echter, gedurende hypothermische condities 

bleek geen enkele vloeistof in staat om voor 20 uur de HUVEC monolaag intact en vitaal 

te houden, wat het eff ect van langdurige hypothermie onderstreept. Op 15 en 20 °C werd 

een scherpe toename in viabiliteit gezien bij de nutrïenten-bevattende vloeistoff en UW, 

PS en het endotheliale celkweek medium (ECGM), maar met de beste resultaten voor UW. 

Opvallend was dat 20 °C (gelijk aan kamertemperatuur), ook eerder in de literatuur was 

aangedragen als goede preservatietemperatuur als er gebruik gemaakt wordt van gelijke, 

nutrïenten-bevattende vloeistoff en.33 Echter, bij temperaturen boven de 20 °C bleek 

geen enkele commerciële of experimentele preservatievloeistof in staat om de HUVEC 

monolaag  intact en vitaal te houden. Enkel ECGM als kweekmedium was in staat om de 

HUVEC 20 uur lang op 37 °C te onderhouden.

 Gezien er gedurende de periode van orgaanpreservatie aanzienlijke schade 

kan optreden wordt er veel tijd gestoken in de zoektocht naar een goede voorspeller 

(of biomarker) voor orgaanfunctie postpreservatie, zoals NGAL34,  KIM-135, IL-1636, of de 

bekende intravasculaire weerstand.37 Het voordeel van (sub)normotherme preservatie 

ligt dan ook niet alleen in het vermijden van hypotherme schade, het biedt ook de 

gelegenheid om de “normale orgaanfunctie” te onderhouden.31 Echter, als aangetoond in 

Hoofdstuk 7, het onderhouden van de (sub)normotherme fysiologie is moeizaam, zeker 

ook in het geval van het endotheel. Recent is ontdekt dat circulerende endotheelcellen 

(CEC) in het bloed als waardevolle biomarker kunnen dienen voor orgaanschade na 

transplantatie.38 Helaas was deze marker nog niet beschikbaar voor varkens waarvoor 

in Hoofdstuk 8 een detectie en kwantifi catiemethode wordt beschreven voor CEC-

metingen in varkens volbloed. Om dit te verwezenlijken zijn varkens navelstreng 

endotheelcellen (SUVEC) ingezet om humane anti-endotheelepitoop antilichamen op 

HUVEC te kunnen vergelijken voor hun sensitiviteit voor varkensweefsel. Hiervoor was 

het noodzakelijk minimaal twee antilichamen te identifi ceren welke gevonden werden 
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in de CD 146 P1H12 kloon (melanoom cel adhesie molecuul) en CD105 MEM-229 kloon 

(endoglin). Met immunofl uorescente beeldvorming werd een homogene binding van 

de twee antilichamen over het endotheliale celmembraan gevonden. Om de volbloed 

detectie te kunnen verwezenlijken, bleek dat de toepassing van een osmotische 

erythrolyse voor de de fl owcytometrische quantifi catie de beste resultaten opleverde. 

Het basale aantal CEC in varkens volbloed bleek 673.1 ± 551.4 events/ mL te zijn in een 

vrouwelijk varken van 50 kg wat vergelijkbaar is met humane aantallen.39

Conclusies

Er bestaat een onderrapportage van transplantatiemodel specifi eke variabelen zoals 

acclimatisatie, vasten, anesthesie protocollen, antbibiotica prophylaxe gedurende 

orgaanpreservatie en postoperatieve zorg. Deze onderrapportage kan ons, qua 

vergelijkbaarheid van resultaten van verschillende onderzoeksgroepen, hinderen in het 

streven om het volle potentieel van (sub)normotherme orgaanpreservatie te benutten. 

Het beste klinisch relevante, grote dieren autotransplantatiemodel ter vergelijking met 

de humane situatie, is een vrouwelijk varken van 50 kilogram. Echter, er moet speciale 

aandacht aan het onderszoeksontwerp worden besteed wat betreft de preoperatieve 

zorg, anesthesie, chirurgische technieken en de postoperatieve zorg.

 Met alle onderzoeken en nieuwe ontwikkelingen op het gebied van 

orgaanpreservatie, zijn massastroom sensoren meer betrouwbaar voor het meten van 

stroomsnelheid onder wisselende preservatiecondities dan ultrasone sensoren. Binnen 

de nieuwe ontwikkelingen past ook de Airdrive met haar zuurstof aangedreven pomp, 

welke naast nieren, ook in staat bleek tot het preserveren van varkenslevers.

 Bij het uitnemen van organen blijkt het uitwassen van bloed uit het orgaan 

beter te gaan met Ringer’s lactaat op 37 °C met 100 mmHg via de vena porta en de 

arterie. Uit onze resultaten kan niet anders geconcludeerd worden dan dat gebruik van 

colloïdale vloeistoff en voor het uitwassen van organen niet slechter is dan het gebruik 

van non-colloïdale vloeistoff en, inzake de retentie van erythrocyten in het orgaan. Echter, 

het langdurig bewaren van endotheelcellen met RL is niet mogelijk door verregaande cel 

schade.  De integriteit van het endotheel bleek optimaal gepreserveerd op 20 °C gebruik 

makende van University of Wisconsin vloeistof. Op hogere temperaturen is alleen een 

endotheelcel kweekmedium in staat de endotheelcellen vitaal te houden. 

 Om de steriliteit van orgaanpreservatievloeistoff en te bewaren is een additie 

van 1000 μg/ mL cefazoline afdoende om bacteriële contaminatie zowel te voorkomen 
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als te bestrijden zonder toxisch te zijn voor endotheelcellen. Het risico van bacteriële 

contaminatie en overgroei blijkt reëel voor preservatievloeistoff en ontworpen voor (sub)

normoterme orgaanpreservatie. 

 Circulerende endotheelcellen, als biomarker voor vasculaire schade, konden in 

het varken worden gedetecteerd met de anti-humane endotheelepitopen antilichamen 

CD 105 MEM-229 en CD 146 P1H12. Verder bleek een osmotische erythrolyse afdoende 

om betrouwbare volbloedmetingen te kunnen verrichten.

Toekomstperspectieven

Door het chronisch tekort aan donororganen zijn nieuwe technieken nodig om het 

volledige aanbod te kunnen benutten.40 In de huidige tijd is die opdracht zowel 

moeilijk als uitdagend. Het verbeteren van het uitnameprotocol van organen, door het 

voorbehandelen van donoren en/ of donororganen, is veelbelovend. Niet alleen door 

het vermijden van orgaanschade bij hartdode donaties (zoals bij hersendode donoren in 

Nederland), het toedienen van farmaceutica41, preconditionering door het toedienen van 

ischemie op afstand42, maar ook door het toepassen van extracorporele doorspoeling.43

 Het verbeteren van de manier van uitwassen van een orgaan kan tevens 

bijdragen aan nieuwe ontwikkelingen bij de uitnameprotocollen van organen. Echter, 

het grootste voordeel zal liggen in de verbetering van orgaan preservatietechnieken.44 

De literatuur laat, net als de bevindingen in dit proefschrift, zien dat het tijdperk van 

hypotherme preservatie zeer waarschijnlijk tot een einde gaat komen. Desalniettemin 

zal het toepassen van normothermie, wat in veel onderzoeksinstituten momenteel 

onderzocht wordt, waarschijnlijk niet ontwikkeld kunnen worden tot een wijdverbreide, 

klinisch toepasbare techniek. De zuurstofbehoefte van een normotherm orgaan 

maakt namelijk de additie van zuurstofdragers noodzakelijk.45 Door de beperkte 

beschikbaarheid van geconcentreerde erythrocyten als zuurstofdrager worden 

kunstmatige zuurstofdragers een essentieel additief. Echter, kunstmatige zuurstofdragers 

zijn tot op heden nog ver van klinisch toepasbaar. Om bovenstaande redenen, samen 

met de bevindingen uit dit proefschrift, lijkt de relatief weinig onderzochte optie van het 

preserveren op kamertemperatuur in deze tijden een meer belovende temperatuur voor 

warme orgaanpreservatie.

 Het is te adviseren dat toekomstig onderzoek naar het warmer preserveren 

van organen zich meer richting kamertemperatuur ontwikkelt. Het preserveren op 

kamertemperatuur biedt de voordelen van warme orgaanpreservatie, waaronder de 
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mogelijkheid tot het uitvoeren van orgaanfunctietesten, zonder de nadelen van het 

hypotherm preserveren. Alhoewel, de voordelen van warme orgaanpreservatie alleen ten 

volste geëxploreerd kunnen worden als de energie consumerende preservatie systemen 

worden herontworpen.

 Concluderend moet er een paradigma verandering van hypotherme naar 

subnormotherme orgaanpreservatie plaats gaan vinden, die afhankelijk is van een 

mentaliteitsverandering. De huidige perceptie van orgaanpreservatie zal geherdefi nieerd 

moeten worden en worden opgebouwd met de huidige technische, farmaceutische en 

praktische mogelijkheden.
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Chapter 2, Figure 1.

Schematic illustration of the nephrectomy and transplantation procedure with A) the normal 

situation, B) after left nephrectomy where *marks the careful opened retroperitoneum, C) after 

contralateral (right) nephrectomy with preservation of maximal arterial length, D) transplantation of 

the cranial to caudal fl ipped left kidney, E) close-up of the new vascular situation, and F) the fi nal 

anatomical situation.
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Chapter 4, Table 1.

Histology scores and representative H&E-stained liver sections. Sinusoidal dilatation: 0, absent; 1, less 

than 1/3 of parenchyma; 2, less than 2/3; 3, more than 2/3. Portal edema: 0, absent; 1, less than 25%; 2, 

between 25-50%; 3, between 50-75%; 4, more than 75%. Areas of confl uent parenchymal necrosis: 0, 

absent; 1, aff ecting less than 25% of parenchyma; 2, aff ecting 25-50%; 3, aff ecting 50-75%; 4, aff ecting 

>75%. Hepatocellular mitosis: 0, absent; 1, in case of <2 foci per 8 fi elds (40× objective); 2, in case of 

2-4 foci; 3, in case of 5-10 foci; 4, in case of >10 foci. Councilman bodies (cytosegresome formation): 

0, absent; 1, in case of <2 foci (10× objective); 2, in case of 2-4 foci; 3, in case of 5-10 foci; 4, in case of 

>10 foci.
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Chapter 5, Figure 2.

Histological examples of the scoring parameters, being: A) portal infi ltrate (arrow), B) 

sinusoidal dilation (arrow), C) intralobular infi ltrate (encircled), D) endothelial infi ltrate 

(arrow), E) portal edema (arrow), F) hepatocellular mitosis (encircled), and F) councilman 

bodies (encircled).
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Chapter 5, Figure 4.

Brightfi eld micrographs of RBC-containing suspensions diluted with the diff erent solutions to an 

Ht of 20%. A) RL, illustrating blebbing of RBC without agglutinative eff ects; B) HTK-, illustrating no 

agglutination; C) HTK+, illustrating extensive rouleaux formation; D) PS+, illustrating extensive 

rouleaux formation; E) PS-, illustrating no agglutinative eff ects; F) UW+, illustrating microscopically 

comparable agglutinative eff ects as in C and D.
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Chapter 5, Figure 6.

Biodistribution of 99mTc-pertechnetate in rats. In the presence of PYP (A), 99mTc-pertechnetate-PYP was 

excreted via the urinary tract, whereas in the absence of PYP (B), 99mTc-pertechnetate was taken up by 

the salivary and thyroid glands as well as the gastric mucosa. The % of radioactive dose administered 

being accumulated or excreted in time per region of interest (ROI) is depicted in graph C and D for 

condition A en B, respectively.  The ROIs are located over the: 1) heart, 2) liver, 3) right kidney, 4) left 

kidney, 5) urinary bladder, 6) stomach, 7) abdominal background, 8) peripheral background, 9) thyroid 

gland, 10) parotis gland, and 11) submandibular gland.
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Chapter 6, Figure 2.

Growth kinetics of S. epidermidis and S. aureus strains in Polysol (PS) (A) and in tryptic soy broth (TSB) 

(B) during incubation at 28 °C for 20 h followed by 48 h at 37 °C. C) Growth curve of S. epidermidis 

RP62a in diff erent preservation solutions and TSB. Belzer MPS: Machine Perfusion Solution-Belzer; UW: 

University of Wisconsin solution; HTK: histidine-tryptophan-ketoglutarate solution.

*indicates a signifi cant diff erence in bacterial concentration between PS and Belzer-MPS, UW, and 

HTK.
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Chapter 7, Figure 4.

The electric cell-substrate impedance sensing results, expressed as a percentual diff erence from 

baseline monolayer impedance during 20-hours preservation. Results are expressed as mean 

(±range) for preservation at A) 4, B) 15, C) 20, D) 28, and E) 37 °C.
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Chapter 7, Figure 6.

E-selectin (E+), E-selectin and intercellular adhesion molecule-1 (ICAM-1, E+I+), and ICAM-1 (I+) 

expression were determined by fl ow cytometry and are presented in the columns from left to right, 

respectively. Each row represents a diff erent preservation temperature, being: A) 4, B) 15, C) 20, D) 28, 

and E) 37 °C. Results are expressed as mean (± range) positivity from their respective baseline values
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Chapter 7, Figure 13.

The endothelial monolayer was assessed by light microscopy (10× magnifi cation) after 20-h 

preservation at each temperature. Preservation of human umbilical vein endothelial cells was 

performed with Ringer lactate (RL), histidine-tryptophan-ketoglutarate solution (HTK), University of 

Wisconsin solution (UW), Polysol (PS), or endothelial cell growth medium (ECGM). A clear benefi t of 

preservation with a nutrient-rich solution (UW, PS, or ECGM) can be observed.
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Chapter 8, Figure 1.

Bland-Altman plot depicting the extent of cross-species immunoreactivity between anti-human 

antibodies and HUVEC or SUVEC (x-axis) as well as the diff erence in positive staining between HUVEC 

and SUVEC, as determined by FACS (y-axis).
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Chapter 8, Figure 2.

Immunostaining of porcine endothelial cells with UEA-1-FITC imaged by confocal microscopy, 

showing heterogeneous distribution of the fl uorescently labeled antibody on the endothelial 

membrane as well as intracellular localization (63× oil objective).
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Chapter 8, Figure 3.

Visualization of immunostained HUVEC, SUVEC, and PKEC with CD146-AF647 (shown in yellow green) 

and CD105-PE (shown in red) by confocal microscopy (63× oil objective).
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99mTc Technetium-99m

ANOVA analysis of variance

ATP adenosine triphosphate

BAP blood agar plates

Belzer-MPS Belzer machine perfusion solution

CEC circulating endothelial cells

CFU colony forming units

CPP cryoprecipitated plasma

CS cold storage

DGF delayed graft function

DW demineralized water

ECD extended criteria donor

ECGM endothelial cell growth medium

ECIS electric cell-substrate impedance sensing

FACS fl uorescence-activated cell sorting

Fc Coriolis force (N/ m/ s)

FCS fetal calf serum

FLICA fl uorochrome inhibitor of caspase kit

GFR glomerular fi ltration rate

HA hepatic artery

HES hydroxyethyl starch

HMP hypothermic machine perfusion (4 °C)

Ht hematocrit

HTK histidine-tryptophan-ketoglutarate solution

HTK- similar to HTK

HTK+ histidine-tryptophan-ketoglutarate solution with PEG addition

HUVEC human umbilical vein endothelial cells

ICAM-1 intercellular adhesion molecule-1

IM intramuscular

IPPK isolated perfused porcine kidney perfusion cabinet

IR ischemia/ reperfusion 

IV intravenous

MBq megabecquerel

MP machine perfusion

NHBD non heartbeating donor
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NHP non-human primates

NMP normothermic machine perfusion (37 °C)

NSAID non-steroidal anti-infl ammatory drug

PBS phosphate buff ered saline

PBS+ 1 % FCS-enriched PBS

PEG polyethylene glycol

PKEC porcine kidney endothelial cells

PNF primary non-function

PS Polysol

PS- Polysol without PEG

PS+ similar to PS

PV portal vein

PYP pyrophosphate

RA renal artery

RBC red blood cells (erythrocytes)

RBF renal blood fl ow

RL Ringer’s lactate

RT room temperature

SCS static cold storage

SCV small colony variant

SD standard deviation

SNMP subnormothermic machine perfusion (28 °C)

SNP (sub)normothermic preservation (28-37 °C)

SPF specifi c pathogen free

SUVEC swine umbilical vein endothelial cells

TRIS tris(hydroxymethyl)aminomethane buff er

TSB tryptic soy broth

UW University of Wisconsin solution

UW+ similar to UW

VR vascular resistance (mmHg/ mL/ min)

vWF von Willebrand factor

WE Williams E medium

WST water soluble tetrazolium-salt assay

#m Mass fl ow (kg/ h)

$ Torsion (degrees angulation)
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Het fabriceren van een proefschrift is teamwerk, ingevuld door nauwe samenwerking met 

verschillende bedrijven, ziekenhuizen, afdelingen en disciplines. Ik ben daarom ook zoveel 

mensen dankbaar die bij hebben gedragen en zich hebben ingezet voor het vervaardigen 

van dit proefschrift en voor al het werk dat zich achter de schermen heeft afgespeeld. 

Ongeacht of je je naam hieronder terugvindt, wil ik je oprecht en hartelijk danken voor alle 

steun, kritische woorden, creativiteit en vriendschap.

Mijn promotor, Prof. dr. van Gulik. Beste Thomas, je hebt me de vrijheid gegeven om 

-letterlijk- te experimenteren, in het buitenland te werken en uiteindelijk het huidige 

proefschrift neer te zetten. Waar krijg je tegenwoordig nog die vrijheid om creativiteit 

binnen het onderzoek uit te diepen en ik wil je daar dan ook, naast zoveel andere dingen, 

expliciet voor bedanken. Ik hoop dat ik ooit eens bij je aan de operatietafel mag staan in 

verre exotische oorden.

Dr. Heger, beste Michal, mijn co-promotor en mijn kritische blik op onderzoek en het 

schrijven van manuscripten. In 4 jaar tijd hebben we veel discussies gehad over onze 

manuscripten, onderzoek, de chirurgie, mensheid en bij tijd en wijlen het leven. Het zal 

een moeilijke taak zijn je ongelijk te bewijzen naar aanleiding van onze laatste gesprekken, 

maar ik weet je te vinden om de creatieve, innovatieve, maar met name de kritische kijk op 

onderzoek weer aan te wakkeren.

De leden van mijn promotiecommissie, Prof. R.J.M. ten Berge, Dr. J.D. van Buul, Prof. S. 

Florquin, Prof. J.J. Homan van der Heide, Prof. L.W.E. van Heurn en Prof. G. Rakhorst: dank 

voor het kritisch lezen van de manuscripten en de bereidheid tot een geregelde discussie.

Alle vaste medewerkers van het lab die me door de jaren heen gesteund hebben: Goos, 

je hebt altijd een verfrissende kijk op het onderzoek gehad, me bij de eerste gelegenheid 

geleerd dat de blaas wat anders is dan een colon en mijn respect voor de dieren alleen 

maar doen toenemen. Albert, gelukkig heb jij meer verstand van cellen, navelstrengen en 

allerlei laboratoriumtechnieken dan ik. Het was altijd gezellig, leerzaam en laagdrempelig 

om bij je aan te kloppen. Adrie, zonder jou geen geïsoleerde rattennieren. Dank voor 

je geduld en inzet! Lindy, vele experimenten, meters paraffi  nelintjes en histologische 

kleuringen later blijf ik heel erg dankbaar voor al dat werk en de gezelligheid eromheen. 

Andrea, Esther, zonder al jullie hulp had alles veel meer tijd gekost, dank!
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Alle collega’s van het lab door de jaren heen: Gwen, Hendrik, Jaap, Nienke, Geert, Cara, 

Zineb, Tessa, Arvid, Thony, Lisette, Floor, Jimme, Rowan, Megan, Martien en Erik: bedankt 

voor de gezelligheid en goede discussies. Mijn kamergenoten, Robert, Mans en Ruud, 

dank voor jullie geduld, mooie tijden en koffi  ezuster-perikelen!

Ruurdje (en michiel), ik heb altijd genoten van de alternatieve ‘apen-sessies’ en laten we 

het door blijven zetten.

Prof. Bennink, Roel, veel dank voor al het regelwerk bij het uitwassen van de rattenlevers. 

Kora, dank voor de goede gesprekken en lange sessies in de bunker a.k.a. B-lab. 

Dr. Idu, Mirza, dank voor de hartelijke begeleiding en de vele transplantaties.

Anita Boïng, al je uren achter de FACS en kennis over micropartikels waren onmisbaar.

Bas Zaat, Leonie de Boer en collega’s, zonder jullie en de mogelijkheid het lab te bezetten 

was al het antibiotica-werk niet mogelijk geweest.

Herbert Korsten, Dirk de Korte, Jaap van Buul, Jeff rey Kroon, en de collega’s bij Sanquin, 

zonder jullie hulp had ik nooit zo diep in het endotheel en de viscositeit kunnen duiken.

Arie Steenbeek en Rick Bezemer, zonder jullie geen perfusiekast!

Wouter Florijn, dank voor je vertrouwen in het onderzoek.

Joanne Verheij, bedankt dat ik altijd op ‘short notice’ bij je binnen kon lopen voor je mening 

en het scoren van coupes.

Sean Moolman, Martin Nieuwoudt, and all the other people of CSIR and the University of 

Pretoria, thanks for the warm welcome and good times.

De studenten door de jaren heen die mij geweldig ondersteund hebben om de bergen 

werk te verzetten. In het bijzonder de leden van het transplantatieteam, maar zeker ook 

Bote Bruinsma, Lennart van Rijssen en Job Saris voor het doorspitten van de literatuur en 

allerlei bacterieculturen. Wadim de Boon, je was al bijna een vaste medewerker van het lab 
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en zonder jou had ik al die experimenten nooit kunnen doen.

Veel lof voor Johan van ‘t Leven en de medewerkers van Bronkhorst die me 

ondersteund hebben bij de dagen van experimenteren in Ruurlo en het installeren van 

de apparatuur.

Veel dank voor de waardevolle ruggespraak en kleuringen door Harry van Goor en Jaap 

van den Born uit het UMCG.

Bas Swildens, helaas heb ik niet al je expertise mee kunnen nemen in Hoofdstuk 2, maar 

jouw kennis van het varken is onmisbaar! Johannes van Loon, door jou heb ik door het 

doolhof van veterinaire anesthesie kunnen lopen.

Dr. Dor, Frank, ik wil je toch even apart noemen in dit dankwoord. Ik zie ernaar uit nog 

lang met je te blijven samenwerken zowel binnen als buiten de onderzoekswereld.

Verder wil ik natuurlijk iedereen bedanken van de afdelingen chirurgie, in het bijzonder 

G4, orthopedie, metabole ziekten, celbiologie, pathologie, translationele fysiologie, 

medische microbiologie, LEKC, LEICA en moleculaire biologie van het AMC.

De APROVE symposium dames: Marieke, Elske en Charlotte, dank voor de: let’s quiz into 

the night!

Het SEOHS 2011: Wouter, Lisette, Menke, Pim, Joy, Geert, Kurdo, Maud en Job, het was 

een fantastische achtbaan!

Mijn paranimfen, Bas van Ooij en Marcel Dirkes: jullie hebben mij inhoudelijk, 

relativerend, fi etsend en feestend naar dit moment begeleid. Ik ben dan ook trots en 

vereerd dat jullie het samen met mij willen afronden.

Ik wil ook al mijn andere lieve vrienden in alle gewesten bedanken. Ik ben vereerd met 

jullie steun, humor en begrip door de jaren heen. Het was altijd genieten tijdens de 

feestjes, barbeques, sportevenementen en de goede gesprekken tot zonsopgang. 

Jullie zijn onmisbaar!

Lieve Nien, ik ben trots op de mooie voorkant van mijn boekje en de designer daarvan. 
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Aaf en Sabine, jullie hebben zoveel meer gedaan dan nodig, met jullie erbij heb ik drie 

fantastische, onmisbare zusters!

Allerliefste ouders, hoe moet ik jullie ooit bedanken!

Matth: oeioeioeioeioei.

‘Je weet nooit wat er nog gaat komen,

Zolang je maar durft te blijven dromen.”
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