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Abstract

Theliver is the only organ in the adult body where terminally differentiated cells can undergo

multiple rounds of cell division. This unprecedented ability of the organ to regenerate makes
major resections for the removal of various malignancies affecting the liver or the biliary tree

possible. In the course of these operations up to 70% of theliver tissue can be safely removed.

While regeneration is rapid and complete in most patients occasionally the remnant liver does

not recoverresulting almost invariably in fatal liver failure.

Clinical observations suggest that increased need for blood replacement during or after surgery
and the presence ofinfectious complications increase the risk ofliverfailure.

To investigate the molecular mechanismsthat could lead to the developmentofliver failure in
these patients, two animal models were developed. The first one investigated the consequences

of intraoperative blood loss and haemodilution. This showed that the removal ofcirculating
blood immediately following liver resection and its replacement with a crystalloid solution
resulted in delayed liver regeneration. This defect was temporary, over a longer period the
livers of animals in this treatment group reached normal weight.

In the other modelbacterial lipopolysaccharide was administered after liver resection to mimic

the effects of Gram negative bacterial infections. The high mortality observed in these animals

precluded the completion ofthe liver regeneration experiments. Thus, it is not know whether

this intervention results in delays in the process of liver regeneration.

During the next phase of the workliver tissue removed from the treated animals at 90 and 240

minutes following liver resection and the adverse intervention was analysed for changes in

gene expression patterns. The resulting changes were compared tolivers in which the recovery

after surgery was normal.

A number of molecular pathways potentially associated with the delayed liver regeneration in

the haemorrhage group were identified. Gene expression analysis in the LPS treated animals

provided extensive information on the molecular pathways this bacterial toxin interacts with in

the liver.

The outcome of these experiments was compared with existing knowledge in the literature.
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1.1

Introduction to liver surgery;

Anatomyandclassification,

indications

and techniques



In the Greek mythology Zeus, the king of gods punished Prometheusfor stealing fire

and handing it to the mortals by having him chained to a rock on Mount Caucasus.

There an eagle visits him daily and feeds on hisliver. By the time the bird returns the

next day Prometheus’ liver has grown back, providing ample food to the eagle until,

years later, Heracles shoots the bird and frees Prometheus. The notion that in the myth

the eagle feeds on the organ with the greatest capacity to regenerate is curious. The

Greek word "jzap" was derived from ynadopuai (hépaomai): to mend, to repair, hence

hépar actually means "repairable", indicating that this organ can regenerate itself

spontaneously in the case of lesion. The use of this word could be interpreted to

indicate that somehow the ancient Greeks were aware of the capacity of this tissue to

regenerate.

A review of the literature of liver surgery was carried out in an attempt to ascertain

whenliver resection wasfirst reported. This identified an editorial that commented on

a casereport ofliver resection performed by WW Keen whichincludeda series of 20

other liver resections in April 1892. In the editorial Samuel Lloydstatesthat:

‘Both experiments on animals and operations in man have shown that

tumoursofthe liver, and even large portions ofthe liver itself, can be removed

without undue disturbance of the function of the liver; the experimental

evidence makesit probable that the liver tissue may be generated andthe loss

made good’ (Lloyd 1892)



Although in the editorial he did not give references for these statements it is clear that

by 1892 the extraordinary capacity of the liver to regenerate was recognised. The

original article to which he referred was unavailable, however the same author, WW

Keen, Professor of the Jefferson Medical College, reported the third case that he

personally performed in 1899. His co-workers prepared a table of the most recent

seventeen of seventy-six liver resections from the literature and this was included and

discussed with the case report (Keen 1899). It is clear that at this time the need for

liver resection was only realized after opening the abdomenin almost all cases.

Although the outcome of two patients were unknown, 63 of 74 recovered, a mortality

tate of 14.9%. The 11 deaths were due to haemorrhage or shock (8), sepsis (2) and

pulmonary embolus(1).It is likely that over the same time periodorearlier, that liver

resections were being carried out in Asia but establishing early work primarily due to

languageis also limited.

Over 30 years later Tinker writes that few surgeons have personally operated on more

than one liver resection. He combines a case report and advantagesof radiocutting in

an attempt to control haemorrhage (Tinker 1935). From this paperit is apparent that

intraoperative bleeding was the most feared complication of surgery of the liver and

he reviewed methods of controlling haemorrhage. He describes the difficuly in

accessing clinical reports in liver resections before this time and attributes it to the

fact that liver resection are not formerly listed in a category of their own.In addition,

the author states that Ponfick had recognised promptliver regeneration over 40 years

previously and Von Meister had confirmed this in rabbits, rats and dogs. Although

there are no available papers for either to back up these statements, they were

described in a book (Ewing 1922).



Higgins and Anderson are widely quoted in the literature as reporting the first

scientifically documented experiments quantifying the capacity of the liver to rapidly

grow back following extensive resections in rats (Higgins & Anderson 1931). Here

the authors describe the method of 65-75% hepatectomy in the white rat and the

progress ofliver regeneration in termsof restoration of liver mass in relation to body

mass over the following 4 weeks. This early experimental model paved the way for

the extensive research into liver regeneration, the same model being used some 50

years later(Cornell 1985a). More recently a similar model has been used in mice (Su

et al. 2002). The reason for the change from rats to mice is largely due to the

knowledge of the complete mouse genone sequence and the availability of knockout

animals. Despite extensive experimental work in animal models liver regeneration is

not completely understood. A review ofthis literature is given in section 1.3. In 1986

Nagasue et al showed using CT that the liver remnant in humans regenerated by 3

months in normal liver and that patients with hepatitis and cirrhosis regenerated more

slowly (Nagasueef al. 1987).

Hepatic failure after liver resection is a complication that is dreaded by surgeons due

to poor outcome. Inadequate functional reserve of the remaining liver parenchyma

and an inability to regenerate maylead to the progression ofliver failure (Kanzler et

al. 2007). The reason for this remains obscure despite a wealth of laboratory based

research. Clinical studies over many years have attempted to identify risk factors for

liver failure and death (discussed in section 1.2). Although our understanding of the

mechanisms of liver regeneration following tissue loss is extensive, it is not

completely understood and there is very little known about the mechanisms that

explain postoperativeliver failure following liver resection.



The hypotheses driving this work are in section 1.6. Before this there is a brief

description of the anatomy and histological structure of the liver, a summary of

indications for liver resections and techniques that have been developed to achieve

this (section 1.1). Next follows an overview ofthe clinical series (1.2) with direct

reference to liver failure and mortality in an attempt to focus on risk factors. The main

cellular and molecular changes associated with liver regeneration are then discussed

(1.3). Following this is an overview of microarray technology (1.4), the method used

in this thesis. Finally a review of the liver regeneration studies carried out using

microarrays (1.5) were compared.



1.1.1 Anatomyofthe liver and classification of major resections

Whenperforming the resection of part of the liver, a precise knowledge of the

anatomy is essential in order to preserve an adequate blood supply to and provide

drainage of blood andbile from the remaining segments. This section is not intended

to review liver anatomy andhistologyin great detail but to provide a summary ofthe

macroscopic and microscopic structures of the liver and define the commonly

performed major hepatic resections, together with their nomenclature, which will be

referred to later in the text.

The functional division between right andleft sides of the liver is not at the falciform

ligament, as in the earlier classical description of liver anatomy, but follows a line

projected throughthe principal plane, or Cantlie’s line, running from the gallbladder

bed to the vena cava posteriorly (See figure 1.1a). This description wasinitiated by

Cantilie in 1898 and was followed by the work of several groups (McIndoe &

Couseller 1927; Healey & Schroy 2007; Couinaud 1954; Couinaud 1957; Goldsmith

& Woodburn 1957)

The liverlies astride the inferior vena cava, immediately below the diaphragm and the

hepatic veins run for most of their course within the liver parenchyma (knownasthe

hepatic scissurae) and only a very short course outside ofthe liver to empty into the

vena cava(see figure 1.1b). The three main hepatic veins divide the liver into 4 portal

sectors each of whichreceive a portal pedicle (see schematic representation in figure

1.1c).
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Figure 1.1: Anatomy of the

human liver Diagrams from

Surgery of the liver and biliary

tract. 2™ Edition. Ed LH.
Blumgart 1994.

1.1a. Inferior view of the liver to

show the position of the caudate

lobe (Segment1) in relation to the

other segments. Note that

segment VIII is superior and

cannot be seen. The princial plane

(along the principal scissura)

divides the liver into ‘functional

left and right’ whereas the
umbilical fissure divides the liver

into ‘classical left and right’

lobes.

1.1b. Exploded view of the liver

to show four portal sectors

(separated by the major hepatic

veins) and the segmental structure

of the liver, each segment

supplied by a portal triad. The

right portal pedicle divides within

the parenchymaofthe right lobe.

The left portal pedicle traverses

beneath segment IV to the

umbilical fissure where it divides

to supply blood and drain bile

from segmentsII, III and IV.

1.1c. Schematic representation

of the functional anatomyof the
liver. The three main hepatic

veins within the liver scissurae,

divide the liver into four main

sectors each receiving a portal

pedicle. Hepatic veins and portal

pedicles are intertwined like the

fingers of two hands.

 

 



The middle hepatic vein runs betweenright and left sides of the liverin the principle

scissura draining lobes to either side of it. The right and left liver are themselves

divided into two parts by two portal scissura. The resulting 4 subdivisions are called

sectors according to Couinaud’s nomenclature (Couinaud 1955). The right hepatic

vein runs at 40 degreesto the right in the right portal scissura and divides the right

liver into anteriomedialor anterior sector in front of the vein (comprising segments V

and VIII) and posteriolateral or posterior sector behind it (comprising segments VI

and VII). The left portal scissura dividesthe left liver into two sectors: superior and

posterior and containsthe left hepatic vein.

Further division of these 4 portal sectors are made bythe portal triad suppling them.

The umbilical fissure contains the left portal pedicle and divides the anterior sector

into two segments, medially segment IV, the anterior part of which is the quadrate

lobe and laterally segment III. The posterior sector is comprised of only one segment

(segmentII).

SegmentI is knownas the Spiegel or caudate lobe andis separate from a functional

point of view for its vascularisation is independent from the portal division and 3

main hepatic veins. It receives blood from left and right branches ofthe hepatic artery

and portal vein. Blood drains directly into the vena cava. Blood is received by the

liver from two sources; via the hepatic arteries and from the portal vein that drains

blood from the gut and this blood carries nutrients and toxins. Branchesof the hepatic

arteries and portal vein run with bile duct branches from macroscopic to microscopic

level.



Microscopically the liver is divided into roughly hexagonal lobules, approximately 1-

2 mm wide. In the centre of each lobule is a central vein that drains blood to the

hepatic veins via small venules. Portal triads are situated between lobules and consist

of a portaltriad; a small tributary of the hepatic artery, portal vein and bile duct.

Blood flows from portal triad to central vein through the sinusoids that run between

sheets or plates of hepatocytes seen microscopically as cords of cells radiating out

from the central vein to each portaltriad.
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Figure 1.2 Hepatic microvasculature as determined by the in vivo microscopicstudies of Knisely et al

(Knisely 1957), Bloch (Bloch 2007), Irwin and McDonald (Irwin JW & MacDonald J 2007) and

McCluskey (McCuskey 2007) over a period of more than 50 years. PV portal venule; HA hepatic

arteriole; L lymphatic; BD bile ductile; N nerve; CV central venule; SLV sublobular hepatic venule.

Arrowsindicate direction of flow.

The cords are divided into three zones; zone 1 is in the periportal and zone 3 is in

centrilobular area, with zone 2 between them. The biliary system begins in the

centrilobular area and, through a network of canaliculi and canals, bile is drained into

the interlobular bile ducts within the portal triad.



Thus the liver is divided into functional units that each has a portal triad (hepatic

artery, portal vein and bile duct tributaries) with a separate drainage system of blood

through via central veins into hepatic veins.

The portal vein and hepatic artery divide and the hepatic duct confluence are situated

outside the substance of the liver and it is possible to tie off right or left portal

structures separately when performing a right or left hepatectomy using Couinauud

nomenclature (Couinaud 1957). Right and left lobectomies (Couinaud 1957)in which

the line of transection is the umbilical fissure often cause confusion because the term

‘lobectomy’ is also used in the Anglo-Saxon literature (Goldsmith & Woodburn

1957) to define what in fact is a hemi-hepatectomy. It has been suggested that the

term ‘right hepatectomy extended to segment IV (+/- segmentI)’ be adopted in order

to avoid confusion (Bismuth & Chiche 1994). For resection of the classical left lobe

(segments II and III), ‘left lobectomy’ is often used, whilst ‘left lateral

segmentectomy’is actually anatomically incorrect as the true lateral segment is only

segmentII. There are numerousother liver resections possible that involve individual

or associated segmentectomies.
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Majorresection Segments Couinaud Goldsmith and

resected nomenclature Woodburne

(1957) nomenclature

(1957)

V, VI, VII,VIII Right Hepatectomy Right hepatic
lobectomy

II, UI, [V Left Hepatectomy

|

Left hepatic

lobectomy

IV, V, VI,

|

Right lobectomy Extended right

VII,VIU, (also called right |hepatic

sometimes trisegmentectomy |lobectomy

includes I Starz] (1957 and

1980a))

II andIII Left lobectomy Left lateral

segentectomy

IV, V, VUI, Extended left

|

Extended left

II and I Hepatectomy (also

|

lobectomy

 

  called left

trisegmentectomy

Starzl (1982)  
 

Figure 1.3 Classification of the major hepatic resections with Couinaud (1957) and

Goldsmith and Woodburne (1957) terminology. Diagrams from Surgery of the liver

andbiliarytract. 2"4 Edition. Ed L.H. Blumgart 1994. Thepart of the liver removed in

each case is the shadedarea.
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1.1.2 Indications for Liver Surgery

Liver resection remains the only hope of cure for patients with hepatocellular

carcinoma (HCC) (Lau 2002) and tumours that have locally invaded such as

cholangiocarcinoma(Ebataef al. 2003) or those which have metastasised from distant

sites (Small et al. 2007) (Cavallari et al. 2003; Jaeck 2003; Minagawaer al. 2000;

Nakamura et al 1989). Second or even third hepatectomy for recurrent colorectal

metastatic disease can be performed safely to provide additional benefit of similar

survival to that of first and second liver resections (Adam ef al. 2003). Patients who

have undergone liver resection for liver metastases from colorectal origin and who

subsequently develop pulmonary metastases can also expect long-term survival if

complete resection of the pulmonary metastases can be achieved (Watanabe ef al.

2003).

There are no large randomised control trials for hepatic resection for metastatic

neuroendocrine tumours. However a retrospective study of 170 patients concluded

that it is safe and achieves symptom control in most patients (Sarmiento ef al. 2003).

The authors conclude that debulking extends survival, although recurrence is expected

and hepatic resection is justified not only dueto its effects on survival but also due to

improvements in quality oflife. In non-colorectal, non-endocrine liver metastases, the

role of surgery is less well defined because the liver is not the primary site of

metastasis. However, in the few cases where liver metastases alone are present, liver

resection is indicated as no other therapeutic option may provide mid or long-term

tumourfree survival (Detry ef al. 2003). For example, prolonged survival has been

reported following complete resection of metastases from intraoccular melanoma

(Hsueh et al. 2004). A recent report suggeststhat liver resection is an effective
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managementoption in seleced patients with non colorectal non neuroendocrine liver

metastases (O'Rourkeef al. 2007)

It is not always possible to distinguish between benign and malignant disease

preoperatively. Although histology is a definitive diagnosis, biopsy is most often

contraindicated due to the risk of seeding of potentially malignant cells to the

peritoneal cavity. In addition there are potential dangers of bleeding from the biopsy

itself particularly haemangioma, haemangioendothelioma or hypervascular solid

tumours (benign or malignant) and contamination from echinococcal cysts may also

occur.

Therefore imagingplays a pivotalrole in the selection of appropriate patients in order

to avoid unnecessarysurgery. A variety of modern imagingtools can be used to detect

and characterise hepatic lesions. These include contrast enhanced helical computed

tomography (CT), CT arterial portography, magnetic resonance imaging (MRI) and

intraoperative ultrasound (IOUS). Each has their advantages as well as disadvantages.

Accuracy, availability, cost and presence of local expertise determine the optimal

modality or combination of modalities used. The appearance of metastases on

imaging can be correlated with histopathological abnormalities. Though metastases

can often be distinguished from benign lesions, their appearances are by no means

pathognomonic and follow-up imaging for interval change and for assessment of

responseis often required (Tan & Thng 2003).

Benign hepatic tumours include a broad spectrum of regenerative and true neoplastic

processes. Some are congenital in origin, most are of unknown aetiology and a few

maybe related to exogenous or endogenous changesin the patient’s hormone milieu
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(Foster 1994). Many are found incidentally during investigation of another disease

process, some show progressive growth and cause symptomsby masseffect and more

rarely other benign tumours cause acute severe symptoms due to tumour necrosis or

thrombosis with associated rupture and haemorrhage.

In some cases benign tumours are an indication for liver resection and there are

several reasons for this; discrepancy between benign and malignant disease,

possibility of malignant transformation, reduction of possible complications and

symptom control.

Cavernous haemangioma, focal nodular hyperplasia and hepatocellular adenomaall

pose problems in differentiating from malignant disease (Foster 1994; Nagorney

1995). Angiomyolipoma and inflammatory pseudotumour are also sometimes

confused with a malignant tumour. (Bieckeref al. 2003).

Potiential for malignant transformation is the second reason for resection of benign

lesions of the liver. Cystadenoma of the liver is a rare tumour which has a strong

tendency to malignant transformation and requires complete resection, therefore

differentiation from simple cyst of the liver is important (Bieckeret al. 2003; Foster

1994). Hepatocellular adenoma has a

_

malignant potential and benign

haemangioendothelioma of the infant has the potential for sarcomatous change or

spontaneousregression (Foster 1994).

The third indication for resection of benignlesionsis to reduce the level of dangerous

complications. Although cavernous haemangiomain infants are most commonly
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found during post mortem in infants who have died of other congenital abnormalities,

in symptomatic patients, the most common presentation is with a liver mass in

association with high output congestive cardiac failure due to an arteriovenousfistula

at around the age of six (Foster 1994).

Benign haemangioendothelioma of the infant is rare but may causelife-threatening

complications (Bieckeret al. 2003) and hepatocellular adenomahasa risk of rupture

and bleeding. Risk of spontaneousrupture of an undisturbed cavernous haemangioma

is rare and certainly less than that of elective resection of the larger symptomatic

lesions (Foster 1994). The diagnosis of nodular regenerative hyperplasia is often

missed and patients present with secondary complications and signs of portal

hypertensionthatnecessitate treatment. (Bieckeret al. 2003). .

Finally liver resection may be required for symptomatic control of benign disease.

Abdominalpain, often vague and chronic,is the most common symptom of cavernous

haemangiomaa.It is presumedthat rapid expansion with or without thrombosis causes

stretching of the Glissons’ capsule (Foster 1994). Polycystic disease, an autosomal

dominant condition, predominates in the kidneys but may also produce multiple liver

cysts that can also cause stretching of the liver capsule causing pain. Extensive

fenestration alone, or in combination with liver resection, provide symptomaticrelief

to somepatients although in others cysts can recur within monthsof operation (Foster

1994).
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1.1.3 Historical review of the techniques employedin liver resection

Surgical resection of the liver therefore remainsthe treatment of choice and attention

is focussed to make it as safe as possible. The techniques described below have aimed

to reduce the blood loss during liver resection because blood loss during liver

resection correlates with mortality (Das er al. 2001; Didolkaret al. 1989; Doci et al.

1995; Foster & Berman 1994; Gavelli et al. 1993; Holm er al. 1989; Nagao et al.

1987; Nonami er al. 1999; Takenaka et al. 1996). For this reason major hepatic

resection is carried out by isolating vessels before, during or after transection of the

liver parenchyma. There are two opposing technical conceptions with a third method

that combines someaspects of each.

Partial hepatectomy with preliminary extrahepatic vascular ligation during right

hepatectomy wasfirst described in 1952 (Lortat-Jacob et al. 1952) and consisted of

ligating and dividing the portal pedicle and hepatic vein prior to transecting the

parenchyma. The advantage of the technique was that vascular control allowed

visualisation of the borderline between the two sides of the liver. The disadvantages

included the fact that dissection of hepatic veins is dangerous and so it was preceded

by control of the inferior vena cava above and belowthe liver. In addition, there is

also a risk of devitalisation of the remaining tissue by erroneous ligation of an element

of the porta hepatis, a risk that is increased by anatomical abnormalities.

Alternatively, primary parenchymaltransection may be commenced by opening the

parenchymaalong the line of the scissura and the hilar elements are then approached
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and ligated within the liver, the hepatic vein being ligated and divided at the end. The

principle of this technique wasfirst described by Ton That Tung in 1979 (Tung 1979).

The advantagesare that it minimises the total amountof liver resected and is safe in

the presence of anatomical abnormalities but its disadvantage is that intraoperative

bleeding can be considerable owingto the lack of preliminary control.

The third alternative, which combines the advantages of both methods, is to begin

with control of the arterial and portal vessels by clamping rather than ligating at the

hilum and then to ligate portal elements during transection and with control of the

hepatic vein within the liver substance (Bismuth et al. 1982). Control of intrahepatic

pedicles followed by parenchymaltransection of the liver was advocated by Launois

in 1992 (Launois & Jamieson 1992).

Hepatic inflow occlusion can be achieved by compression of the hepatoduodenal

ligament, and is known as the Pringle Manoeuvre (Pringle 1908). Although it was

first described in 1908 it received little clinical application for 70 years for fear of

deleterious consequences.Initially it was studied in laboratory animals but found to

be poorly tolerated. For example occlusion of the portal triad in dogs produced

dramatic cardiovascular consequences causing death within one hour due to the

sequestration of blood in the splanchnic bed (Johnstone 1957). The reason for this is

that most laboratory animals have very few spontaneous portosystemic collateral

veins and, as a consequence,the resulting sequestration of blood in the splanchnic bed

results in reduction of circulating volume (Delva 1989). If provision is made for

escape of blood from portal to systemic circulation the animal survives (Suzuki etal.

1998). Early work in primates showed that clamping of the portal vein is better
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tolerated because of a more efficient portosystemic collateral network (Child ef al.

1950). In humanshepatic inflow occlusion induces a small decrease in cardiac output

and arterial pressure increases (Delva 1987).

Total vascular exclusion (TVE)associates inflow occlusion with occlusion of venous

drainage into the inferior vena cava above and below the liver, thus completely

isolating the liver from the circulation and was first described by Heaney and co-

workers (Heaney et al. 1966). During total vascular exclusion arterial pressure is

maintained despite a 50% reduction in cardiac output (Delvaef al. 1984; Carmichael

et al. 1985).

Onrestoring blood flow to the liver after the period of ischaemia a further insult is

experienced. This is termed ischaemia-reperfusion injury. The classical belief that the

human liver cannot tolerate normothermic ischaemia for longer than 15-20 minutes

led many surgeons to restrict the use of the Pringle Manoeuvre to critical

haemorrhagic circumstancesor to reduce the clampsat fixed time intervals. In 1978,

Huguet showed that the liver would withstand much greater periods of ischaemia

(Huguet ef al. 1978). Subsequent studies compared the use of continuous

normothermic ischaemia with the use of intermittent clamping and much more

recently ischaemic preconditioning, involving aninitial short period of ischaemia and

reperfusion followed by subsequent prolonged ischaemic period has been introduced.

The merits and consequence of these techniques are further discussed in relation to

mortality and morbidity section 1.2
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Maintenance of the central venous pressure (CVP) at a low level 0-4 cm H20 allows

the surgeon to operate without backflow from hepatic veins and tributaries, when they

are opened inadvertently. In a prospective study of one hundred consecutive hepatic

resections multivariate analysis showed that in patients with a CVP of 5 cm H2O or

less had a significantly lower median bloodloss (Jones et al. 1998) and other authors

agree (Allen & Jarnagin 2003; Chenet al. 2000).

Parenchymal transection was initially achieved by finger fracture (digitoclasy)

technique and later by a clamp crushing technique (Foster & Berman 1977; Tung &

Quang 1963) which uses a Kelly clamp (Kellyclasy). Finger fracture technique and

clamp crushing techniques rely on the friable nature of the liver cells and the more

robust nature of the network of vessels supplying them. The tissue is crushed in small

segments along the transection plane leaving small blood vessels intact that can be

secured under direct vision. These techniques werethefirst to be employed and are

still favoured by many surgeons.

A water jet has also been used for intrahepatic dissection in ablative liver surgery. It

can be accomplished easily and safely with a jet of normal saline generated by a

standard agricultural electric sprayer. The jet washes away the intrahepatic

parenchymaleaving the ducts and vessels undamaged and easily controlled during

dissection (Papachristou & Barters 1982)

A further technique was developed and involves the use of an_ ultrasonic

dissector/aspirator. It was first described in 1984 (Hodgson & DelGuercio 1984) and

fractures cells using ultrasonic waves and can be combined with a small suction
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devise that removescellular debris. In this way the small vessels are left intact and

can be secured as encountered. In each case small vessels and ducts are clipped and

larger vessels tied or transfixed depending on their size. Although many studies have

demonstrated reduced blood loss with the ultrasonic technique (Hannaet al. 1996;

Yamamotoet al. 1999) a large, randomised, well controlled trial failed to demonstrate

this and they reported greater technical error with Cavitron Ultrasonic Aspirator

(CUSA). The authors concluded that the clamp crushing technique affords a higher

quality of resection than does ultrasonic dissection (Takayamaet al. 2001). Other

authors have shown significantly lower blood loss with the jet cutter than blunt

dissection or ultrasonic aspiration in open (Rauef al. 1995) and laparoscopic resection

(Rauef al. 1995).

A method of coagulation during the early time period was using microwave (Tabuse

et al. 1985) but was superseded by the argon beam coagulator whichis an efficient

device for achieving haemostasis following partial hepatectomy and causes only a

moderate tissue reaction (Postema et al. 1993). Bipolar scissors have been

investigated for the possible role of reducing intraoperative blood loss using a

retrospective comparison betweenbipolarscissors and a conventional procedure using

crushing clamp method in combination with cauterisation by microwave coagulator.

The authors indicated the superiority of bipolar scissors in decreasing blood loss and

liver injury to sthe conventional methods, suggesting the worth of performing a

prospective randomised study (Yamadaetal. 2002) although one has not appeared to

date. There have beenother studies advocating the use of various other techniques to

reduce bleeding including the useof fibrin sealant (Davidsonet al. 2000), a technique

using concentrated albumin applied to the liver surface before argon beam
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coagulation improved sealing of the resected surface of the liver in pigs (Wolfetal.

2002) andthe use of a linear Stapling devise initially used in pigs (Zilling et al. 1992)

and later in humans (Holmin & Zilling 2003). Although this techniques can now be

used in laparoscopic liver resecetion it is associated with bile leakage (Consten &

Gagner 2005). A small study compared the Monopolar Floating Ball plus LigaSure

diathermy without occlusion of the hepatoduodenalligament with conventional clamp

crushing method with Pringle's manoeuvre. However, the Pringle manoeuvre was

required in 5 of 16 patients in the study group. There was significant lowering of

blood loss and transection time was significantly longer with the new technique

(Sakamotoet al. 2004).

The ultrasonically activated coagulating shears or harmonic scalpel was

recommendedto be an effective device for liver surgery that minimizes bleeding and

decreases the vascular clamping (Kokudoet al. 2000; Sugo ef al. 2000). A report of

the use ultrasonic scissors and blades in open and laparoscopic liver resections

highlighted two advantages overother resection techniques; limited heat and smoke

generation and the lack of current flow through the patient. The handling and

coagulation and cutting quality of the instrument appeared satisfactory and safe and

was recommended for laparoscopic and open resections of the liver (Schmidbaueret

al. 2002). The harmonic scalpel has a mechanism of action allows cutting and

coagulation without causing a significant temperaturerise in the tissue. Its safety was

tested extensively in animal experiments and variousother forms of surgery andthere

is evidence to suggest that it produces less thermal damage in vitro compared to

electrosurgery and lasers (Kunde & Welch 2003). It was advocated for use in liver

resection due to better control of haemorrhage and safer isolation of bile ducts and
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blood vessels (Vyhnaneker al. 2000). It has also been used in combination with the

ultrasonic dissector and found to reduce blood loss compared to the clamp crushing

method (Aldrighetti et al. 2006)

Radiofrequency energy,introducedinitially to ablate unresectable liver tumous, was

suggested as a boodless technique of open liver resection (Weber ef al. 2002) and

later laparoscopic liver resection (Weber ef al. 2003). The technique has been

adopterd by others (Garavoglia et al. 2006; Dulucq et al. 2007; Jiao et al. 2005). A

recent randomised control trial highlighted the higher compliation rate (abscess,

biliary fistula and biliary stenosis (Lupo et al. 2007). This technique has been shown

to be safe andefficient even for extended hepatectomy (Stavrouef al. 2007).

Radiofrequency ablation (RFA) has a role in the treatment of hepatocellular

carcinoma in patients who are unsuitable for resection. A randomised controltrial

showed 5 year survival rate of 74% (43% disease free survival) but had more

complications when compared to percutaneous ethanol injection (PEI) or acetic acid

injection (Lin et al. 2005). A more recent randomised controlled trial found that

complete response was found at one year in 66% following RFA and 36% after PEI

and the difference was even more pronounced for lesions larger than 2cm. However

the overall survival rate wasnot significantly different (Brunello ef al. 2008). Overall

survival rates at 1,2,3,4 and 5 years were better for RFA and PEI in combination

compared to RFA alonefor tumours between 3 and Scm (Zhanget al. 2007). RFA has

also been used in combination with transarterial chemoembolisation (TACE) in

tumours over 3cm. Overall survival was 37 months compared to TACEalone (24

months) or RFA (22 months) (Cheng efal. 2008)
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Surgical resection of the liver therefore remains the treatment of choice in many

patients with both malignant and benign disease andattention has been focussed to

make it as safe as possible. Despite all of the techniques described abovethereisstill

no technique that can entirely eliminate the risk of blood loss from this highly

vascular organ.
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1.2

Liverfailure

following

liver resection;

A review ofthe clinical series
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The extraordinary capacity of the liver tissue to regenerate after surgical resection is

relied upon in the treatment of primary and secondary liver tumours.In specialised

hepato-biliary-pancreatic centres resections removing up to 70% ofthe liver can be

performed routinely with acceptable mortality and morbidity (Clavien et al. 2007).

Following liver resection there is a temporary derangementin liver function tests,

with elevated blood levels of the enzymes alanine amino-transferase (ALT) and

aspartate amino-transferase (AST), which accompanyliver injury, as well as bilirubin

(Melendez etal. 1998; Redaelli et al. 2002; Poonet al. 2001). Patients recover after

this major surgical intervention surprisingly quickly. During this time clinical

jaundice and biochemical markers show an improving trend (Nagasue ef al. 1987). By

the 7-12" postoperative day patient is sent home (Gali et al. 2007; Nounet al. 2007).

Unfortunately some patients do not follow this gradually improving pattern; the

improvementin liver enzymeslevelsfails to occur and clinical picture of increasing

jaundice, oedema and reduced consciousness may be observed. Progressive liver

failure develops and despite supportive treatment the patient dies (Nagasue efal.

1987). The problem is recognised when the patient fails to improve, but to date there

are not any clinical interventions, which would consistently improve the outcome.

Thelack ofeffective therapy meansthat a huge emphasisis placed on prevention. The

body ofliterature aimed at identifying risk factors, which predispose the patient to

increased mortality dueto liver failure, is formidable. This review has focused onthe

question as to what risk factors are associated with liver failure and death. It is

presented here in three main areas; those concerned with patient selection (1.2.1),

operative factors (1.2.2) and post-operative management(1.2.3).
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1.2.1 Patient selection

There are a numberofaspects to consider whenselecting a patient for surgery. These

are discussed in the following way. First, general aspects related to the patient are

considered (1.2.1.1), secondly factors related to the health of the liver are discussed

(1.2.1.2), next follows is a section relating to tests of liver function (1.2.1.3) and

finally prognostic scoring systems that combine various aspects of the above in an

attempt to predict outcome (1.2.1.4). The relative merits of these prognostic scoring

systems are discussed in this later section but for clarity one of the scoring systems,

Child-Turcotte-Pugh (shown in Table 1.1) is defined now becauseliterature relating

to the liver parenchymais largely defined in termsof this scoring system.

 

 

 

 

 

    

Parameter 1 point 2 points 3 points

Albumin >3.5 2.8-3.5 <2.8

(g/dl)

Bilirubin <2 2-3 >3

(mg/dl) <25 25-40 >40

(umol/1)

Prothrombin time
seconds above normal <A 4-6 >6

international normalised ratio <1.7 1.7-2.3 >2.3

Ascites None Moderate (or Tense (or

suppressed with refractory to

medication) medication)

Encephalopathy (grade) 0 I-II IHI-IV
None Minimal Advanced

(or suppressed with |(or refractory to

medication) medication)  
 

Table 1.1: Child-Turcotte-Pugh classification. Most authors divide the cumulative score of the

Child-Turcotte-Pughclassification into grades A = 5-6 (well compensated disease), B = 7-9 (significant

functional compromise) and C = 10-15 (decompensated disease). Encephalopathy is graded according

to West Haven criteria of alterend mental state in hepatic encephalopathy (Pugh et al. 1973a) as

follows: grade I, lack of awareness, shortened attention, euphoria or anxiety.; grade II, lethargy or

apathy and minimaldisorientation; grade III, somnelance to semistupor with gross disorientation; grade

IV, coma with unresponsiveness to verbal or noxious stimuli. Asterixis (‘flapping tremor”) is often

observed in grade I and is always present in gradesII andIII.
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1.2.1.1 General health of the patient

Although somestudies have shown advancing age to be risk factor for liver failure

the problem is that age is associated with comorbidity and therefore studying each in

isolation is difficult. In a study of 63 patients with a classification of Child-Turcotte

B and C, multivariate analysis showed favorable factors for survival included young

age (Nagasue etal. 1999). Age is an independentrisk factor for biliary compliations;

the exact reason for this is not known (Loet al. 1998). Others found intra-abdominal

sepsis to be more commonin the elderly, hence these two complications may be

closely related (Yanagaet al. 1988). Others found no correlation of age and mortality

(Melendez ef al. 2001; Yanaga et al. 1988). In a large study of 747 patients, Belghiti

did not identify age or genderasa risk factor with univariate analyses although only

43 of 747 patients were over 70 and of these only 30% had a majorresection. Soit

may be that patient selection in this unit has skewed the data. More recently

Caratozzolo made a comparison of those patients younger and older than 70 years of

age. The authors conclude that age per se should not be considered a contraindication

for surgery but showedthat old age, using 75 vears as a cut-off, in association with at

least one comorbid medical condition could be considered as relevant factor of

morbidity (Caratozzolo et al. 2007).

Attempts to identify specific cc-niorbidities as risk factors for mortality have not

revealed significance. Melendez wend no significant increase in ischemic heart

disease, hypertensicn, chronic $5siructive pulmonary disese and diabetes meletus

(Melendez er al. 2001). Sitzmann failed to show a relationship between preoperative

renal insufficiency and mortality (Sitzmann & Greene 1994). Comorbidity forms the

basis for the American Society of Anesthesiologists (ASA)score (see section 1.2.1.4).



1.2.1.2 The health of the liver

The liver may be damaged by numerous viruses, drugs, toxins, ischaemia,

autoimmuneattack, metabolic disorders, malignant infiltration, cholestatic jaundice

due to biliary obstruction, bacterial infection and trauma (Sutton & Sheilds R 1994;

Sutton & Gore 2002).

1.2.1.2.1 Cirrhosis

Cirrhosis is a generic term for hepatic disease, characterised by a numberoffeatures

irrespective ofits aetiology. It has the following characteristics (Cotran et al. 1989):

Irreversible fibrosis, which may result in broad scars replacing multiple adjacent

lobules or form delicate bands (portal-central, portal-portal or both) and the formation

of nodulesthat are created by the combination of regenerative activity and a network

of scars. The nodules may be small (less than 3 mm) or large (up to several

centimetres) resulting in micro- or macronodular cirrhosis, respectively. As a result,

the architecture ofthe entire liver is disrupted and the pattern of blood flowis altered.

Abnormalarteriovenous interconnections betweenthe portal andarterial blood supply

develop, resulting in the compromised perfusion of the liver parenchyma and

contributing to the portal hypertension.

Several studies investigated the effect of cirrhosis of the liver on the morbidity and

mortality figures following liver resection. The proportion ofpatients with underlying

cirrhosis is much higherin clinical series from the Asian subcontinent. Thisis, at least
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in part, due to the higher prevalence ofviral hepatitis, including hepatitis A, B and C,

in this population. As cirrhosis predisposes patients to hepatocellular carcinoma the

proportion of patients presenting with primary liver tumours is larger in the Asian

studies (Huguet C et al. 1994). In contrast, in the western world a higher proportion

of patients present with liver metastases within normalliver rather than hepatocellular

carcinomain cirrhotic liver.

One of the earliest large studies showing the negative effect of liver cirrhosis on the

outcome of liver resection was by Tsuzuki et al. 34% of the 125 patients who

underwent liver resection in this series suffered from cirrhosis. There were 13 in

hospital deaths (10.4%) and 11 of these were due to liver failure. All liver failure

cases occurred in cirrhotic patients who had more than two segments of the liver

removed (Tsuzuki et al. 1984). A more recent large series, involving 747 patients,

also highlighted the increased risks of postoperative liver failure associated with

cirrhosis. In this study 21 out of 239 (8.7 %) cirrhotic patients died, predominantly

from liver failure. At the same time there were only 5 deaths out of 441 non-cirrhotic

patients (1%), and two ofthe deaths resulted from myocardialinfarcts, the remaining

3 from septic complications. (Belghiti et al. 2000).

Other, significantly smaller, studies focussed on cirrhotic patients specifically. In a

study of 63 cirrhotic patients, all of whom were Child-Turcotte grade B and C, the

overall 30-day mortality and in hospital mortality were 9.5% and 14.3% respectively.

However, the mortality due to liver failure wasrelatively small in this study as only

two (3%) patients suffered from this complication (Nagasue ef al. 1999). This

contrasts with the findings of an earlier small study by the same group. In this
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retrospective series the authors followed 23 patients with Child grade A, B and C

cirrhosis. The overall mortality was 5/23 (22%) all attributed to liver failure. The

control group consisted of 13 non-cirrhotic patients, none of whom died (Nagasueet

al. 1988). Unfortunately, the above papers do not contain enough detail to explain the

marked drop in mortality in these two studies that were carried out a decadeapart in a

remarkably similar patient pool.

Finally, another study investigated the postoperative course in patients suffering from

relatively mild forms of chronicliver disease (Farges ef al. 1999). 55 patients in this

series all had Child grade A cirrhosis, uniformly suffered from hepatocellular

carcinoma and underwent comparable right hemihepatectomy. 9 of these patients died

(16%) and 6 of the deaths were from liver failure. Apart from the Child score the

authors also stratified patients using the classification of Knodell and colleagues

(Knodell et al. 1981). This is based onthe extentoffibrotic changes in the liver, grade

1 representing no detectable fibrosis, grade 2 fibrous portal expansion, grade 3

bridging fibrosis and grade 4 extended fibrosis consistent with cirrhosis. All 6 liver

failure deaths were in the Knodell grade 4 cirrhotic group, which consisted of 20

patients in total thus giving a group specific mortality of 32 %. These findings show

that fibrotic changes associated with cirrhosis indicate poor prognosis even when the

biochemical function of the liver is still intact (Farges et al. 1999). While the

predictive value of the Knodell classification in this paper is impressive it relies on a

histological examination of the surgically removed specimen, and as such it would

require pre-operative biopsy in order to be used in routine patient selection for major

liver surgery.
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The abovestudies, together with numerousother reports clearly indicate that cirrhotic

changes in the liver result in a significantly increased risk of postoperative liver

failure. However, the prevalence of this fatal complication shows significant

variability, between 3 to 32 % ofcirrhotic patients dying from this complication.

1.2.1.2.2 Steatosis

Steatosis is a fatty degeneration of the hepatocytes, in which initially small and

multiple microvesicular lipid droplets appear in the cytoplasm. With progression these

coalesce transforming the cell into a lipocyte with a peripherally located nucleus.

While steatosis in its early phases is reversible it can also lead to fibrosis and

eventually cirrhosis. The aetiology of the condition is varied; while it is usually the

result of excessive alcohol consumption steatosis can develop as a result of obesity,

diabetes, jejuno-ileal bypass or follows exposure to certain medication, most

frequently estrogens (Cotranet al. 1989).

A numberof studies have investigated steatosis as a risk factor for poor outcome

following liver resection. A retrospective clinical study of 135 patients undergoing

major resection, involving 4 or more segments, the presence of hepatic steatosis was

found to be associated with increased postoperative mortality. Patients with moderate-

to-severe steatosis, defined as more than 30% hepatocytes involved, had an increased

incidence of liver failure compared to the control population (14% versus 3%)

(Behrns ef al. 1998). The authors suggest that efforts should be made to identify

steatosis prior to major resection. It is of note that operative time was significantly

increased in the steatotic patients but the requirement for blood transfusion was not

(Behrnset al. 1998).
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It may also be ofnote that in a retrospective study Adamet al reported that the use of

steatotic donorlivers resulted in higher mortality. They have recommended thatlivers

showingsevere steatosis should not be used for transplantation (Adam ef al. 1991). In

another study marked steatosis was found to be an independent predictor of

complications following hepatic resection but did not have a significant impact on 60-

day mortality. The authors conclude that steatosis alone should not preclude

aggressive hepatic resection for neoplasms when indicated; however, patients with

marked steatosis undergoing large resections should still be approached with due

caution (Kooby ef al. 2003). In addition preoperative cholestasis is a highly

significant risk factor for mortality in patients with hepatic steatosis (McCormack ef

al. 2007).

An increasing number of patients undergo chemotherapy with drugs such as

irinotecan andoxaliplatin that have both been associated with steatosis and the rate of

complication and death are increased in these patients (Fernandez et al. 2005;

Vautheyef al. 2006). In addition severe hepatic sinusoidal obstruction associated with

oxaliplatin can give rise to blue liver syndrome in which patients may have a higher

intraoperative blood loss and postoperative complications (Bilchik ef al. 2005). As a

result many surgeons avoid majorresections in such patients (Clavien ef al. 2007;

Fernandez et al. 2005). Bevacizumab, a monoclonal antibody targeting vascular

endothelial growth factor (VEGF) in combination with cytotoxic chemotherapy

significantly improves survival in patients with metastatic colorectal cancer (Hurwitz

et al. 2004). However, there is a theoretical risk that bevacizumab may impair liver

regeneration by delaying angiogenesis (Ellis ef al. 2005). At this point it is not clear
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how real this problem is and whether smaller resections or longer chemotherapy to

surgery delays are justified in these patients (Clavien ef al. 2007)

Finally, it is of note that steatosis can often be treated successfully with strict low fat,

high protein diet within a matter of weeks andtherefore consideration should be given

to this preoperatively (Nakamuta ef al. 2005).

1.2.1.2.3 Cholestatic jaundice

In patients suffering with cholangiocarcinoma there is a high incidence of cholestatic

jaundice. Although carcinoma of the bile ducts is not common in the general

population, it is a relatively frequent malignancy in patients undergoing liver

resection. About 50% of these tumoursaffect the upper third of the biliary tract. The

surgical removal of operable hilar tumours regularly involves the resection of a

significant amount of liver parenchyma, often a major liver resection is required

(Launoiset al. 1979). Over 90 % ofthese patients present with jaundice, which may

be profound.

In a study of 105 hilar cholangiocarcinomas, 70% of patients presented with

obstructive jaundice necessitating percutaneoustranshepatic biliary drainage. 92% of

the patients had 2 or more segments resected. In addition 31% of the patients also

underwentresection of the portal vein, while 10% had a Whipples procedure carried

out. The overall mortality in the study was 9.5%, with 3.8% of the deaths occurring

within 30 days after the operation. The frequency ofliver failure in the entire patient

group wasrather high, 28%. Furthermore, the extent of the resection showeda strong
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correlation with poor outcome; 17% of patients undergoing less than 50%

hepatectomy ofthe liver suffered from liver failure, which increased to 37% if more

than 50% of the liver was removed (Nagino et al. 2001). Ebata and colleagues

reported a series of liver resections for cholangiocarcinoma with macroscopic portal

vein involvement and portal vein resection and showedthatit offers survival benefit.

82% of the patients were jaundiced. They had a mortality rate of 10% and 5 ofthe 11

patients who developed liver failure died (Ebata ef al. 2003). The high mortality rate

due to liver failure in these groups of patients indicates that preoperative jaundice

increases the risks of liver failure. However, the mechanisms for this remain to be

investigated.

1.2.1.2.4 Preoperative cholangitis and infection

Melendez investigated whether the presence of preoperative cholangitis was a risk

factor for mortality in a retrospective clinical study of 226 extended hepatectomies.

Of the 5 patients with preoperative cholangitis, 2 died (40%) both of them from

intraabdominal sepsis (Melendez et al. 1998). In contrast in a study of 115 patients

undergoing hepatectomyforbiliary tract malignancy, Kanai and Nimura 1996 found

that 8 out of 22 patients with cholangitis died (36.4%). The mortality in patients

without cholangitis was 15.6%. Furthermore, of the 8 patients who died, 6 had liver

failure (Kanaiet al. 1996).

While these studies focused on cholangitis as a specific risk factor in a study by

Shigeta et al. investigated the consequences ofbacteremia, irrespective of its source in

hepatectomy patients. During the 10 year period of the study 407 such operations

were carried out at this centre, and 188 of these patients (46%) had multiple blood

cultures donein order to eliminate the possibility of bacteremia. As a result of these
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tests 46 patients (11%) were found positive. The frequency of bacteremia was

significantly higher in patients with obstructive jaundice (24%) than those without

this problem (4%). 25 of the 46 patients with blood stream infections developed liver

failure. Importantly, there was a significant difference in the distribution of liver

failure between the bacteremic and non-bacteremic patient population. In the former

group 54 % of patients hadliver failure while in the latter population this value was 9

% (Shigeta et al. 2002). The authors highlight the importance of blood culturesin the

clinical management of hepatectomy patients developing febrile conditions after

hepatectomy. However, this publication highlights the fact that the presence of

bacteremia represents risk factor for the developmentofliver failure. In the absence

of comparable studies from other centres it is impossible to establish how typical

these results are. Certainly the proportion of patients developing liver failure seems

higher than in many other publications. However, this may be related to the extent of

resections too as 43 % ofthe patients 4 or more segments removed.

The relatively high frequency of blood infections in patients undergoing extensive

hepatectomy could be explained by experimental observations by Nariokaet al. These

autors developed a rather complex model in which the normal gut flora of rats was

replaced by an E. coli strain that was maderesistant to bacitracin, neomycin and

streptomycin. These animals were then subjected to sham operation, the ligation of

the common bile duct or the ligation of the commonbile duct followed by partial

hepatectomy later. Due to the presence ofthe triple antibiotic resistance, gut derived

bacteria could be identified in any tissue of these animals. The results indicated that

partial hepatectomy significantly increased the number of bacteria detected in the

spleen, liver and even in the lungs (Narioka et al. 2002). A study by Wanget al also
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found that bacteremiaafter liver resection in rats was a frequent and occurred within 2

hours of surgery, andits likelihood was proportional to the extent of resection (Wang

et al. 1992).

These results from the aboveclinical study and the experimental data seem to indicate

that bacteremia in patients with extensive resections may be an underestimated

occurrence, and could be a significant risk factor for the developmentofpostoperative

liver failure.
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1.2.1.3 Preoperative analysis of hepatic function

Evaluation of liver function can be divided into screening tests and quantitative or

dynamictests. Not all of the quantitative tests are routinely performedin all hepatic

units but are reserved for assessment of the high-risk cirrhotic or jaundiced patient.

The emphasis here is placed on the ability of each factor to predict mortality due to

postoperative liver failure.

Screening tests include a measure of the serum level of substances that are

synthesized or excreted by the liver. The most commonly used tests are serum

bilirubin, serum alkaline phosphatase, serum transaminases, serum albumin and

prothrombin time. Although they are commonlycalled liver functiontests they are not

a measure of function because they may depend upon extrahepatic factors.

Although some authors have showedcorrelation betweenbilirubin level and mortality

(Adam et al. 1991; Behrnsef al. 1998; Melendez et al. 1998) total serum bilirubin is

neither sensitive nor specific for detecting liver disease although it does have some

prognostic value and is part of the Child-T urcotte-Pughclassification (see table 1.1).

Prothrombin time and serum albumin, also part of the Child-Turcotte-Pugh

classification, are an indication of hepatic synthetic activity. Due to the half-life of

these proteins, prothrombin changes are apparent sooner during a hepatic insult than

albumin, which hasa half-life of 20 days. Neither proteins are specific indicators of

poor otcome (Hemmingefal. 2001; Melendez er al. 1998).
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Serum levels of alkaline phosphatase (ALP), alanine aminotransferase (ALT),

aspartate aminotransferase (AST) and gamma glutamyl-transpeptidase (GGT) are

used for screening for hepatobiliary disease but specificity and sensitivity are low.

The prognostic value of these tests alone prior to liver resection is questionable.

Whilst Nagasue showed low preoperative transaminases predicted lower mortality

(Nagasue ef al. 1999), others found no difference in preoperative transaminases in

patients who had inadequatefunctional reserve and those whodid not suggesting that

transaminasesare not sensitive enough toselect these patients (Hemmingef al. 2001).

Other serum markers that have been suggested to predict postoperative course are

hippurate ratio (Hemmingef al. 2001) and hyaluronic acid (Daser al. 2001) although

neither appears to have been widely introduced.

Quantitative tests of preoperative liver function are most often reserved for patients

with cirrhosis and are summarised in Table 1.2
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Function measured Test Priciple of test

 

Microsomalhepatic

function

Breathtests;

aminopyrine,

methacetin,caffeine

Clearancetests;

Lidocaine,

antipyrine,caffeine

Assessmentofliver oxidation capacity by probing

hepatic microsomal P450 enzymeactivity.

Exhaled labelled CO, is measured

Measure metabolic elimination of the compound

or appearance of metabolites in blood

 

Cytosoloic hepatic

function

Elimination capacity
test; galactose

Measurementofserial serum galactoselevels after
intravenous administration

 

Liver perfusion and

biliary excretion

Clearancetest;

indocyanin green

Indocyanin greenis distributed in serum, removed

by the liver and excreted into bile without entering

enterohepatic circulation

 

Liver perfusion Clearancetest; low

dose galactose, sorbitol

Thehigh rate of extraction by the sinusoidal

membraneofhepatocytes implies a hepatic

plasma flow- dependant mechanism

  Hepatocyte mass  Uptaketest;

technetium-99m-

galactosyl human serum

albumin labelling

Technetium-99m- galactosyl human serum

albumin accumulates only in the liver by ligand-

receptor binding and is visualised by scintigraphy 
 

Table 1.2 Quantitative tests of preoperative liver function

Fan and colleagues found that preoperative Indocyanine Green Retention at 15

minutes (ICG R-15) clearance could predict hospital mortality in cirrhotic patients

whereas liver biochemistry and aminopyrine breath test could not (Fan et al. 1995).

However ICG R-15 cannot be relied upon on in marked hyperbilirubinaemia since

bilirubin shares its carriers. Lau et al carried out a prospective study comparing the

indocyanine green clearance test, the aminopyrine breath test and the amino acid

clearance test. The authors found that the ICG R-15 min is the best discriminating

preoperative test for evaluating hepatic functional reserve in patients with

hepatocellular carcinoma before hepatectomy (Lauet al. 1997).
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The lidocaine (monoethylglycinexylidide or MEGX)test wasoriginally introduced to

assess the viability of potential liver grafts (Oellerich et al. 1989). Ercolani performed

the test in 200 patients with different liver diseases and in 23 organ donors, and

compared it with commonlaboratory tests. The MEGX test was found to be reliable

index of hepatic function. Patients with hepatocellular carcinoma with MEGX value

of less than 25 ng/mL had a higherrisk ofliver insufficiency after hepatic resection.

(Ercolaniet al. 2000). In an assessmentof the preoperative lidocaine test (MEGX) in

cirrhotic patients who were candidates for curative liver resection for hepatocellular

carcinoma, MEGX value lower than 25 ng/dL in cirrhotic patients was related to a

significantly higher risk of liver insufficiency and postoperative complications after

hepatic resection (Ravaioli et al. 2003). However others had previously demonstrated,

in a experimental model, that the lidocaine-MEGXtestis less reliable as a measure of

functional hepatic damagein the early stages of an acute liver failure (Gruttadauria et

al. 1999). Other authors compared indocyanine green elimination rate, galactose

elimination capacity and monoethylglycinexylidid (MEGX) formation and found

ICG R-15 serves best to indicate postoperative liver failure (Zoedleret al. 1995).

Degre showed that aminopyrine breath test is as good as the Child-Pugh score, or

better, as a predictor of death amongcirrhotic patients awaiting liver transplantation

but this was only in univariate analysis (Degre et al. 2004). '3C methacetin has been

used to assess cirrhotic patients before and after transplantation (Petrolati et al. 2003)

but an internet search at the time of submitting this thesis did not reveal any published

literature predicting outcomein liver resection.
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Preoperative technetium-99m galactosyl-human serum albumin (Tc-GSA) liver

scintigraphy may predict postoperative decompensated liver function andits value has

been investigated in patients having resection of hepatocellular carcinoma.

Multifactorial analyses showed that hepatic uptake ratio of Tc-GSA and Child-Pugh

grade significantly predicts postoperative complications and that Tc-GSA is a

significant predictor of complications in patients with Child-Pugh grade B disease.

Tc-GSA was a reliable preoperative indicator of the risk of major postoperative

complicationsin patients who had resection for HCC (Kim et al. 1997a).

Parenchymal Hepatic Resection Rate (PHRR)is a preoperative estimation of the safe

limits of hepatic resection that has been attempted with preoperative CT estimations

of liver and tumour volume.

PHRR (%) = (resected — tumour) volume x 100

(liver - tumour) volume

These were compared with measured volumeofthe resected specimensin 38 patients.

Differences in estimated and actual liver and tumour volume were 10% and 7%

respectively. Close correlation was observed between the PHRR and ICG R15 relative

to the patients' outcome (Okamotoetal. 1984).
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1.2.1.4 Prognostic scores

Prognostic scores attempt to circumvent the limitations of a single test by combining

several factors into a more complicated mathematical formula. The Child-Turcotte

classification was described in 1964 and wasused for the assessment of patients with

portocaval shunts (Child & Turcotte 1964). Later the use was extended and the

nutritional criterion was replaced by the prothrombin time (Pugh ef al. 1973b). This

was renamed the Child-Turcotte-Pugh classification. The assignment of patients into

classes A, B and C was found to be inconsistent and a different approach was

developed whereby a numerical score is assigned to each parameter and these are

added (Zimmermann & Reichen 1998). These are shown in table 1.1. Whilst some

authors have shown that grade significantly predicts postoperative complications

(Kim ef al. 1997b) others disagree (Gill et al. 1983). Mortality was shown to be higher

in Child’s class B compared to A (Francoet al. 1990). Child’s class A does notaffect

survival (Vauthey et al. 1995) but mortality in Child’s class B may not be due to

hepatic failure (Chou et al. 1994). Increasing age within the same Child’s class

increases mortality (Yanaga ef al. 1988). A recent stategy suggested uses a

combination of the Child-Turcotte-Pugh score and an ICG R-15 value. Those with

Child-Turcotte-Pugh score B and C, portal hypertension and an ICG-R15 value of

>20% should not be offered surgery. A combination of the Child-Turcotte-Pugh score

A in the absence of portal hypertension and an ICG-R15 value of 14-20% should be

combined with portal vein embolization prior to surgery. (Clavien ef al. 2007).

The difficulties and interobserver variability for the subjective parameters in the

Child-Turcotte-Pughclassification led to the developmentof the "model for end stage

liver disease" (MELD) score based on laboratory values only, which should be more
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objective and accurate than Child-Turcotte-Pugh classification. Originally, the MELD

score was developed for patients undergoing trans jugular intrahepatic portosystemic

shunt (TIPS) (Malinchocef al. 2000). It was then modified slightly to predict survival

in patients with liver cirrhosis in general (Kamath ef al. 2001). MELDis a continuous

function of bilirubin, international normalised ratio (INR), and creatinine to predict

short term (three months) survival rates and was derived by Cox proportional hazards

regression analysis and validated in an independentpatient sample.

In a retrospective study of 587 patients undergoing elective liver resections, the

authors investigated the possibility of MELD score, Child-Pugh score, ASA

classification, Charlson index of comorbidity, and age to predict postoperative

morbidity and mortality. From their analysis, they concluded that preoperative MELD

score should not be used to predict outcome in patients requiring liver resections.

(Schroeder ef al. 2006). However Ercolani points out in an editorial that the

population studied had an unrepresentative numberof non-cirrhotic patients in whom

it is well known that the balance between extension of liver resection and remaining

liver volume is the key point to minimize postoperative risks. (Ercolani ef al. 2006)

This latter group reported that MELD score is a reliable index in the preoperative

evaluation of liver function in cirrhotic patients undergoing partial hepatectomy for

hepatocellular carcinoma.In their study, they analyzed the postoperative outcome on

154 resected cirrhotic patients (92% Child A and 8% Child B patients). MELD score

was below 9 in 49% of cases, between 9 and 10 in 35%, and 11 or above in 16%. A

significant different in postoperative mortality, morbidity, hospital stay, and 1-year

survival was reported in these 3 groups (Cucchetti et al. 2006) They showed that

MELDscore provides a more accurate partition of Child-Pugh class A patients, and it
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is able to identify those patients who are at high risk of postoperative liver failure and

those who canbesafely treated with partial hepatectomy.

Thus a range of methodsto categorically quantify the functional reserve of the liver

have been developed, ranging from scoring systems (such as the Child-Pugh

classification) to tests assessing complex hepatic metabolic pathwaysto radiological

methods to assess functional reserve. These have been reviewed However, no one

method has emerged as a single measure with which to dictate safe limits of

resectability (Mullin e¢ al. 2005).

The American Society of Anesthesiologists (ASA) physicalstatus classification (ASA

2007) is a scoring system designedto stratify patients according to their perioperative

risk. This covers all operations and has not been specifically geared to liver

operations.It is assigned either in the preoperative periodorat the time of surgery by

the anesthetist according to the following guidelines:

 

 

 

 

 

 

  

ASA Physical condition

score
1 normal healthy patient

2 patient with mild systemic disease

3 patient with severe systemic disease

4 patient with severe systemic disease, a constantthreatto life

5 moribundpatient whois not expected to survive without the operation

6 Declared brain-dead patient whose organsare being procuredin anticipation of transplantation.  
Table 1.3 American Society of Anesthesiologists (ASA)physicalstatus classification (ASA 2007)

In a retrospective study of 747 patients 478 had no underlying liver disease. Of these

subgroup univariate analyses showed ASAscoregreater than | to be a significant risk
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factor (p=0.02) (Belghiti et al. 2000). In a recent prospective study ASA grade greater

than 3 has been shownto be associated with mortality although the authors do not

specify whetherit is related to liver failure or not (Viraniet al. 2007).
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1.2.2 Operative and perioperative factors influencing the outcomefollowing liver

resection

There are many large series in the literature aimed at identifying independent

predictors of mortality using univariate and multivariate analyses. A review of these

studies reveal that, in addition to problems caused by pre-existing parenchymal

disease, there are several other factors associated with death due to hepatic

insufficiency following resection and an attempt has been madeto focus onthese.

1.2.2.1 Blood loss and transfusion

Blood loss and blood transfusion has been foundto correlate with high mortality after

liver resection over a numberof years (Didolkar et al. 1989; Dociet al. 1995; Foster

& Berman 1977; Holm et al. 1989; Nagao et al. 1987; Takenaka et al. 1996). With

increasing use of the Pringle manoeuvre, low central venous pressure and operative

techniques blood loss has decreased but still can be a significant problem in some

patients.

In a study of 113 consecutive elective liver resections multivariate analysis

demonstrated three statistically significant risk factors pre operative cholestasis,

extent of liver resection and intra operative blood transfusion (Gavelli ef al. 1993).

Melendez and colleagues found blood loss of greater than 3 litres to be a risk factor

for mortality in extended hepatectomy. Of 226 patients, 9 had blood loss greater than

3 litres, 3 of these died (30% mortality with versus 5% without) (Melendez et al.

1998). A clinical series, evaluated prospectively on a yearly basis, of 330 patients

undergoing hepatectomy for hepatocellular carcinoma with approximately 50%

cirrhotic patients per year showed a 0% hospital mortality rate in the last 110
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consecutive patients in 1996 and 1997. Hospital deaths were 9.5% prior to 1996 and

0% after. There had been significant reductions in blood loss and transfusion with

only 36% being transfused. (Fan et al. 1999).

In a retrospectiveclinical study of 315 patients for HCC, of which, 256 had cirrhosis

(81%). 24 patients (7.6%) had post-operative liver failure (6 of these had re-op for

bleeding). Almostall causes of death were liver failure and all the patients who died

had liver failure. Multivariate analysis showed ICG R-15 and blood loss

independently correlated with survival (Nonami ef al. 1999). Das and colleagues

found blood loss greater than 1000ml to correlate with high morbidity (Das ef al.

2001).

Matsumata and Yanaga demonstrated increased abdominal sepsis with blood loss of

greater than 3 litres (Matsumataet al. 1995).

In a study of 100 consecutive major resections, comprising 73% with normal

parenchyma, multivariate analysis showed blood transfusion of greater than 600ml

and simultaneous procedure were the most important independent risk factors for

complications (Polet al. 1999). Hemming noted that bloodtransfusion is significantly

higher in patients whodie but not all deaths were dueto liver failure. (Hemmingetal.

2001). In contrast, patients can undergo massivetransfusions and still recover (Finch

et al. 1998). In a retrospective study of 747 patients 109 patients received a blood

transfusion. Increased mortality was observed only in the group of 14 patients who

received more than 5 units but it was not and independent risk factor of mortality. It
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did correlate with extent of resection and presence of malignancy (Belghiti ef al.

2000).

1.2.2.2 Extent of resection

One study aimed to determine the maximum extent of hepatic resection in patients

with normal liver parenchyma that would be compatible with a safe postoperative

outcome. Among 265 major hepatectomies performed (1998 - 2000), 138 patients

were selected. All had normal parenchyma andno additional preoperative or operative

procedures. Remnantliver volume (RLV) wasassessed using CT and functionalliver

volume (FLV) calculated using height and body weight that had previously been

described (Lin et al. 1998). Patients were divided into five groups based on RLV /

FLV ratio from 30 - 60. Kinetics of postoperative liver function tests correlated with

remnant liver volume. Postoperative complications were stratified by RLV / FLV

ratios. 65% patients underwentresection of up to four Couinaud segments. The RLV /

FLVratio was 60 in 68% patients (including only 9% with RLV / FLVgreater than or

equal to 30. There wasno linear correlation between the numberof resected segments

and the RLV / FLV. Postoperative serum bilirubin but not prothrombin time

correlated with extent of resection. The incidence of complications including liver

failure was not different among groups. Analysis of the four groups with a RLV /

FLVratio greater than or equal to 60 showeda trend toward more complications and

a longer intensive care unit stay in patients with the smallest remnant liver volume.

After major hepatectomy in patients with normallivers, the proportion of patients

with a small remnantliver is low and notdirectly related to the number of segments

resected. Althoughthe rate of postoperative complications, including liver failure, did

not directly correlate with the volume of remaining liver, the postoperative course was
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more difficult for patients with smaller remnants. The authors conclude that

preoperative portal vein embolization should be considered in patients who will

undergo extended liver resection who either have injured liver or normal liver when

the planned procedure will be complex or whenthe anticipated RLV / FLV will be

greater than or equal to 30% (Yigitler et al. 2003)

A review was carried out of morbidity and mortality after hepatic resection for

metastatic colorectal cancer in 208 consecutive patients who underwentthis procedure

between 1980 and 1992. Overall postoperative morbidity and mortality rates were 35

and 2.4 per cent respectively. The major morbidity rate was 18 per cent, the main

complications being intra-abdominal sepsis, biliary fistula and haemorrhage. Of the

different factors examined, morbidity was significantly related to the extent of liver

resection (53 versus 21 per cent after major and minor resections respectively),

amount of blood transfused (18 versus 52 per cent for no transfusion and more than

300 ml transfused respectively) and the date of the operation (53 versus 24 per cent

before and after 1986 respectively). Multivariate analysis showedthat only the extent

of hepatic resection and the period during which surgery was performed (before or

after 1986) retained statistical significance. These data support the opinion that

surgical treatment of hepatic metastases from colorectal cancer is an effective

procedure with acceptable mortality and morbidity rates (Doci 1995).

In one of the largest retrospective studies involving 747 patients, there were 333

major resections, involving the removal of three segments or more, and 414 minor

resections. Univariate analyses of several risk factors showedthat the probability of in
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hospital death wassignificantly higher in the major resection group (p=0.05) (Belghiti

et al. 2000).

In a study of 165 patients overall hospital mortality was 10 (6%). Multivariate

analyses indicated that extended lobectomy was a significant and independent

predictors of surgical death (Bolton & Fuhrman 2000). Sixty percent resection of the

liver is common andincreasingly larger resections of up to 80% have been performed

with low mortality (Nagasue ef al. 1987).

1.2.2.3 Site of resection

In a study of 100 consecutive major resections (73% with normal parenchyma),

extended right hepatectomy was among the factors associated with liver failure.

Concominant proceedure and underlying parenchyma were the other factors found to

be significant (Pol et al. 1999).

Using multivariate logistic regression analysis of 209 liver resection, Shimadaetal

identified resection of segment 8 as one of the the risk factors predicting major

postoperative complications (Shimanda 1995). They also noted that procedures

involving a portion ofleft lateral segment were foundto decreasetherisk.

Left sided hepatectomy is an independent risk factor for biliary compliations. Bile

drainage from the caudate and not infrequently the right posterior segmentdrain into

the left duct and are at higher risk of damage if the duct is divided close to the hilum.

Lo et al recomend preoperative cholangiographyparticularly for extended resection or

trisegmentectomyandintrahepatic division orthe left hepatic duct (Lo er al. 1998).
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1.2.2.4 Length of operation

Operation time is an independent risk factor for biliary compliations. The causal

relationship is not clear. Prolonged operation length and biliary complications may be

indicative of a technically demanding operation. (Lo ef al. 1998).

Behrns carried out a retrospective study of 135 patients undergoing major resection

with moderate-to-severe hepatic steatosis (defined as greater than 30% hepatocytes

involved) compared to controls. Patients with moderate-to-severe hepatic steatosis

were found to be associated with increased perioperative mortality (14% versus 3%)

and liver failure (14% versus 4%). Operative time in these patients wassignificantly

increased but blood transfusion wasnot. (Behrns efal. 1998).

1.2.2.5 Extrahepatic resection

In the large retrospective study of 747 patients by Belghiti et al, of the 478 patients

with no underlying liver disease the addition of an extra hepatic procedure was

associated with significantly increased mortality according to univariate analyses.

(p=0.004) (Belghiti er al. 2000).

In a review of 100 consecutive major resections, multivariate analysis showed

simultaneous procedure in addition to blood transfusion to be the most important

independent risk factors for complications. Factors associated with liver failure

included concomitant procedure. The most common simultaneous procedures were

extensive lymphadenectomy of the hepatoduodenal ligament (17%), resection and
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reconstruction of bile duct (12%), diaphragm orpericardial resection (8%), portal vein

thrombectomy (4%) and colectomy (4%) (Pol ef al. 1999).

In a study by Bolton et al, multivariate analyses indicated that synchronous colonic

and hepatic resection and extended lobectomy were significant and independent

predictors of death. Extended lobectomy and synchronousresection in combination

was significantly more frequent in resections with bilobar or multiple metastases

(greater than 4) than in simple resections with mortalities of 25 and 10% respectively.

They conclude that patients who have complex hepatic metastases at the time of

diagnosis of the primary colorectal cancer and who would require extended hepatic

lobectomy should have hepatic resection delayed for at least 3 monthsafter colonic

resection (Bolton & Fuhrman 2000).

In a retrospective clinical study of 226 extended hepatectomies,five risk factors for

mortality were identified with a 95% confidence interval (Melendez et al. 2001).

Concominant intra-abdominal or thoracic surgery were not independant predictors

and others agree (Sitzmann & Greene 1994; Capussotti & Polastri 1998).

1.2.2.6 Concominentpartial resection of the inferior vena cava (IVC)

Melendez found IVC resection to be a risk factor for mortality in extended

hepatectomy with a 95% confidence interval. Ten out of 226 patients had IVC

resection and3 ofthese died (33% mortality with versus 5% without) (Melendezefal.

2001).
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1.2.2.7 Ischaemia-Reperfusion Injury (IRI)

In a review of 142 patients undergoing vascular occlusion, comparison was made

between those patients with greater than or less than 45 minutes of continuous

occlusion. There was no difference between incidence of morbidity or mortality

between the two groups (Delva et al. 1989). Nagasue found that patients with

cirrhosis tolerate ischaemia in a similar way (Nagasue 1985).

In an attempt to find the limit for continuous occlusion, Huguet reviewed 50 patients,

comparing below 30, 30-60 and 60-85 minutes of continuous normothermic

ischaemia including similar numbers with hepatic vascular exclusion (HVE). He

concluded that over one houris safe and that the upper limit had not been reached in

this study and that cirrhosis should not be a contraindication (Huguet C 1992).

Prolonged ischaemia of 50-75 minutes was compared to shorter time periods in

cirrhrotic patients. Hepatocyte injury was foundto begreater although no increase in

mortality or morbidity occurred (Kim ef al. 1993). Others have suggested that

hepatocyte injury is less important than integrity of the non-parenchymalsinusoidal

lining cells. This has been shownto be the case in graft failure from cold ischaemia

reperfusion injury in animal models (Caldwell-Kenkelet al. 1988; Caldwell-Kenkel et

al. 1989; Ikeda et al. 1992).

Intermittent vascular exclusion of the liver (IVEL) combines clamping of the hepatic

pedicle with clamping of the main hepatic veins without interruption of caval flow. In

a small study, Elias and colleaugues compared IVEL with total vascular exclusion

(TVE). They found that it was effective in reducing blood loss and had the advantage
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of avoiding IVC clamping and the haemodynamic consequences and also increased

time forliver transection (Elias et al. 1995).

In a prospective randomised study comparing total vascular exclusion with portal

triad clamping alone intra-operative blood loss were similar in the two groups but

hepatic vascular exclusion was associated with unpredictable haemodynamic

intolerance, increased postoperative complications and longer hospital stay (Belghiti

et al. 1996).

Another prospective randomised trial compared intermittent clamping to no clamping.

Whilst intermittent clamping waseffective in reducing bloodloss, liver function was

better preserved. The only death dueto liver failure was in the control group (Manet

al. 1997).

In a prospective clinical study of 86 patients, excluding patients who had total

vascular exclusion, intermittent and continuousportal triad clamping were compared

Intermittant clamping was found to be associated with reduction in hepatocellular

injury according to plasma markers, especially in the presence of preexisting liver

disease. The overall blood loss was no different, but blood loss during transection was

significantly raised in the intermittent clamping group. However, the transfusion rate

was no different (Belghiti et al. 1999). The apparent benefit may be outweighed by an

increase in blood loss. Following an initial small, prospective clinical study, Clavien

et al suggest that ishcaemic preconditioning of the liver followed by periods of

continuous clamping up to 30 minutes during transection is protective and combines

the advantages of reduced blood loss during transection when a continuous period of
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clamping is used, with protection of the parenchyma(Clavienet al. 2000). The same

group followed this study up with a prospective randomized study of 100 patients.

They found that the strategy is particularly effective in young patients requiring a

prolonged period of inflow occlusion, up to 60 minutes, and in the presence of

steatosis, and is possibly related to preservation of adenosine triphosphate (ATP)

content in liver tissue (Clavien et al. 2003). Another group evaluated ischaemic

preconditioning for periods of continuous clamping greater than 30 minutes in 42

consecutive patients. They foundthat although postoperative transaminases increased

with increasing duration of ischemia in both groups, the increases were significantly

smaller with the use of preconditioning (Nuzzoet al. 2004).

Although there have not as yet been any studies in patients to directly compare

ischemic preconditioning with intermittent inflow occlusion, a study in a mouse

model comparing each methodsto continuous inflow occlusion for periods up to 120

minutes has been performed (Rudiger et al. 2002). Both were superior to continuous

clamping that had 100% mortality. Although intermittent inflow occlusion and

ischaemic preconditioning were similar at 75 minutes with 100% survival,

intermittent inflow occlusion was associated with better animal survival (71%)

compared with preconditioning (14%) at 120 minutes. It may be that in the clinical

setting, preconditioning is superior for shorter ischaemic periods to reduce bloodloss

during transection of the liver with intermittent clamping for prolonged ischemic

insults. However studies in human subjects are needed to verify this as animal

tolerance to ischaemiais very different.
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Gurusamy et al searched The Cochrane Hepato-Biliary Group Controlled Trials

Register, the Cochrane Central Register of Controlled Trials (CENTRAL) in The

Cochrane Library, Medline, Embase and Science Citation Index Expanded until

March 2007. They included randomised clinical trials comparing vascular occlusion

versus no vascular occlusion during elective liver resections (irrespective of language

or publication status). They also included randomised clinical trials comparing the

different methods of vascular occlusion and those investigating the role of ischaemic

preconditioningin liver resection. The authors report no difference in the mortality or

liver failure between the following comparisons; vascular occlusion compared with no

vascular occlusion, complete inflow and outflow occlusion, ischaemic

preconditioning versus no ischaemic preconditioning before continuousportal triad

clamping, ischaemic preconditioning before continuous portal triad clamping and

intermittent portal triad clamping. All four cases of mortality and liver failure in a

comparison betweenthe intermittent and continuousportal triad clamping occurred in

the continuous portal triad clamping but this was not statistically significant

(Gurusamyef al. 2007)
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1.2.3 Postoperative Complications

1.2.3.1 Re-operation for post-operative bleeding

Reoperation for post-operative bleeding is associated with liver failure and death.

Perioperative blood loss is discussed above underoperative factors.

1.2.3.1 Biliary complications

In a study of 347 patients undergoing 229 major and 118 minorpartial hepatectomy,

biliary complications occurred in 28 patients (8.1%) This group had significantly

increased risk of liver failure (35.7% versus 7% without) and hospital mortality

(39.3% versus 6% without). Univariate analyses identified 14 variables and stepwise

logistic regression analysis amongthese identified age, preoperative white cell count,

left sided hepatectomy and operationtime asthe only risk factors for the development

of biliary complications (Lo ef al. 1998).

1.2.3.2 Sepsis

Brancatisano et al reviewed 200 resections in 181 patients aiming to evaluate safety of

radical resection (major resection with lymphadenectomyand excision of portal vein

and /or inferoior vena cava). 74% of patients had a major resection there was an in

hospital mortality of 5%. Of the 5 deaths associated with liver failure, 3 early and 1

late death were associated with sepsis (Brancatisano ef al. 1998). In another large

series, involving 747 patients, there were only 5 deaths of 441 non-cirrhotic patients

(1%) Two ofthe deaths resulted from myocardial infarcts, the remaining 3 from septic

complications. (Belghiti et al. 2000). Lo and colleagues also link biliary

complications to sepsis as has been discussed previously (Lo etal. 1998).
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1.2.5 Summary

There are several pre-operative, operative and post-operative factors that have been

shown to be associated with mortality due to liver failure from these clinical series.

Many groups had similar experiences and certain factors come up as being

statistically significant more often.

Underlying cirrhosis, obstructive jaundice and preoperative cholangitis have all been

shown to be related to a higher incidence of post-operative mortality. Indocyanin

green retention at 15 minutes has consistently been the best prognostic preoperative

test to predict post-operative liver failure. Among the operative factors are

haemorrhage, extent of resection, concominent resection of a primary colorectal

tumourandthe postoperative risk factors are sepsis and biliary complications.
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1.3

Liver Regeneration
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Thefirst scientific and surgical reports, written in English, on the ability of the liver to

regenerate could be traced back to the latter two decadesofthe 19" century. Although

it is possible that similar work was done and published prior to these in other

languages, probably Chinese or Japanese, these are not readily accessible. Oneofthe

seminal early papers on the processofliver regeneration is the work of Higgins and

Anderson (Higgins & Anderson 1931). This publication described a simple and

reproducible approach to remove twothirds of the liver in rats and documented in

detail the timing of the regenerative process. Mitotic changes were seen after 24

hours, with the peak of the cell divisions on the 2™ and 3 postoperative days, when

most of the liver weight increase took place. Early in the second postoperative week

another, less pronounced, growth phase was seen and by day 10 the body weight to

liver weight ratio reached preoperative levels. However, as body weight at the end of

the second week wasless than preoperatively the regenerative process could not be

regarded as complete. In fact it took about 4 weeks before both total body weight and

the weight of the liver were fully re-established. 70 years and of experience with this

model showedthat in the absence of additional adverse interventions the two thirds

hepatectomy described leads to complete liver regeneration and almost 100% survival

(Rozga 2001; Emondet al. 1989). With the widespread availability of genetically

modified animals most of the recent work on the process of liver regeneration has

been carried out in mice and the operative process described by Higgins and

Anderson has been widely adopted in this species too. However, as discussed in detail

later in Chapter 3, due to anatomical differences the removal of the medial andleft

lateral lobes results in a less extensive liver resection in mice than in rats.

Nonetheless, rather confusingly, some authorsstill refer to this operation as twothirds

or 70% hepatectomy in mice (Akita et al. 2002; Li et al. 2002). Finally, it is worth
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mentioning that a pig model, showing somesimilarities to the original Higgins and

Anderson approach hasalso been developed (Kahn 1988).

The original observations by Higgins and Andersonalso indicated that although liver

and body mass were extremely variable between individual animals the liver mass to

body massratio was fairly consistent with the liver being approximately 4% of the

body mass (Higgins & Anderson 1931). This relatively tight regulation of liver mass

suggests that complex mechanisms govern the optimal weight of the organ. This

relationship between body mass andliver size was confirmed in other species too.

Whentheliver from large dogs wastransplanted into animals that were significantly

smaller the size of the donor organ became smaller until the organ become

proportional to the new body size (Kawasaki ef al. 1992). In these experiments the

“surplus”liver tissue was lost via apoptotic cell death. In the contrasting scenario, the

transplantation of a small liver into a large recipient (small for size) caused an

increase in liver volume (Francavilla et al. 1994). An identical regulation of liver size

in humantransplant patients has been widely observed (Pomfret er al. 2003; Humaret

al. 2004).

1.3.1 Experimental evidence assessing the regenerative capacity of the liver

At first glance the fact that the adult liver can regenerate may seem surprising. The

majority of the tissue is contributed by hepatocytes. These cells are typically

multinucleated, with predominantly tetrapliod cells being mixed with a smaller

diploid population, both in humans and rodents (Gressner 1995). Under normal

circumstances cell division is rarely seen and the differentiated appearance and
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specialized function of the cells would notintuitively identify hepatocytes as the cells

with one ofthe highest proliferative capacities in the body.

Experimentscarried out in the 70’s by Stocker et al providedthefirst insights into the

extent hepatocytes are able to proliferate in vivo. These investigators subjectedrats to

repeated partial hepatectomies; successive operations were carried out following the

recovery of the animals from the previous procedure. In this way it was possible to

perform 12 successive rounds of partial hepatectomies in the same rats without

exceeding the capacity of the organ to regenerate (Stocker ef al. 1973). A more

accurately quantitative measure of the clonogenic capacity ofliver cells was obtained

in mice carrying genetic defects resulting in the non-viability of hepatocytes. In the

first model the enzyme urokinase plasminogen activator (uPA) was over-expressed

under the influence of the albumin promoter, resulting in hepatotoxicity. In the other

model, tyrosemia type 1, a recessive deficiency of fumarylacetoacetate hydrolase

results in the loss of adult hepatocytes. In both sets of experiments precisely

determined numbers of hepatocytes, derived from healthy congeneic mice, were

injected into the livers of the diseased animals. In the uPA transgenic animal modelit

was estimated that 12-18 rounds of cell division of the transplanted cells were was

necessary to reconstitute the liver and rescue the hosts (Rhim ef al. 1994). In the

tyrosemia model 1000 hepatocytes were foundto besufficient to generate nodules of

normal cells, form colonies and produce a functioning liver of normal architecture

(Overturf et al. 1996). Furthermore, whencells from the resulting liver were removed

and transplanted into other affected mice they still had the capacity to rescue further

animals (Overturf et al. 1997). At the time of the second publication four rounds of

successive cell transfer had been carried out without signs of the transferred cells
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losing their capacity to repopulate the damaged livers of the host. The authors

calculated that a single hepatocyte could expand through a minimum of 69 divisions,

well over the 50 cycles expected from a somatic cell before replicative senescenceis

due to set in. This number of divisions gives rise to a 7.3x10”° cells and, as one rat

liver contains approximately 3 x 10° cells, a single hepatocyte could potentially

produce thousandsoflivers (Overturf et al. 1997). This rate of self-replication would

indeed support the eagle in the Prometheus myth for extensive periods of time and,

importantly, places the clonogeneic capacity of hepatocytes in the league of

haemopoietic stem cells.

This level of self-renewal is unprecedented in other terminally differentiated tissues

andraises the issue of whether a stem cell-like population exists amongst hepatocytes.

In fact the first observation about these progenitor cells was made only a few years

after the original liver resection experiments by Higgins and Anderson. In 1937

Kinosita reported the appearance of small ovoid cells in the liver of mice exposed to

the carcinogenic azo dye, Butter Yellow (Kinosita R. 1937). These ovoid cells are

located in terminal ductules of the bile ducts. The ovoid progenitor cells cell

population multiplies in the periportal area and, as chemically induced liver damage

progresses, populate the liver and give rise to normal lobular architecture. Today the

literature concerning these cells is extensive, including data about their activation,

markers and function (Santoni-Rugiu ef al. 2005). These hepatic progenitor cells

appear to play a role only in regeneration following exposure to toxic substances.

Since there is extensive evidencethat liver regeneration following partial hepatectomy

is the result of the proliferation of hepatocytes, with no evidence for the involvement
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of the oval progenitorcells, a detailed description of the latter is beyond the scope of

this introduction.

1.3.2 Microscopic events associated with liver regeneration

While the term liver regeneration is widely usedit has to be pointed out that the actual

process does not regenerate the anatomy. Thusresected liver lobes do not grow back

but a ‘compensatory hypertrophy’ of the remaining organ in which the number of

lobules rapidly increase within the lobes remaining after surgery. This growth is

associated with the synchronised division of the mature cellular components of the

liver starting with the proliferation of hepatocytes. Depending on the extent of the

resection up to 90-95 % of hepatocytes undergo one or twocell divisions, which is

sufficient to replace significant amounts of lost liver tissue (Stocker & Heine 1971).

The kinetics of the cell proliferation differs from species to species and has been

studied extensively in rodents. In rats the first peak of DNA synthesis occurs at 24

hours following surgery with a second smaller peak seen at 36-48 hours. In contrast in

mice the process is slower. There is a prolonged G1 phase and thefirst peak of DNA

synthesis only occurs around 40-44 hours (Fausto 2000). In both species hepatocyte

proliferation starts in the periportal area surrounding the portal triads (Rabeset al.

1976) and reaches the pericentral areas 12-24 hrs later. Non-parenchimal cells

(biliary, Kuppfer and stellate cells) divide somewhat slower, with the peak of DNA

synthesis lagging around 24-48 hours behind that of hepatocytes (Grisham 1962).

This delayed proliferation of non parenchimal cells has been interpreted to indicate

that the primary eventin liver regeneration is the proliferation of the hepatocytes, and

growth factors and other mitogenic signals generated in this process lead to the
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secondary expansion ofthe other cell types. However, as discussedlater, this view is

perhaps overly simplistic.

On the 3™ and 4" postoperative days the histological picture is dominated by the

presence of small clusters of hepatocytes. Following this stage, the normal

architecture of the liver is restored through a series of steps (Martinez-Hernandez &

Amenta 1995). First, hepatic stellate cells, also knownasIto cells, send processes into

the hepatocyte clusters. This process is associated with the abundant production of

laminin. At this point the small hepatocyte clumps start to rearrange with the

expansion of the capillaries at the centre of the cluster into the sinusoidal structure

surroundedbyplates of hepatocytes. At this stage the composition of the extracellular

matrix also changes, the excess laminin is replaced and fenestrated endothelial and

Kupffer cells appear in the sinuses. By day seven, hepatic histology consists of

lobules that are larger than those before regeneration. These large lobules contain two

hepatocyte cell layers instead of the single layer seen in normal liver (Ogawaegal.

1979).

1.3.3 The regulation of hepatocyte proliferation

While the experiments described above demonstrated the remarkable ability of

quiescent hepatocytes to undergo multiple rounds of proliferation, the molecular

mechanismsinvolved in this process remain only partially understood even today.

The use of parabiotic rats, when blood vessels were connected resulting in a shared

circulation between the two animals, provided essential information on the

mechanisms by which liver regeneration is regulated. Using this approach it was
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observed that the liver of one of the animals showedsignificant hypertrophy after

partial hepatectomy in the attached parabiotic rat (Moolten & Bucher 1967a).

Furthermore, the amount of excess liver growth was proportional to the extent of

resection in the partner animal. These observations clearly highlighted that soluble

factors were fundamental, and sufficient, to induce liver regeneration. Extensive

work, based on a multiplicity of techniques ranging from basic immunological

techniques to complex molecular biology and the use of genetically modified animals,

studied the identity of mediators involved in this regulatory pathway and the

relationship these compounds have with each other. The emerging picture,

summarised below, shows the complexity of regulation involved. It will also be

obvious from this summary that despite advances in our understanding numerous

questions remain.

1.3.4 Molecular events associated with hepatocyte priming, the role of cytokines

While a number of growth factors, such as Hepatocyte Growth Factor (HGF),

Transforming Growth Factor a (TGFa) and Epidermal Growth Factor (EGF) wereall

able to produce hepatocyte proliferation in vitro, the infusion of these compounds

failed to elicit significant DNA replication in intact animals in vitro. It was a major

advance in the understanding of liver regeneration when Webber et al showed

experimentally that the injection of lipopolysaccharide (LPS) or TNFa, followed by a

prolonged HGFinfusion, resulted in a marked (20-60 fold) increase of DNA synthesis

compared to HGF administration alone (Webberef al. 1998). This observation was

followed by numerous studies investigating the effects of cytokines in liver

regeneration. The presence of both TNFa andinterleukin 6 (IL-6) have been detected
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following partial hepatectomy (Iwai ef al. 2001). Furthermore, the process of liver

regeneration was delayed in the presence of anti-TNFa antibodies (Akerman efal.

1992) or in TNF receptor 1 (TNFR1) knock out animals (Yamadaet al. 1997).

Similarly, experiments in mice lacking a functional IL-6 genealso resulted in delayed

liver regeneration and increase mortality after 70% liver resection222. Furthermore,

as the administration of IL-6 rescued not just the IL-6 knock out animals but also the

TNFR1deficient mice it became clear that TNFa, binding to TNFR1, is theinitiating

event that results in the secretion of IL-6. Changes in transcription factor activation

seen during the early stages ofliver regeneration seem to support the above described

sequence of events. The expression of TNFa and the activation of[NFR1 results in

the activation of the nuclear factor kappa B (NFkappaB) transcription regulatory

pathway (Fitzgerald et al. 1995), while the activation and the resulting dimerisation of

the signal transducer and activator of transcription 3 (STAT3) molecule is consistent

with IL-6 driven signalling events (Cressman ef al. 1995). The latter is believed to

have a wide reaching influence on gene expression patterns; using a targeted multiple

gene array approachLi et al demonstrated that approximately a third of the examined

genes showed differential expression between IL-6 deficient and normal animals

following partial hepatectomy explaining the importance of this cytokine to the

process of liver regeneration (Li ef al. 2001). These changes in cytokine expression

are widely accepted to play a central role in the processofliver regeneration. Recent

high profile reviews onthis topic state this sequence of events as accepted facts (Taub

2004; Fausto et al. 2006). However, there are two issues that remain unresolved.

Firstly, the signal that leads to the secretion of TNFa, the first critical factor in this

cytokine cascade, remains unclear. TNFa is produced by various white blood cell
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subsets and a variety of other tissues. One possibility, which has been entertained by

both of the above reviews,is that bacterial lipopolisaccharide (LPS), derived from the

gut, elicits TNFa secretion by the abundant Kuppfer cell population in the remnant

liver. This assumption seems logical: removal of liver tissue reduces the number of

these monocyte-like cells while the volume of portal blood, and presumably its LPS

content, remains the same. This increase of LPS / Kuppfer cell ratio could indeed

plausibly induce TNFa release. However, there is very little experimental evidence

that this is the case. While early experiments suggested that the lack of LPS in the gut

or genetically reduced responsiveness to this compound resulted in delayed liver

regeneration (Cornell et al. 1990), more recently, contradictory observations were

published. In animals where LPS signalling was disrupted by the lack of CD14 or

Toll-like receptor 4, both of which are required for the binding and biological action

of LPS, there was no detectable defect in liver regeneration (Campbell e¢ al. 2006b).

It has been proposed that components of the complement pathway mayplaya role in

the initiation of IL-6 following partial hepatectomy (Strey et al. 2003). However, even

if this is the case the dilemmaofinitiation still remains as at the moment we do not

have an explanation for the activation of the complement pathway immediately after

partial hepatectomy.

The other issue with the proposition that TNFa drives IL-6 secretion that is essential

for hepatocyte primingis the presence of contradictory experimental evidence.Firstly,

while the deleterious effects of anti TNF therapy and the TNFR1 gene knockout

suggests a role for this molecule in liver regeneration partial hepatectomy in TNFa

knockout animals showed no changesin the processof liver regeneration (Hayashi ef

al. 2005). This apparent contradiction could be potentially explained by redundancy
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in the TNFsignalling pathways. TNFR1 also serves as a receptor for lymphotoxin a,

another member of the TNF superfamily that shows some functional and structural

homology to TNFa. Delayed liver regeneration in the TNFa and lymhpotoxin a

double knockout animals seems to support the notion that various TNF superfamily

members provide redundancy in this signalling pathway (Knight & Yeoh 2005).

However, contradictory data aboutthe role of IL-6 is more difficult to resolve. While

the initial study of Cressmanet al detected 40 % mortality, excessive necrosis and

marked delay in liver regeneration in IL-6 knockout animals, a detailed follow up

study found that the effects of this deletion were much less severe (Sakamoto ef al.

1999). In particular, there was no excess mortality in the IL-6 deficient animals and

the delay in the timing of the liver regeneration was relatively modest. Furthermore,

other investigators, using the deletion of the glycoprotein130 subunit (gp130) of the

IL-6 receptor to obliterate IL-6 signalling, failed to detect any deficiency in liver

regeneration after partial hepatectomy in these genetically modified animals

(Wuestefeld et al. 2003). Furthermore, as the gp130 subunit is commonly used for the

recognition of all members of the IL-6 family of cytokines, the discrepancy between

the presented observations about the role of IL-6 cannot be explained by redundancy

in this signalling pathway.

1.3.5 Growth factors involved in the processof liver regeneration

The cytokine driven signalling described above moves quiescent hepatocytes from the

Go to the G; phase ofthe cell cycle. This “priming step” in itself does not induce cell

proliferation, however, it renders the cells responsive to various growthfactors. Over

the years a number of these molecules have been implicated in the process ofliver
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regeneration, the following section will briefly summarise our understanding oftheir

role.

Hepatocyte growth factor (HGF) wasthe first growth factor identified that induced

the proliferation of hepatocytes in vitro (Nakamura et al. 1984). Plasma HGFlevels

rise substantially and relatively rapidly following the loss of liver parenchyma, with

20 fold increases seen within the first hour following surgery (Lindroosef al. 1991).

Afterwards levels decline very slowly in the first day and HGF becomes non-

detectable by the end of the third postoperative day. The receptor for HGF is c-Met

that is phosphorylated following ligand binding. Curiously this phosphorylation event

shows a bimodal behaviour with an early peak at 1-10 minutes and a late peak after

about an hour (Stolz et al. 1999). The observation that HGF signalling could be

detected within minutes following liver resection was curious. Hepatic stellate cells

and Kuppfercells both produce substantial amounts of HCG,butthis process does not

start until 3-6 hours after partial hepatectomy, thus not explaining the early rise in

HGFlevels (Zarnegar et al. 1991). The only plausible explanation for the very early

c-Met phosphorylation suggested that activation of urokinase, and the resulting

change in the extracellular matrix, renders monomeric HGF present in the liver

parenchyma accessible and transforms it into the biologically active homodimer

(Mars et al. 1996). As c-Met expression is necessary for normal placental

development knockout animals were impossible to generate. However, using the Cre-

lox recombinase system recently two groups reported the generation of mice, which

do not express this protein in the liver. In initial experiments partial hepatectomy in

these conditional knockout animals resulted in extremely high mortality (Huh et al.

2004). However, further experiments suggested that technical aspects of the surgery
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influenced this outcome, and with a separate ligation of the median andtheleft lateral

lobe the mortality was substantially reduced (Borowiak ef al. 2004). Using this

improved operative technique liver regeneration wasstill significantly delayed and the

intracellular signalling pathway showed extensive alteration highlighting the

importance of the HGF/c-Met pathwayin the processofliver regeneration.

Apart from HGF a number of other growth factors, including transforming growth

factor a (TGFa), epidermal growth factor (EGF), heparin-binding epidermal growth

factor-like growth factor (HB-EGF) and amphiregulin (AR), have been reported to

induce hepatocyte proliferation in vitro and in vivo. All of these growth factors that

are invariably ligands of the epidermal growth factor receptor (EGFR) (Deryncketal.

1984). Under experimental conditions TGFa appeared to be the most potent inducer

of hepatocyte proliferation both in vitro and in vivo (Mead & Fausto 1989). However,

in TGFa knockout animals showed no defect in liver regeneration following partial

hepatectomy, whichis consistent with the likelihood of redundancy between multiple

factors acting via the same receptor (Russell et al. 1996).

HB-EGF has two unique characteristics in the context of liver regeneration. This

molecule has been reported to appear earlier than HGF or TGFa (Kiso et al. 1995).

One notable feature of hepatocyte proliferation after extensive partial hepatectomyis

the synchronised nature of cell division. Curiously, less extensive resection, or

regeneration after chemically induced liver damage are different in this respect as the

timing of cell divisions appears less precise. Recent experiments by Mitchell et al

indicated that HB-EGF can uniquely elicit this synchronised DNA-replication/ cell

division behaviour, leading the authors to conclude that HB-EGFprovides a key Ink
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between cytokine driven priming and entry into the S phase ofthe cell cycle (Mitchell

et al. 2005). Furthermore, unlike TGFa knockout animals HB-EGF deficient mice

show delayed liver regeneration after 70% partial hepatectomy (Mitchell et al. 2005).

Finally a number of additional factors, such as thyroid hormones, insulin,

norepinephrin, retinoic acid and benzene can induce or promote hepatocyte

proliferation both in vitro and in vivo (Fausto et al. 2006). Some of these, such as

insulin, adrenalin and thyroid hormones, would be normally present in a regulated

quantity in animals undergoing partial hepatectomy, while retinoic acid and benzene

represent completely non-phisiological stimuli. Thus, the discussion of the molecular

event associated with these molecules will not be presented here.

1.3.6 Activation of intracellular signalling pathways during liver regeneration

To conclude this chapter it is necessary to give a brief summary of the intracellular

signalling events that occurs during liver regeneration. The fact that TNFa and LPS

signalling activates the NFkappaB signalling pathway that leads to the synthesis of

IL-6 has already been mentioned (Fitzgerald et al. 1995). This signalling is likely to

take place primarily in Kuppfercells, consistent with the immunological relevance of

these molecules. The resulting IL-6 then interacts with its receptor complex on the

surface of hepatocytes. This leadsto the activation of the JAK kinase attached to the

receptor that results in the phophorylation and dimerisation of the STAT3

transcription factors. These dimers are transported to the nucleus, where they initiate

the synthesis of a large proportion of intermediate-early gene mRNAsincluding those

involved in the acute phase response (Heinrich ef al. 2003). In addition IL-6
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signalling has also been reported to result in the activation of the MAPK kinase

pathway, which is involved in the regulation of cell proliferation (Talarmin ef al.

1999) and the activation of the phosphatidylinositol 3-kinase AKT3 pathway, which

reportedly mediates the cytoprotective role of IL-6 in hepatocytes (Levy & Lee 2002).

Onthe other hand, signaling via the HGF/c-Met pathway and the EGFR pathway both

signal primarily via the classical MAP kinase pathway (Thoresen et al. 2003). The

downstream signaling of this pathway, according to the latest information on the

Kyoto Encyclopedia of Genes and Genomes (KEGG) happensin the following order:

GRB2 —> SOS > Ras > Raf > MEK1/2 > ERK —- c-fos, leading to the

formation of the AP-1 transcription factor complexes neededfor cell division
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Figure 1.4 MAPKsignalling pathway: From;http://www. genome.ad.jp/kegg/pathway/hsa/hsa04010.html).  
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It is perhaps of note that the IL-6 mediated and the growth factor mediated

intracellular signaling pathways partially converge at the level of GRB2 (see figure

1.5), possibly explaining how IL-6 and the growth factors act synergistically in both

promoting hepatocyte proliferation and preventing apoptosis.
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Figure 1.5 The jak-stat pathway: From; http://www.genome.ad.jp/kegg/pathway/hsa    
In the paragraphs described the activation of the NFkappaB, the STAT3 and the AP-1

transcription complexes. However, these transcription factors are ubiquitously

expressed in most cell types undergoing cell proliferation. During liver regeneration

the presence and up regulation of an additional transcription factor, C/EBPB, has been

reported by manyinvestigators. Unlike the other transcription factors discussed above

C/EBPR appears to be enriched in liver tissue , thus could be regarded as one of the

liver specific transcription factors (Costa et al. 2003). The elimination ofthis factor in

knockout animals resulted in reduced regenerative response after partial hepatectomy

and the animals suffered from prolonged hypoglycemia in the postoperative period

(Greenbaum ef al. 1998). In fact following a partial hepatectomy, the remnantliver,
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apart from the biological processes needed to achieve liver regeneration also needs to

meet the biochemical and synthetic demands of the host. It seems, that C/EBPB is

more relevant to the regulation of these metabolic changes than the other

transcriptional pathways discussed before. However, while the need of adjustments in

protein synthesis, glucose and lipid metabolism during liver regeneration are obvious,

our understanding of these events is currently far less complete than what we know

about the priming and proliferation of hepatocytes (Taub 2004; Fausto ef al. 2006).

The discussion above is by no means complete. The literature contains extensive

additional data on the relevance of various other molecules in the process of liver

regeneration; discussing all of these would be too lengthy and would result in loss of

focus. However, it needs to be pointed out that to date no single gene has been

identified as a “master switch” of hepatocyte proliferation. Furthermore, none ofthe

tested gene knockouts resulted in an absolute failure of liver regeneration following

liver resection. One explanation for this scenario is that the process of maintaining

liver tissue is so important for the organism that multiple overlapping and redundant

mechanisms have evolved to ensure liver regeneration after toxic or surgical tissue

loss. However, at least theoretically, it cannot be excluded that a “master switch” or a

“central regulator” does exist, waiting to be discovered.
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1.4

Overview of

DNAarray technology
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A DNA microarrayis a platform (glass or other) in which fragments of DNA from a

particular gene are fixed in a defined area (spot). This can involve a selection of genes

or all of the entire genome for a particular species. Messenger RNA (mRNA) from a

tissue of interest will reflect the gene expression profile. It is converted to DNA or

RNA(amplified or not) in the correct configuration and is some way labelled then

hybridised to the DNA fragments on the platform. Detection will depend upon the

type of label but will result in a collection of spots that have a signal if the mRNA was

present in the sample and those spots that do not have a signal when the mRNA

species was not present. If two different labels are applied to two different samples

that the samples can be mixed and a competitive hybridisation can be carried out in

order to compare the two samples. Figure 1.6.

Cy3 probe Cy5 probe

Immobilised

oligonucleotides =a | / aia

tu LY
Figure 1.6 Schematic representation of a two colour microarray. Oligonucleotides for each gene

are immobilised on to the slide in spots. One sample is labelled with Cy3 (green) and the other with

CyS dye (red) and the samples are mixed together and hybridised in a competitive reaction to theslide.

The relative abundance of labelled probe hybridised to each spot is detected by scanning at two

wavelenths. Visual representations show spots of differing colours; green when Cy3 labeled probeis

present, red when CyS5 labeled probe is present is present and yellow when they appear in equal

quantity.
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1.4.1 Development of DNAarraytechnology

With developments in molecular biology by the mid 1970s cDNA libraries were

established from various sources (Rougeon et al. 1975; Maniatis et al. 1976). The

identity of the genes carried by the individual bacterial colonies could be established

by DNA sequencing or hybridizations. With the development of automated DNA

sequencing it became possible to sequence tens of thousands of colonies from a

cDNAlibrary allowing one to establish which mRNAsare expressed and at what

frequencyin thecells or tissues from which the library was constructed. However, the

clones within a library are not necessary full length and to save costs the sequencing

runs were not attempting to cover the entire sequence of the cloned fragments just

shorter stretches of DNA, generally regarded as expressed sequence tags (EST).

While an ESTlibrary would give information on gene expression patterns andlevels,

the labour, often month or even years, and resources, in excess of £200, 000 required

to generate these libraries placed a severelimitation on the utilization of this approach

(Adamset al. 1995).

The technology, which is known as DNAarraying, derives from hybridization

experiments, slot blots, when various cDNA clones were immobilized on nylon or

nitrocellulose membranes at predetermined positions, at given slots, and these blots

were probed by radioactively labeled cDNA from tissue of interest (Sambrook J &

Russell DW 2001). These “inverse Northern blots” gave semiquantitative information

on the expression levels of the mRNAs in the sample, provided that probes

corresponding to them wasavailable to deposit on the slot blot. However the number

of gene specific probes that could be deposited was limited by the physical limitations
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of the blotting apparatus. With the developmentof robotic liquid handling the density

of the gene specific spots on the arrays could be increased and in a final technical

development a group at Stanford University started manufacturing the arrays on glass

slides (Schenaet al. 1995). Furthermore, the high density of probes “spots” on these

arrays necessitated a change in detection technology from radioactivity to fluorescent

label that could be read in a laser scanning microscope. This approach made it

possible to measure the expression levels of thousands of genes simultaneously

relatively quickly, within a couple of days, at a cost, which wasno longerprohibitive.

This technique revolutionized expression profiling. Currently over 5000 reports are

published each year that use DNAarraysas the main technique ofstudy.

1.4.2 DNA arraying approaches

The principle of DNA array fabrication is relatively simple. The aim is to deposit

DNA molecules, which can act as hybridization probes, in a predetermined position

on a solid surface that does not warp or change its dimensions during the

hybridization step. A suitably labeled total RNA sample, or labeled cDNA derived

from the RNA,can then be hybridizedto this array. Finally, the intensity of the signal,

which is produced by the labeled RNA or cDNA hybridized to each spot is

quantitated. Theoretically, if the quantity of the probe deposited on the surface of the

array is not limiting and the hybridization goes to completion the signal intensity

would be proportional to the amount of each mRNApresent in the labeled sample. In

an idealsituation the arrays would contain all known genesof a given organism, these

would hybridize with the same efficiency to their corresponding targets, so that an

equal intensity of signal would mean equal numberof targets bound to the different

spots, and they wouldall hybridize at the same temperature and salt conditions.
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In practice there are several technologies aiming to achieve these theoretical aims.

1.4.3 Differences in molecules deposited as probes

In its first implementation of the technology polymerise chain reaction (PCR)

generated amplicons, which corresponded to fragments of cDNAsof the genes of

interest were deposited on the arrays (Schenaet al. 1995). While this technology was

relatively cheap and simple there were several problems. Firstly, given that the PCR

products were variable in length and relatively long (300-1000 base pairs on average)

it was impossible to establish hybridization conditions, which could eliminate cross

hybridization between molecules with even relatively limited sequence homology.

Manyof the PCR products contained the polyA tail of the cDNA necessitating a non-

labelled oligodT blocking reagent in the hybridization solution and the presence of

repetitive sequences within the probes made other blocking agents, such as Cot] DNA

necessary. However the biggest problem with cDNA arrays was, andstill is,

contamination (Halgren ef al. 2001b). To generate arrays thousands of sequenced

plasmid DNAswere deposited in 96 or 384 well plates containing the PCR reagents

and primers (which are specific for the cloning site of the vector used). The PCR

reactions were carried out and purified in robotic systems. These automated liquid

handling steps resulted in inevitable contamination problems. Cross contamination

between wells, which is rather difficult to avoid in PCR setup in 384 well format,

meant that some wells contained more then one gene specific PCR products, while in

others, due to the failure of the reaction, there was no probe generated. Work

analyzing the quality of these cDNA arrays has shownthat a rather large portion of

the spots, often in excess of 20% of the deposited probes, did not correspond to the

intended target molecule even when commercially produced arrays from major
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respected manufacturers were tested (Halgren ef al. 2001a). In this study, after

isolation of plasmid DNA from 1189 bacterial stock cultures, only 62.2% were

uncontaminated and contained cDNAinserts that had significant sequence identity. In

another study, PCR amplification products (previously sequence verified cDNA

clones) were sequenced and only 79% of the clones matched the original database

(Tayloret al. 2001).

To overcomethese problems PCR fragments were gradually replaced by gene specific

oligonucleotides (Lipshutz et al. 1999). These synthetic short, 25 to 70-mer, oligos

largely eliminated the problems of non-specific hybridization and cross

contamination. However,this approach has its own shortcomings. Firstly, oligo arrays

are significantly more expensive than PCR fragments. While problems with cross

hybridization has been reduced, the ability to discriminate between closely related

sequencesisstill limited. However, the biggest problem is the reduced sensitivity of

oligo based arrays (Kane et al. 2000). While cDNA arrays provided usable signals

with 5-10 ug of total RNA (equivalent to less than 1 ug of mRNA) oligo arrays

require 5-10 ug of mRNA equivalent. In practical terms this meansthat, unlesscells

expandedin tissue culture are used, it is very difficult to obtain sufficient total RNA

that would allow for the direct hybridization of a labeled cDNA first strand. Thus,

most oligo based arrays use an amplification process to generate labeled targets.

However, as discussedlater, these amplification protocols are notfree of artifacts and

often result in a skewing of expression ratios between various mRNAsin the original

sample.

1.4.4 Differences in probe deposition technologies
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On most conventional DNAarrays the oligos or cDNAsare deposited as spots with a

diameter of 100-200 um, which are 30-200 um apart. In engineering termsthe task of

positioning these spots along the x and y axesis not particularly challenging. Robots

with x-y dimension positioning accuracy better than 10 um are simple to manufacture,

relatively cheap and can moverelatively fast. The challenge in producing spotted

arrays is the deposition of the liquid to the solid support. The matrix, usually surface

modified glass, has to be hydrophobic, otherwise the closely spaced spots would run

into each other. However, delivering aqueoussolutionsto this surface is difficult. The

processin practical termsis not unlike trying to draw evenly distributed spots, which

are near identical in diameter, onto a glass surface using a fountain pen. Furthermore,

the process needs to be fast and should use the smallest possible amount of printed

material, so that a large numberofarrays can be produced within a reasonable amount

of time without exhausting the expensive oligo collections. Over the years a number

of techniques have been established to achieve this goal.

1.4.4.1 Slit pin printing

The printing pins in these printers are manufactured by cutting a narrow slit into the

middle of the tip of a pointed metal pin (Schenaef al. 1995). These pins function like

a quill pen. Wheninserted into the oligo or cDNA solution capillary action drawsthe

liquid into the slit. The pin is then withdrawn and positioned overthe first glass slide,

where it is momentarily brought into contact with the surface, depositing a small

amount of sample. This process can be repeated until the liquid from the slit runs out.

After the completion of printing the first sample the pin is washed, dried and used

again to pick up the next cDNAoroligo solution.
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The process is simple and fast — a single loading of the pin is sufficient to generate

100 or even more spots. However there are serious shortcomings. When the pin is

immersed into the sample the liquid will not only enter the slit but also sticks to the

outside of the pin. Whenthis freshly loaded pin touchesthe surface ofthe first couple

of slides the sample from the outside will also be deposited, resulting in large blotches

whichresults in the neighbouring spots running into each other, rendering slidesat the

beginning of the print run useless. The efficiency of the loading of the sample into the

slit is also variable along the run, so some samplesrun out relatively early during the

print run, resulting in empty spots. In practical terms it means that slides towards the

end of the run will have an increasing number of “empty” spots, making these

unusable. On average from a run of 100 slides the middle 60-70 are usable. However,

the biggest problem is spot uniformity. As the surface of the glass is never perfectly

flat the pin will contact the glass for various lengths of time, longer on the protruding

areas, shorter or not at all in the “valleys”. Spots on slit pin printed arrays can vary by

as much as 100% in diameter andthe size of the spot representing the same gene will

be variable between arrays. This, and the previously mentioned fact that there are

randomly distributed “empty” or “blank” spots across the arrays, means that these

arrays can only be used in competitive hybridization experiments (see below).

However, given that the technology is cheap, fast and uses the least amount of the

sample,slit pin printers are the most widely used in array fabrication.
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1.4.4.2 Solid core pins

In this implementation the point of the printing pins is flat and does not have slit as a

reservoir. The pinis first dipped into the sample than positioned over the glass where

it hits the surface once, depositing some liquid (for further information see

www.telechem.com). The process is repeated for each slide. The theoretical

advantages are obvious: spot uniformity is much better than slit pin printers and the

loss of slides at the beginning and endofthe print run are eliminated. However,as the

pin needsto return to the samplereservoir to print each slide the processis very slow,

resulting in problems with sample drying, evaporation of the cDNA oroligo samples

(usually 20-50 l/well) during the print run. Finally the print head needs to move

rapidly and much more than ona slit pin printer, resulting in engineering problems

associated with wearing of the moving parts. These technical problems mean that

solid core printers are hardly used in array production.

1.4.4.3 Ring and pin printers

These printers, developed by Genetic Micro Systems, combine some of the

advantages of a solid core printhead with a reservoir (for further information see

www.MWG-biotech.com). The print head assembly consists of an independently

moving ring and a solid core pin. At the beginning ofthe run the ring is immersed in

the sample picking up a dropletofliquid held in place by surface tension. This acts as

a sample reservoir. When the print headis positioned overthefirst slide the solid core

pin pierces through the sample droplet, depositing a small amountofliquid onto the

surface. After withdrawing the pin the assembly movesoverto the second slide where

the pin comes downagain. After the end of the run the ring and pin are washed and

the next sample can be picked up.
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The developmentofthis technology was regarded as a breakthrough in spotted array

printing. The spot uniformity is far superior and ring and pin printers produce the

spots with similar speed to slit pin printers. However,there is significant downside to

these printers. In order to make the liquid droplet held by the ring last through 50 or

more depositions the size of the drop has to be over 1.5-2 ul, whichis lost during the

washing step. Furthermore, the minimum amount of sample, which needs to be

present in the wells containing the oligos or cDNAsisrelatively large. This severely

limits the numberofslides that can be printed from a standard oligoset, increasing the

cost of the printed slides significantly.

1.4.4.4 Non-contact printing technologies

All the approaches described above require the print head physically touching the

matrix to deposit the oligo or cDNA solution on it. Given the problems associated

with this process newer technologies have been developed, which do not require

contact between the printhead and the glass support. These methods have been

developed using the piezo electronic printing principles used in inkjet computer

printers (Hugheset al. 2001). The sample is sucked into a glass capillary with metal

electrodes around the opening. Asthe printhead is positioned over the slide electric

current is passed between the electrodesresulting in a droplet of sample being ejected

from the tip of the printhead. This method was pioneered by Packard Biosciences.

The uniformity of the droplets generated and the fact that the deposition does not

require direct contact results in outstanding spot morphology and uniformity.

However, filling the printhead with samples require even larger volumes than on a

ring and pin printer, reducing the economy ofthe printing process. In addition the
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printers are both expensive and have a reputation of being temperamental to work

with. As a result few labs print their own slides using this technology and currently

there is only one commercial companyselling arrays produced with non-contact piezo

electronic printing.

1.4.4.5 In situ oligo synthesis

The above methods print either PCR fragments or oligoes, which have been

synthesized using the usual phosphoramidite chemistry, and deposit these onto the

support matrix. However, developmentsin oligo synthesis chemistry made it possible

to synthesize the oligos in situ, directly on the surface of the support matrix. The

principle of this approach is summarized below.

The matrix on which the oligos are synthesized is derivatized with a light sensitive

compoundand the dNTPsusedto build the oligos also have the same moiety attached

to them as a blocking group. To activate a “spot” on the matrix it needs to be exposed

to ultraviolet (UV) light. Once the appropriate spots are activated a single nucleotide

analogis floated onto the surface, where it will only bind to the activated “spots”. At

this point the surface is washed to remove the unbound nucleotides and the next set of

“spots” is activated. These can be either on the surface of the support matrix, or at

later stages the “top layer” of the synthesized oligos. The next modified nucleotideis

floated onto the surface, where again it will only bind to the activated “spots”.

Repeated cycles ofactivation followed the addition of the appropriate nucleotide and

washing will build oligos on the appropriate areas of the matrix. The advantage ofthe

light activation is that nucleotides will only bind to the activated area, which means

that there is no need for space between neighbouring spots. This allows building
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arrays at extremely high density. The typical “spot” on these arrays in fact is square

and measuresless than 30 um in each direction. This approach, in its most advanced

implementation facilitates depositing close to 500,000 different oligos on a matrix

much smaller than a microscopeslide. (A typical printed array would have 10,000 —

20,000 round spots on a standardslide).

This technology was commercialized by Affymetrix. The company usessilicon

wafers as support matrix and the UV light activation happens by positioning a

photolithography mask over the wafers, which only allows the light through at

predeterminedpositions. Dueto the small size of the activated areas (Affymetrix uses

the term “cell”or “feature” to describe these) the mask hasto be positioned with very

high precision. As building a given “layer” of oligos requires four masks, one for each

nucleotide, to build 25mer oligoes uses 100 masks. This limits the flexibility of the

system, as changing ofa single oligo requires the redesign and manufacturing ofall

the masks making custom array production in small numbers extremely expensive and

time consuming.

The second problem with these arrays lies in the chemistry used. The coupling

efficiency of the standard oligo synthesis chemistry is extremely high, exceeds 99%.

The UVlight activated chemistry has a lower coupling efficiency. This meansthat the

longer an individual oligo is the more likely it is to contain an error. This reduces

oligo lengths on Affymetrix arrays to 25 nucleotides. These very short oligos result in

reduced sensitivity of the hybridizations below to the already limited sensitivity of

standard oligo arrays. As a consequenceofthis all samples analyzed by Affymetrix

arrays have to undergo amplification. These arrays, referred to as GeneChips, have
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significant advantages. The oligos are deposited at a density, which is practically

equal between spots, with no “blank” spots due to technical problems, which makes

these arrays very reliable. The ability to place more features onto the surface than in

conventional arrays also meansthat each gene is represented not by one but several

oligos. Currently Affymetrix uses 12-20 oligos for each gene. Features corresponding

to a given gene are scattered over the surface of the chip, thus problems during the

hybridization, such as uneven background, insufficient sample mixing, scratches on

the array will not invalidate all data for a given gene. In addition for each gene

specific oligo perfect match (PM) a mismatched (MM) sequenceis also placed on the

array. In these mismatched oligos the 13th nucleotide does not match the target

sequence. Underthe hybridization conditions used to process GeneChips the perfect

match oligo should hybridize with significantly higher affinity resulting in a high

PM/MMratio. If the PM/MMratio is near equalthis indicates that the signal is due to

non-specific hybridization. If the MM signal is stronger than the PM signal this

indicates a naturally occurring mutation or polymorphismsofthe gene of interest. The

redundancy of gene specific oligos, the near perfection of oligo deposition and the

high quality of the manufactured product makes Affymetrix GeneChips technically

morereliable than spotted arrays. However,early chips suffered from problems due to

inappropriately designed oligos, defective mask and high error rates in the oligo

sequences due to the low coupling efficiency. While these have now largely been

eliminated the fact remains that the price of Affymetrix arrays makes large studies

extremely expensive and expression data can be skewed by the amplification process

needed to process samples for GeneChip analysis.
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1.4.4.6 Emerging technologies

DNAarrays have undergone numerous changes since the technology wasintroduced.

However, despite all these improvements all current methods have shortcomings,

which effectively make precise quantitation of gene expression patterns impossible.

The existing technologies will become obsolete as more advanced and accurate

methods for gene expression profiling will become available. These include the

capture of mRNAs on an oligo dT-coated surface followed by the highly parallel

simultaneous sequencing of the individual captured RNA molecules, a highly evolved

method of generating EST libraries. An alternative technique is the hybridization of

“barcoded” gene specific probes to the mRNA obtained from the cell. In this

implementation after hybridization the mRNA-uniquely tagged oligo complexes are

captured, the unbound tagged oligos washed away and the identity of the individual

boundtags is determined, one by one, giving a very accurate expression profile on the

unmodified mRNA sample.

1.4.5 Overview of the methodsfor labeling RNA samples for array analysis

In its earliest forms low-density DNA arrays, which were printed on nitrocellulose or

nylon membranes were probed with radioactively labeled samples. Total RNA from

the cells or tissues of interest was reverse transcribed in the presence of °P or SP

labeled nucleotide usually dATP or dCTP. The energy emitted by the labeled cDNA

molecules bound to a spot on the array was detected using X-ray film or

phosphorimaging screens. However, with the development of high-density arrays

new sample detection methods became necessary. One of the reasons for this wasthat

the spots became so small that even 3P labeled samples would result in crosstalk

between individual spots. The other problem was due to the previously discussed
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difficulty of generating uniform spots. Using radiolabeled samples it would have been

impossible to tell whether changes in signal intensity at a given spot on variousarrays

was due to biological differences or resulted from the variability of spot size between

the arrays used to analyze the samples. To overcome this problem so called

competitive hybridization experiments became the norm (Schena ef al. 1995). Two

different samples were hybridized to each array: a “control” sample labeled with one

compound and an “experimental” sample, carrying a distinctive second label. Under

these conditions at any given spot on the array the ratio beween the first and second

label molecules depends on how abundantis the corresponding cDNAin the “control”

and “experimental” samples. The labeling methods used for competitive hybridization

experiments are all based on the incorporation of fluorophores that are excited at a

well define wavelength and emit signal is detected close to its spectral optimum. The

most widely used labels are the cyanine dyes Cy3 and Cy5, however several other

fluorophores can be used. The detection of these flourophores at high resolution

requires dedicated confocal laser scanner which excite the labels with a laser light in a

single or two separate passes overthe slide and detect the emitted light in a narrowly

focused depth offield, thus eliminating stray signal. Unfortunately this technologyis

relatively expensive and not universally available, limiting the numberof laboratories

able to carry out array work.

1.4.5.1 Direct labeling of reverse transcribed cDNA samples

Reliable chemistries to allow the direct attachment of the fluorophores to RNA

samples were not available at the time when DNA arrays were first developed. To

generate a labeled probe the total RNA or messenger RNAisolated from the cells or

tissues or interest is reversetranscribed using any of the widely used RNA dependent
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DNA polymerase enzymes. The conditions of the standard reverse transcription

reaction are modified slightly: one of the deoxinucleotide triphosphates is replaced

with an analog that carries Cy3 or Cy5 as a side chain. These modified nucleotides are

directly incorporated into the produced cDNAthat, after a purification step to remove

unincorporated nucleotides, is immediately usable for hybridization to DNA arrays.

While this protocol is simple and fast and, apart from the labeled nucleotide analogs,

uses routinely available reagents there are significant drawbacks. Nucleotides

containing the Cy3 and Cy5 side chain modifications are significantly larger than the

naturally occurring molecules. Consequently the reverse transcriptase enzyme has

difficulty incorporating them into the synthesized cDNA strand, resulting in low

labeling efficiencies. Furthermore, the efficiency at which the Cy3 and Cy5 labeled

nucleotides are incorporated is not the same, cye 3dCTP being a better substrate for

the enzyme than the Cy5 analog. This different labeling efficiency poses problemsat

the analysis step. These problems, and the fact that the labeled nucleotide analogs are

very expensive, resulted in the need for alternative labeing strategies.

1.4.5.2 Indirect incorporation of Cye dyes into the cDNA strand

This approach uses an aminoallyl nucleotide analog, usually aminoallyl dUTP

(aadUTP) during the reverse transcription step. This nucleotide analogue is only

marginally bulkier than the native nucleotides and is incorporated into the freshly

synthesized cDNAstrand with high efficiencye. After purification the cDNA is mixed

with either a Cye3 or Cye5 NHS esther compound in an alkaline coupling buffer.

Under these conditions the dye reacts with the amino side chain of the aminoallyl

nucleotides of the cDNA, coupling the Cye dyes the DNA in an indirect two-step

reaction. These reactive Cye dye compounds are easier to manufacture than the

91



labeled nucleotide analogs, and consequently cheaper. In addition the chemical

reaction happens with practically identical efficiency, irrespective of the dye used,

eliminating the different labeling efficiencies encountered during direct labeling. As a

consequence indirect labeling is used much more widely, almost exclusively, for

sample preparation in DNAarraystudies.

1.4.6 Sample amplification strategies

To generate detectable signal DNA arrays fabricated using cDNA fragments require

2-5u ug of labeled total RNA. The sensitivity of oligo arrays is approximately an

order of magnitude lower, requiring 5-10 ug of labeled mRNA.Obtaining this amount

of RNA meansthat 10°-10’ cells are needed. In tissue culture this equates up to ten

75cm? flasks of adherent cells or 100-200 ml of suspension cultures of non-adherent

cells. When the samples are tissues removed from patients or experimental animalsit

is often impossible to obtain sufficient amounts of starting material for array analysis.

To overcome these limitations several RNA or DNA amplification strategies have

been developed.

1.4.6.1 PCR amplification of samples, the SMARTprotocol

The Clonetech, SMART™ PCR cDNASynthesis Kit was developed by Clontech to

provide a method of amplifying all mRNA species in a given sample.Initially, many

groups tried a PCR based approach. In the SMART strand switching protocol

(Promega), the primers are annealed to both ends of each mRNAspecies. Both of the

primers have the same sequenceat their 5’ ends and therefore a single PCR primer

that contains the homologouspart is used in the subsequent PCR reaction. However

mRNAspecies of a higher concentration reach saturation earlier than rare species and
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therefore a bias occurs. In addition since saturation occurs as the concentration builds

up the yields obtained are not very high. In addition, the amplified product is double

stranded cDNA and so after denaturation the complementary strand in the mix

competes with the oligonucleotide on the array. For this reason this PCR based

approachhaslargely been abandoned.

1.4.6.2 Single primer amplification

In single primer amplification a single modified oligo dT primer is used to reverse

transcribe and then a secondstrand is produced that contains the sequence (Smith et

al. 2003). A ‘heel’ primeris used used in a linear amplification copying only the only

the antisense strand. This provides an amplified product with no competing strand and

therefore has an advantage over the exponential PCR discussed above. However, the

method also relies on a primer during the amplification step and therefore as strands

are copied they will compete with the primer and cause a saturation effect.

1.4.6.3 In vitro transcription

The most often utilised amplification approach is based on a modification of the

Eberwineprotocolofin vitro transcription (Van Gelder et al. 1990). To carry out this

amplification the mRNA poolisolated from the cells of interest need to be converted

into double stranded cDNAs in which the recognition sequence of the T7 RNA

polymerase precedes the polyA tail. Using this double stranded DNA asa template,

the bacteriophage derived RNA polymerase then repeatedly synthesises RNA thatis

complementary to the original mRNA strand. Given that the enzyme is one of the

most processive of all known polymerases, the success of this amplification, both in
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terms of yield and length of the amplified product, is only dependent on the quality of

the double stranded cDNAtemplate.

There are several reasons for the popularity of this method. Firstly the amplification is

linear, resulting in minimal distortion of expression profiles. The efficiency of the

enzyme, generating 600 copies of the starting template in several hours, in practice

yields more amplified product than alternative approaches. In addition, the end

product of the process is RNA, which forms more thermodynamically stable

complexes with DNA oligos on the arrays than an identical DNA sequences would.
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1.5

Review of

microarray studies

of

liver regeneration
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Over the years the process of liver regeneration has been extensively studied in

animal a range of animal models. Asa result, a complex cascade of gene expression

changes has been detected. Some of these were discussed in section 1.3. Most of the

early work was largely hypothesis driven when investigators concentrated on a

particular molecule or a small number of molecules in a pathway. While this resulted

in major advances in our understanding, given the complexity of the biological

process, progress has been understandably slow.

The introduction of DNA arrays represented a new approach that promised new

insights into complex biolological problems such as liver regeneration. Researchers

were able to investigate the expression levels of thousands of genes at the same time

from one small sample. This approach in theory allows the generation of a ‘snapshot’

of gene expression status of the tissue at a given time point. Investigations using

multiple gene arrays were andstill are commonlycriticised for being non-hypothesis

driven. However, the method has the advantage of allowing an unbiased view of a

large number,potentially even all genes and is intended to form the basis of further

hypothesis driven research. It can be looked uponasa ‘screening step’ that may give

insight into previously unrecognised processes or molecular relationships.

Investigators studying liver regeneration were quick to apply this approach. Taub and

co-workers were the first group to utilise this technique to study liver regeneration.

Using a simple cDNA printed on nylon support and radiolabelled samples they

identified approximately 70 genes induced in the regenerating liver (Haber ef al.

1993). With the introduction of cDNA arrays printed on glass a number of groups

used the technology to study hepatic regeneration in mice (Arai ef al. 2003; Lier al.
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2001; Lockeret al. 2003) or rats (Fukuhara et al. 2003; Morita et al. 2002; Suzukiet

al. 2003; Tanaka et al. 2002; Fukuharaet al. 2003), while one group used Affimetrix

Genechips which, as discussed previously represent a superior technology (Su efal.

2002).

Prior to the experimental work presented in this thesis an extensive Medline search

was carried out to identify all studies using this approach for the study of liver

resection and an effort was madeto try to identify genes that were commonly detected

using this approach. All of these investigations expressed results in terms of fold

change; 4 of the 5 studies used an arbitrary two-fold change as an indicator of

significant up or down regulation. This practice would be deemed completely

unacceptable today, as it fails to detect some smaller but biologically significant

changes. At the same time large fold changes in a study with insufficient biological

and technical replication do not meanthat a detected changeis biologically relevant.

This comparison wascarried before the start of the gene expression profiling work in

2003. At that point in time a total of eight array papers were identified in the

literature. These are summarised in table 1.5. Two studies (Morita ef al. 2002; Suzuki

et al. 2003) were excludedas they presented data that gave a direct comparison of two

states that did not include normal resected liver. One study on knockout animals was

also excluded as it did not look at normal mice at any time point (Li et al. 2002),

while the work of Wuetefeld at al did not make all of the expression data publicly

available, another practice completely unacceptable by today’s standards (Wuestefeld

et al. 2003). From the remaining 5 studies fold changes were compared at the various

time points in each study.
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Author Animal Transgenic Timepoints Array design No of genes
Year Strain Comparing Replicates Type of array array Up‘down

 

Li 2002 mouse yes Stat 3 -/- 2 hours only

Morita 2002 rat ho M%VI5%  —-1, 3, 12, 24 ; rat on mouse cDNA- mouse!

Suzuki 2003 rat ho GST-P =ve v -ve 4 biological cDNA

Wuesterfeld 2003 mouse yes res vreg NO data presented cDNA
alpha P32

 

Table 1.4 Studies of liver regeneration using microarray technology. Thefive studies shown in colour
are those that had suitable data available for analysis.

785 genesin total were found to be up or down regulated by 2 fold or moreat one or

more time points in at least one study. The numberof genesandidentity of the genes

which appeared up or down regulated in more than one study are shown in figure 1.7

and table 1.5 respectively. There were no genes that appeared in more than2 studies.
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Figure 1.7 Venn diagram to show numbers of
genes up or down regulated in various studies. The
nubers outside the overlap in each case correspond

to differentially expressed genes / numberof genes
on the microarray.

  

   
   
  
   
   

 

  

  

      
   
  

 

Li 2001

103 / 588

Locker

2003

85 / 9000

  Su 2002

184 / 6500

Fukahara

2003

113 / 4608  Arai 2003

310 / 2304

 

Gene Namegiven in each paper

c-jun (AP-1) / c-Jun

c-fos / c-Fos

Mdm2 (p53-associated protein) / Mdm2; p53-regulating protein

thrombomodulin / Thrombomodulin

retonoid X rceptorinteracting protein / Retinold X receptorinteracting protein

p21 (cipl,wafl) / p21 (WAP/CIP1) (W88005)

MyD118 / MyD118 (W64388)
acetylglucosaminyltransferase / Mannoside acetylglucosaminyltransferase|

SAA 5/SAA 4/ Amyloid A protein (SAAS)

ID-3 (IDB3; HLH462)/ Inhibitor of DNA binding 3

GRB7 / Growth factor receptor bound protein 7

Tubulin, alpha 4 / Tubulin alpha 4 chain (AA273964)

Tyrosine aminotransferase (Tat) / Tyrosine aminotransferase

Carbonic anhydrase 3 / Carbonic anhydraseIII

Diazepambindinginhibitor / Diazepam binding inhibitor    
Table 1.5 Genes found to overlap in various studies of liver regeneration. The colours scheme

correspondstofigure 1.5.
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Asindicated in Figure 1.7 there was very little overlap between the 5 studies. There

are several reasons that may contribute to this. Animal strains and species were not

identical and samples were taken at widely differing time-points. It is known that the

early stages of liver regeneration, the ‘immediate early’ and ‘delayed early’ gene

phasesare similar in mice and rats but the G1 phase in mice is prolonged compared to

the rat with the peak of DNA synthesis at 40-44 hours and 24 hours respectively

(Fausto 2000). Therefore the later time points may be more variable especially when

comparing the study using rats (Fukahara 2003) with the four other studiesthatall

used mice.

No two studies used the same array platform and the number of genes that were

represented on each array ranged from 588 to 9000 (see table 1.4), thus a large

numberof genes were not queried in all of the investigations. In addition all but one

of the studies used cDNA arrays. The problems of cross hybridisation and cross

contamination resulting in incorrect gene identification have been discussed in section

1.4.2. In addition, there was very little information generally on how manybiological

and technical replicates have been carried out in these microarray experiments (see

table 1.4).

In retrospect, these experiments, with the exception of the dataset generated by Su et

al, were extremely compromised by current standards. However, their failings

highlighted the need to use at least 6 animals in each treatment group, the need for

adequate control groups such as a sham and a time zero (before) group. In addition, to

facilitate comparisons between the high quality Su dataset and the planned

experiments it becameclear that the mouse strain, the sex and age of the animals, and
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the tested time points had to be kept the same. It was also obvious that printed

oligonucleotide arrays presented a superior technical platform for expression

profiling. Finally, analysing these experiments also underlined the need for adequate

sample handling andstatistical analysis approaches.
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1.6

Hypotheses,

aims and objectives
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1.6.1 Hypothesis

After the review of the literature on clinical data and the experimental work on liver

regeneration models two hypotheses were formulated. One of these states that blood

loss during or following liver resection and the necessary volume replacement reduces

the concentration of soluble factors that were generated in response to tissue loss and

which are necessary for the initiation of the regenerative process. Increasing blood

loss and volume replacement leads to further reduction in the concentration of these

factors in the circulation and this eventually leads to defects in liver regeneration. The

second hypothesis states that elevated levels of LPS, generated as the result of pre-

existing or postoperative infections also compromises the ability of the liver to

regenerate.

1.6.2Aims

The aim of the presented work was to test these related hypotheses and to identify

molecular pathways which are affected under these adverse conditions.

1.6.3 Objective

To achieve this aim models for partial hepatectomy, partial hepatectomy and

haemorrhage and partial hepatectomy and LPS exposure were developed and

validated. Samples from the regenerating livers in all treatment groups were collected

at 90 and 240 minutes following surgery. Gene expression changes were analysed and

multiple comparisons between various treatment groups were carried out. Finally, the

biological relevance of gene expression changes was assessed by extensive literature

and database searches.
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2

Materials and Methods
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2.1Animal Work

2.1.1 Mice and Husbandry

Male C57BL/6 mice were purchased from Charles River Laboratories at 7-8 weeks

old. They were housed in shared cages of 9 animals for no less than one week in order

to acclimatise them following transportation. During this time they were fed on

standard laboratory chow and tap water. Operations were performed at 8-10 weeks

old. C57BL/6 mice at age 8-10 weekstypically weigh 20-30 g. The method and type

of general anaesthesic agents were recommended by the University Animal Health

Officer and Biosurgical Unit Superintendent.

2.1.2 Method of Anaesthesia

Inhaled nitrous oxide and oxygen mixed with isoflurane at 1.5 litres/minute was given

temporarily to induce drowsiness prior to intramuscular injection of a neuroleptic

analgesic and sedative. The mouse was placed in an anaesthetic box and the

anaesthetic gases were infused until the mouse became drowsy. The anaesthetic set

was then adjusted so that gaseous anaethesia could be administered by face mask

adaptor nozzle (in the mouse the adaptor nozzle actually fits over the head of the

mouse). Neuroleptic analgesia (Hypnorm - information and dose below) was

administered into the left gluteus maximus followed by administration of sedative

(diazepam -information and dose below) into the right gluteus maximus. A broad-

spectrum prophylactic antobiotic (Baytril - information and dose below) was given

subcutaneously. Gaseous anaesthesia was discontinued. A period of 5 minutes was

observed to allow the gaseous anaethesia to wear off prior to checking the level of
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anaesthesia obtained. In most cases this dose was sufficient but occasionally a ‘top

up’ dose of hypnorm wasrequired.

2.1.3 Drugs and Doses

Whenperforming liver resection care must be taken with drugs that are cleared by the

liver as reduced clearance in the immediate postoperative period can lead to

accumulation. For example opiate analgesia can accumulate making the subject

excessively drowsy andincreasing the risk of respiratory depression. In this study the

minimal recommended doses of drugs excreted by the liver were calculated and

approximately 40% the normal dose wasgiven initially with a top up dose of 20%

being administered as required. Recovery from general anaesthesia did not occuruntil

more than six hours post liver resection so for the groups of animals that were killed

at 90 minutes and 240 minutes full conciousness was neverregained.

2.1.3.1 Hypnorm

(Janssen Pharmaceutica, Belgium)

Hypnorm is a neuroleptic analgesic licenced for use in mice and other small

mammals. Each millilitre contains 0.315 mg fentanyl citrate (equivalent to 0.2mg

fentanyl base) and 10mg fluanisone. Fentanyl is an analgesic of the morphine type.

Fluanisone is a neuroleptic of the butyrophenone group. Hypnorm alone produces

satisfactory surgical anaesthesia for minor operations and diagnostic techniques where

muscle relaxation is not required. It may be used in reduced quantities in conjunction

with benzodiazepines to produce anaesthesia with muscle relaxation for major

surgery.
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Dose : For a 30g mouse the maximum dose stated from the manufacturer is 0.01ml

(0.105mg/kg fentanyl citrate and 3.33 mg/kg fluanisone) either when used alone or

for use in conjunction with benzodiazepines. Administration of less than 0.01 using a

syringe and needle would clearly cause inaccuracies and therefore a 1 in 5 dilution

was madewith sterile water at the start of each operating session.Initially 40% of the

recommendeddose was given with a 20% top upif required.

2.1.3.2 Diazepam

Diazepam has sedative and anxiolytic effects. In addition, when used with hypnorm it

also induces muscle relaxation for major surgery in small animals.

Dose: For use in combination with Hypnorm the recommended doseis 5mg/kg.

For a 25g mousethis is equal to 0.125pg. It is supplied as 10 mg in 2ml,thus the dose

of undiluted diazepam is 0.025ml for normal use in a 25g mouse. Forliver resection

40% of the recommended dose was given with a top up dose of 20% if required.

However, top up was rarely needed.

2.1.3.3 Baytril ®2.5%

This is a broad spectrum antibiotic for prophylactic use in small animals. It consists of

enrofloxacin 25mg/ml and 30mg/mln-butyl alcohol presevative.

Dose: The recommendeddose of 0.2ml per kg wasgiven as there is no caution against

hepatic impairment from the manufacturer. For a 25g mouse this would be 0.005ml.

Therefore in order to reduce inaccuracies a 1 in 10 dilution was made with sterile

water and 0.05 ml was administered subcutaneously into the scruff of the neck.
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2.1.4 Preparation for surgery

The abdomenandlowerchest was shaved using a Phillips clipper. (This was extended

further laterally on the right side to facilitate removal of the regenerating specimen

after sacrificing the animal). The mouse wasplaced on a corktile and the hind legs

were gently taped to keep the mouse in place. An aqueousiodine solution was applied

to the shaved abdomen and dried with a swab. A sterile copper wire frame was

moulded into shape and taped to the board in line with the shoulders. This acted as a

retractor frame. Paper wrappings from the sterilised instrument set and sterile swabs

were used as drapes.

2.1.5 Surgical procedures

A bilateral subcostal incision (rooftop) was made. A 5.0 silk suture wasusedto retract

the superior muscle edges up to a sterile frame in an anterior and superior direction.

Inferior muscle edges were retracted downwards by holding similar sutures in

haemostats. For each of the following two adverse factors the bowel was gently

displaced upwards and to the left, within the abdomen, and covered with a saline

soaked swab. This exposedthe inferior vena cava (IVC).

2.1.5.1 Two-thirds partial hepatectomy

The falciform ligament was divided. The ligament between left lobe and stomach

(unnamed) wasdivided. A 4.0 prolene suture was placed around the pedicle ofthe left

lobe, tied and the lobe was excised (normal resected specimen). The median lobe was

resected in a similar way.
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2.1.5.2 Sham procedure

Liver was gently manipulated in a way similar to that when placing sutures around the

lobes during resection.

2.1.5.3 LPS injection

500ng/g body weight of LPS (Sigma) in 50pl of 0.9% w/v sodium chloride (Braun)

was injected into the IVC using a syringe and 30-gauge needle. Haemostasis was

ensured by allowing a cotton bud to rest on the puncture site (with no additional

pressure applied).

2.1.5.4 Haemorrhage / Fluid replacement

A 200ul aliquot of blood was taken from the IVC with a syringe and 30 G needle over

30 seconds. 400p1 of warmedringerlactate solution in a syringe wasreplaced into the

IVC using a 30 G needle over the next 3 minutes. Two minutes were observed

between giving fluid and taking the next aliquot of blood to allow for the fluid to

circulate. The process was repeated 3 times. Haemostasis was ensured by allowing a

cotton bud to rest on the puncture site (with no additional pressure applied). In

addition 1ml warmed Ringer Lactate solution was given subcutaneously divided into

4 sites to allow for adequate fluid replacement during the recovery period.

2.1.5.5 Closure of the Abdomen

Muscle wasclosed using a continuous suture and skin was closed with interrupted 4.0

Dexonsutures. An absorbable suture was chosen so that sutures did not need to be

removed postoperatively and thereby causing less stress for the animals that were

allowed to recover.
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2.1.6 Post-operative Management

The mouse wasturned onits side on a dry warm swab ona corktile and placed in an

incubator. It was observed every 15 minutes until time of sacrifice or until ‘recovery’

defined as the ability for the mouse to successfully resist being laid on its back and the

ability to spontaneously access drinking water. Post operatively mice were housed in

individual cages with a heat pad beneath one end of the cage. They were allowedfree

access to food and drinking water. Post operative analgesia was available but was

never found to be necessary.

2.1.7 Shedule 1 methodof killing Mice

Animals were sacrificed at a specified time point for each group.as follows. Carbon

dioxide inhalation was the methodofkilling and confirmation of death was performed

by cervical dislocation.

2.1.8 Tissue Collection

The abdominal cavity was opened after death and regenerating liver was removed for

analysis. This was weighed on an analytical balance. Mean and standard deviation

were calculated and Median valuesalso given.Statistical significance was tested with

a students t-test usingMicrosoft excel.
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2.2 Materials

Diethyl Pyrocarbonate (DEPC) water

1 litre double distilled water

1 ml Diethyl Pyrocarbonate (DEPC) (Sigma, St Louis, USA)

The above were mixed for 2 hours at 37 degrees centigrade or overnight at room

temperature before autoclaving to remove traces of DEPC.

Tris-Borate-EDTA Buffer (TBE) (madeas a 10X stock)

RNase free - made with DEPC water as described above

0.089M Tris (BDH Laboratory Supplies, Poole, Dorset, UK)

0.089M Borate (Fluka)

0.002M Disodium Ethyllenediaminetetraacetic acid (EDTA) (Sigma, St Louis, USA)

The aboved were measured and pH wasadjusted to 8.3 using 5M hydrochloric acid.

This required approximately 30 ml.

Denaturing RNA Sample Loading Buffer

RNase free - made with DEPC water

2X TBE (pH8.3)

13% (w/v) sucrose (Sigma, St Louis, USA)

0.01% Bromophenolblue (Sigma, St Louis, USA)

7M Urea (BDH Laboratory Supplies, Poole, Dorset, UK)

1% (w/v)Agarose Gel

1X TBE (made with DEPC water and 10X TBE above)
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1% (w/v)Agarose (Flowgen)

0.2ug/ml Ethidium bromide (Sigma, St Louis, USA)

EDTA0.5M (pH 8.0)

186.1 g Disodium EDTA.2H20 wasadded to 800ml H20andstirred with a magnetic

stirrer. The pH was adjusted to 8.0 with Sodium hydroxide pellets (approximately

20g). When the pH was adjusted the EDTA dissolved and the final volume was

adjusted to 1 litre.

5M Hydrochloric Acid (HCL)

1 litre of water

431mg hydrochloric acid

TE buffer- Tris 10mM, EDTA 1mM pH 7.6

A 1 X TE buffer consisted of 10mM Tris (BDH Laboratory Supplies, Poole, Dorset,

UK) and ImM EDTAbythe addition of 0.5M EDTA(see above) was made. In order

to adjust the pH whilst keeping the buffer RNase free a 10 ml aliquot wasusedto find

the amount of 5M HCl required to lower the pH to 7.6. The aliquot was then

discarded, as this would be likely to be contaminated by RNases. The volume of 5M

HCI required for the remaining volume was calculated and added to the TE and

mixed. A further aliquot was taken to check the pH and the process repeated if

necessary.
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Smart Reverse transcription and polymerase chain reaction primer sequences

Supplied from Clontech SMART PCR cDNAsynthesis kit

SmartITA oligonucleotide (10Mm)

5'- AAG CAG TGG TAT CAA CGC AGA GTACGC GGG- 3'

3' SMARTCDSprimer IT A (10mM)

5'- AAG CAG TGG TAT CAA CGC AGA GTAC T39 N; N - 3'

(N =A, C, G or T and N; = A, C or G)

5’ PRC primer ITA (10mM)

5'- AAG CAG TGG TAT CAA CGC AGAGT- 3'

3' T7 oligo dT primer (T7 (dT)24 cDNA primer)

Supplied by Ambion (10mM). The precise sequence is not specified but the core T7

sequenceis at the 5' end and there are 24 T’s at the 3' end. The last G of the core

sequenceisthe first nucleotide incorporated.

5'~- TAA TAC GAC TCA CTA TAG -(unspecified)-(T)24 - 3!

For comparison the Affimetrix T7 (dT)24 cDNA primer hasthe sequence

5'-GGC CAG TGA ATT GTA ATA CGA CTC ACT ATA GGG AGG CGG-(T)24 -3'
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2.3 Laboratory Techniques

Anoverview of the sequence of techniques employed is shownin figure 4.5. The use

of gloves and RNasefree tubes, tips and dedicated pipettes was observedatall times.

2.3.1 Tissue Handling

Resected liver taken at operation andliver taken after death was immediately rinsed in

RPMI — 1640 medium (Sigma), a liquid culture medium to wash blood from the

major vessels. The whole sample wasplaced into a cryovial and snap frozen in liquid

nitrogen. The samples werestored in liquid nitrogen until required.

2.3.2 Homogenisation

The RNAextraction was performed using the Nucleospin RNAII kit (Machery-Nagel

supplied by ABgene) according to the manufacturersinstructions. Breifly, lysis buffer

was prepared using RA1 buffer from the kit containing 1% w/v B-mercaptoethanol

(Sigma, St Louis, USA)

For each sample 3501 lysis buffer was placed in an RNase free tube and the balance

was tared to zero. Samples stored in liquid nitrogen were taken out for

homogenisation one at a time. Each sample was removed from the cryovial with a

scalpel and a piece of liver approximately 30mg (3mm?tissue usually weighs about

30mg) was removedby cutting ona sterile, RNase free Petri dish. The remaining liver

was returned to the cryovial and put backinto liquid nitrogen for future protein work.

The liver sample was immediately placed into the lysis buffer, the tube was then

weighed again. The sample was homogenised with an RNase free pellet pestle

(Anchem). The appropriate volumeoflysis buffer was calculated and addedto ensure
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a concentration of 30mg in 350upl. The tissues and cells were further disrupted with

the use of needle and syringe, first using 21G and then 25G needles. The purpose of

the mechanical disruption was to break the tissue down so that the lysis buffer could

get to individual cells disrupting the cell membranetorelease cell contents. Once lysis

buffer had been added and the samples had been homogenised they could be left at

room temperature whilst other samples in the batch were homogenised. This enabled

RNAextraction to be carried out in batches.

2.3.3 RNA extraction and DNase 1 digest

350ul lysis buffer containing 30mg of homogenised sample was processed according

to the manufacturersinstructions. Excess lysis buffer was stores at -20°C or discarded.

In brief, the sample was spun at 11,000 rcf in an Eppendorf 5417C microcentrifuge

through a Nucleospin ® Filter Unit in order to reduce viscosity and clear the lysate.

Binding conditions were adjusted by the addition of an equal volume of 70%

molecular grade ethanol, then each sample was loaded onto a Nucleospin ® RNAII

column and centrifuged at 8000 g to bindit to the column. The silica membrane was

washed with membrane desalting buffer (MDB) and a DNAsedigest was perfornmed

using a freshly prepared DNase 1 reaction mixture prepared from 10pl of

reconstituted DNase 1 in 90 ul of DNasereaction buffer supplied with the kit. It was

incubated at room temperature for 15 mins. The purpose of this was to remove

genomic DNA. The column was washed with buffer RA2 to inactivate the DNase

(8000g for 30 secs) and then washed twice with buffer RA3 by centrifuging again at

8000g for 30 seconds then 11, 000g for 2 minutes. An additional spin at 11,000g was

performed in a new collection tube to prevent carry over of ethanol. RNA waseluted

in 601 RNase free water supplied with the kit. The total RNA wasstored at —80°C.
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2.3.4 Quality Assessmentof total RNA

2.3.4.1 Spectophotometry of total RNA

Spectrophotometry was carried out using a using a Jenway 6405 UV Vis

Spectophotometer. Quality was assessed by running a spectrum from 220nm to

300nm havingrun a baseline with pure water.

To quantify total RNA content, it was diluted 1/50 in 0.01M Tris buffer pH 8.0, and

the absorbance at 260 and 280 nm was measured The measure of A269 gave the

quantity of total RNA in pg, using the formula

RNAquantity (ug/ pl) = Absorbance at 260nm_ x dilution x 40

1000

2.3.4.2 Agarose Gel (1% )Electrophoresis

100 ml of 1% agarose gel in 1 x TBE was made with Ethidium Bromide (Sigma, St

Louis, USA)at a final concentration of 0.2ug/ml. This was allowed to set. Then 1X

TBE wasused as a running buffer.1 ug of total RNA sample was added to denaturing

sample buffer in a ratio of 1 in 2 volumes respectively. This was to ensure that the

urea concentration was greater than 4M. The sample wasthen denatured at 65°C for 2

minutes, spun briefly and placed onice before loading onto the gel. The gel was run at

7.5 Volts per cm (150V for a 20cm electrode distance) using a Bio-Rad Power Pac

3000.

After 40-60 minutes it was visualised using an Ultraviolet Products High Performance

Transilluminator, photographed using Nikon Coolpix 990 digital camara and

processed using Adobe Photoshop software.
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2.3.5 Generation of CRNA samples

A protocol was developed in house for the generation of amplified copy RNA from

total RNA. This is shown in appendix 12. The details of optimisation are not included

in this thesis but the methodis described below.

2.3.5.1 Round1 First strand synthesis and purification

First strand cDNA wassynthesised from total RNA using the ‘Powerscript Reverse

Transcriptase’ enzyme and master mix reagents (Clontech) but the manufacturers

instructions were adapted in that T7 oligo dT primer was used in place of the CDS

primer to provide a 3’ T7 core sequence for the in vitro transcription. Each 6 ul RNA

aliquot containing 4ug total RNA was mixed with 4 ul of a primer mix containing; 1

ul of Smart primer (10mM),0.5 pl oligo dT-T7 primer 100ng/ ul (Ambion) and 0.5 ul

H,O. RNA and primers were mixed gently and briefly spun down in a

microcentrifuge prior to incubation at 70°C for 2 min then placed on ice.

A 2x reverse transcription master mix was prepared according to the manufacturers’

protocol and placed on ice. An equal volume of master mix was added to each

RNA/primer mix. 10 wl reactions were carried out at a final concentration offirst

strand buffer 1x, DITT-10mM, Deoxyribonucleotide triphosphate (dNTP) mix-1mM

and Powerscript Reverse Transcriptase 0.5 pl. The reaction mix was incubated at

42°C for 1 hour. 80 ul purified water was added and the sample was incubated at

72°C for 7 min to destroy the enzymeandstop the reaction. This process generated

first strand cDNA with a SMART primer sequence at the 5' end and T7 primer

sequenceat the 3' end of each molecule.
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Purification of Round 1 first strand cDNA wascarried out using (QlAquick PCR

purification kit (Qiagen, Crawley, UK) To each reaction, 5551 of binding ‘buffer PB’

and 11 yl sodium acetate pH 5.2 was added to give a final concentration of 0.3M. The

latter improves binding to the column by lowering the pH to below 8. This solution

was mixed by pipetting and loading onto a QIAquick spin column and centrifuged at

10,000 ref. The flow through was discarded and the column was washedthree times

with 700 wl ‘buffer PE’. Each time the flow through was discarded and the column

was replaced in the same collection tube. The column wasthen centrifuged for a

further minute at maximum speed to removetraces of ethanol in the buffer PE and the

column wasplaced in a clean 1.5ml microfuge tube. To maximise purified cDNA

recovery the column waseluted twice, first with 50 pl and then with 30 ul of double

distilled water at room temperature. The volume of eluted samples was measured and

adjusted with purified water to 84l.

2.3.5.2 Round 1 Second Strand cDNASynthesis and purification

The Smart PCR protocol (Clonetech, SMART™ PCR cDNA Synthesis Kit) was

adapted as follows. The entire purified first strand cDNA sample was eluted and

adjusted to 84u1 with double distilled water as described above. The samples were

placed on ice whilst a master mix was prepared and 16 ul of the master mix was

added. Reactions were carried out in a total volume of 100 ul with the following end

comcentrations of reagents: PCR buffer 1x, dNTP 200nM,Smart PCR primer100nM

and Advantage 2 polymerase mix. Samples were mixed and spun briefly in a

microcentrifuge to collect the sample at the bottom of the tube. After initial

denaturation at 95°C for 60 seconds, cycling consisted of 95°C for 15 seconds, 65°C
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for 30 seconds and 68°C 6 minutes. This cycle was repeated 2 times to produce the

second strand, which waspurified immedietaly. Two cycles were used to increase the

probabitity that all of the molecules were copied.

The double-stranded cDNA waspurified using DNAclear purification kit (Ambion).

Columnswere primed with 30uL of binding buffer 5 minutes prior to sample loading.

All centrifugation steps were carried out at 10,000g for Imin. The second strand

cDNAsample was mixed with 250uL of binding buffer and loaded onto the column,

centrifuged to bind the cDNAto the matrix and S500uL of wash buffer was loaded

and the column wascentrifuged for a further 1min at 10,000g. The centrifugation was

repeated after emptying the flow though to removetraces of ethanol from the column.

Second strand cDNA waseluted in 8ul of H2O at 55°C leaving the column to stand

for 2 minutesprior to centrifugation. This step was repeated with a second 8uL H2O

and the final eluted volume wasadjusted to 16yL.

2.3.5.3 Round 1 amplification (CRNA synthesis by in vitro transcription)

The first round amplification was carried out using MEGAscript kit (Ambion)

according to the manufacturers instructions. For the test samples cRNA synthesis was

carried out in the presence of amino-allyl UTP For the reference set a second round

of amplification was carried out (see sections 2.3.5.4 - 6) and therefore the first round

amplification did not include amino-allyl incorporation.
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24 ul of master mix was added to the 16uL second strand cDNAresulting in a total

volume of 40ul with final concentrations; Reaction buffer 1x, ATP 200nM, CTP

200nM, GTP 200nM, UTP 200nM,and 2uL of T7 enzyme mix, The mixture wasleft

to incubate at 37°C for 16h overnight.

The cRNA was purified using RNeasy RNA purification kit (QIAgen) with the

following adaptation: 70nL of RNase-free water was added to the 20nL cRNA

reaction mix and 10 yl 3M sodium acetate was added to obtain a total volume of

100pL. 350uL of lysis buffer (RTL + BME) and 250uL of 100% ethanol was added

and mixed by pipetting The mixture was loaded onto the column and centrifuged for

30sec at 8,000rcf to bind the cRNAto the column.It was then washed with 500uL of

RPE, and centrifuged for 30sec at 8,000rcf. The wash wasrepeated and the column

wascentrifuged for 3 minutes at maximum speed then the column wastransferred to

a clean tube and centrifuged for a further minute at maximum speed to movetraces of

ethanol from the wash buffer. 50ul of RNase free water at room temperature was

loaded onto the column andleft to stand for 1 minute and centrifugation at 8,000g

after leaving the column with the water at room temperature for Imin. The elution

step was repeated with a further 30 yl dd H2O to maximise yields. The cRNA quality

and quantity was assessed using a spectrophotometer as described previously.

For the second round 0.5ug of the first round amplified product was used for the

second round first strand reaction. Where the yield was below 0.5 ug the entire

sample wasused.In each case the volume wasreduced to 2.5 pl using a speedyvac.
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2.3.5.4 First strand cDNA synthesis for the second round amplification

A second round wasonly used for the production ofthe reference set.

Up to 0.5ug cRNAin 2.5 pl H2O was mixed with 2.5 ul of Smart primer (10mM)but

not the T7 primer as in the first round. The remainder of the reverse transcription

reaction and purification was carried out as for the first round.

2.3.5.5 Second Strand cDNA Synthesis using T7 primer for the second round

amplification

The second strand synthesis and purification in round 2 was carried out as described

in the first round with the exception that 2.5 pl of T7 primer was usedin the place of

the Smart PCR primer.

2.3.5.6 CRNA synthesis by in vitro transcription

Amplification was carried out using MEGAscript kit (Ambion) according to the

manufacturers instructions with the exception that half of the UTP was replaced by

amino-allyl modified UTP. The T7 reaction wascarried out in a total volume of 40 ul

with final concentrations of Reaction buffer 1X, ATP 200nM, CTP 200nM, GTP

200nM, UTP 100nM, aaUTP 100nM and 2uL of T7 enzyme mix. For the second

round of amplification, the reaction was incubated at 37°C for 4 hours instead of 16

hoursasin thefirst round.

The cRNA waspurified using RNeasy RNApurification kit (QIAgen) as described

for in section 2.3.5.3.
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2.3.6 Cy dye coupling of the amplified cRNA and purification

After purification with Qiagen RNeasy cleanup protocol and absorbance

measurementas previously described, 15ug of purified CRNA was concentrated in a

UniVapo rotary concentrator, adjusted to a final volume of 4ul and 1 ul of 0.5M

sodium bicarbonate was added. An equal volume of Cye 3 (to the referenece cRNA)

or Cye 5 (to the sample cRNA) (Amersham) in molecular grade DMSO was added

and incubated in the dark for 60 minutes at room temperature. 6ul of 4M

Hydroxylamine was addedto the reaction mix and incubated for a further 15 minutes

at room temperature in the dark. The cRNA coupled to each cye dye was purified

separately using the Qiagen RNeasy cleanup protocol and absorbance and dye

incorporation was measured using a spectophotometer.

2.3.7 Fragmentation

After purification and absorbance measurement 10ug of purified Cye 5 labeled

sample was combined with 10yg of Cye 3 labeled reference cRNAandthe resulting

mixture was concentrated in a UniVaporotary concentrator and adjusted to a final

volume of Ql. 1pul framentation reagent (Ambion) was added and the mix was

incubated for 15 minutes at 70 °C. 11 stop solution (Ambion) wasadded.

2.3.8 Array hybridizations washes and scanning

To the resulting 1lpl of labeled fragmented cRNA 9pl water and 20yl 2x

hybridization buffer pre-warmed to 42 °C was added and the mix was denatured at

85°C for 5 minutes and centrifuged for 3 minutes at 3000 ref, then incubated at 42 °C

for 60 minutesprior to placing onthe slide for hybridization. The microarrayslides

used for the hybridizations contained approximately 7500 mouse oligos printed on
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Corning glass slides. They were supplied by the HGMPcore facility. Hybridisations

were carried out in a ‘home made’ hybridization chambers at 42°C for 16 hrs. The

slides were placed in the chamber for 30 minutes prior to loading the hybridization

mixture. A lifter slip, a cover slip with two ridges along the longer edges, was placed

overthe printed area of the slide and the hybridization mixture was pipetted from one

end very slowly to allow filling by capillary action. The slide was placed immediately

in the humidified hybridization chamber. Each hybridization chamber contained 3

slides and whenall of these were in place the hybridization chamber wastransferred

to the incubatior set at 42 degrees. Each solution needed for washing the slides was

also warmedin the incubator containing the hybridizations.

The following day the slides were washed individually in 50 ml Falcoln tubes in the

dark on a rotating platform. First the lifter slip was washed off by squirting Wash

buffer 1 over it, then the slide was placed into Wash buffer 1 (1 x SSC/ 0.03%SDS)

for 5 minutes, then transferred into Wash buffer 2 (0.1 x SSC) for 5 minutes and for a

further 1 minute in warm isopropanol. The slides were dried by spinning in a Falcon

tubes at 1000rpm for 5 minutes with the barcode facing towards the bottom of the

tube. Dry slides were placed in a slide holderin the dark until scaned.

2.3.9 Image acquisition

Image acquisition is the final step of the laboratory process and slides were scanned

using Affymetrix 428 scanner using the supplied propietry software. Scanning was

carried out immediately after the slides were washed and dried and slides were kept

at room temperature in the dark until they were scanned. Slides were scanned at two

wavelengths 530nm for Cy 3 and and 640nm for Cy 5. Fluorescence intensity is
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indicated by the colour of the spots. Blue being the least intense, green and yellow

moderate while white spots are the most intense within the linear scale. Over this

intensity they appear red. Thus the presence of a red spot indicates that the signal

intensity has gone overthe linear scale at which quantitative information on signal

intensity is no longer acquired. During scanning a low resolution scan wasinitially

made and the photomultiplier gains were adjusted so that no more than 3 and noless

than 1 spot was red and a high resolution scan was then carried out in each of the

channels. After completing a first high resolution scan in each of the channels, the

gain was increased by a set value (6 DB)to increase “the exposure” thus increasing

the signal to noise ratio of the image for the spots which were less bright. In this way

a second high resolution scan was performed for each channel. The resulting low and

high intesity images were analysed separately. Thus, two tagged image file format

(tiff) files for each Cye dye were producedor eachslide. Finally, before discarding

the slide an additional scan at very high intensity in the Cye 3 channel wasalso

performedtoassist lining up of the grid during image processing.
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2.4: Image Processing and Dataanalysis

2.4.1 Image processing

Image processing involves using a computer algorithum that converts an image of a

slide into numerical information that quantifies gene expression. Quantification of the

signal and local backgroundintensities of the spots is performed andthis is linked to

the gene identity. Imagene (version 5.6) was used to process the images. For each

experimentthe twotiff files, scanned at wavelengths corresponding to Cye 3 and Cye

5, were loaded on top of each other and lined up. An additional scan ofthe slide at

very high intensity in the Cye 3 wavelength wasinitially loaded into the software to

assist lining up the grid with the image and then removedprior to quantitation. A grid

file which is a pattern of circles corresponding to the pattern of gene spots was

superimposed over the images. This pattern comprised of 48 blocks (12 metarows by

4 metacolumns) each block comprising of 20 rows by 18 columns of spots. A gene

identification file (gal file) supplied by the slide manufacturer wasalso loaded into the

software at this stage. The spots were lined up with the grid manually to ensure that

correct identification is achieved. This is assisted by a design of regular patters of

housekeeping genes in each block. The additional scan of the slide at very high

intensity in the Cye 3 wavelength was then removed. As there is some variation in

spot size the grid circles were adjusted to fit spots using the autoadjust feature with

manual override as necessary. Flagging was performed automatically depending on

spot intensirty by the software but had a manual component to enable me to mark

spots that should be ignored because for instance they were associated with anartefact

eg scatch. Mannual checking of spot size and flagging wasstrictly limited to 30

minutes per slide in order to keep consistency over the course of the image
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processing. The output files from image processing were Tab limited text files and

there was one for Cye 5 and one for Cye3.

2.4.2 Data analysis

Analysis wascarried out using the software package BRB-Arraytools (version 3.3.0).

This is a free software package from the Biometric Reseach Branch, Division of

Cancer Treatment and Diagnosis, National CancerInstitute. Before being able to use

the software the individual Tab limited text files (one for Cye 3 and the other for Cye

5) needed to be converted a single Tab limited text file containing information on

gene ID and the median and standard deviation for signal intensity of spot and

background.It also contained information about whether the spot had been flagged.

Each Tablimitedtext file in a specific treatment group neededto be placed in a single

folder with no other files. (eg for the 90 minutes liver resection with haemorrhage

group there was one folder containing 12 files — corresponding to samples from 6

animals in duplicate). In addition the programme required a Microsoft Excel

experimental descriptor file containing the names of each of the files and the

treatment group (class) to which they belong. This allows the software to link the

namesof each file with the class (treatment type and time point). The files were then

loaded into BRB-Array tools in class comparison mode. The p-value was set at

<0.001 with the maximum false discovery rate at 10 genes or 10% ofthe total of the

genesidentified as differentially regulated.

Direct pairwise comparisons were carried between two groups for the purpose of

comparing this data to that of previous microarry experiments in the literature. Next

each individual class (treatment group) was compared to the combinedslide set(all
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samples from all groups at the same timepoint). The reasoning for software selection

an analysis strategy are discussed in results section 5.

2.4.3 Data Handing

The output BRB-Array file consisted of an HTMP file that gave experimental

descriptors and settings and a table contining p-value, geometric mean fold change

for group, geometric mean fold change for ‘the rest’ of the samples and the ratio of

the fold change. This file was converted to excel for data handling thereafter. The

descriptors and settings were stored in one worksheet and data onto another. Pairwise

and comparisons between a group and the rest were handledslightly differently.

2.4.3.1 Pairwise comparisons

For each comparisonat a particular timepoint there were twofiles; one file high and

one low intensity scan. For each file an average fold change wascalculated if the

gene appeared in duplicate. And if so this mean was marked with a D. The high and

low were then combined and genes ranked alphabetically. Where genes appeared on

both high and low the fold changes were averaged and the gene was and D (duplicate

in one) or DD (duplicate in both) was added next to the fold change if appropriate.

Gene ontologies were added.

2.4.3.2 Comparisonsfor the extended control analysis

Data handling for these comparisons were somewhat more complicated. The aim was

to handle all groups at the same time to allow for easier cross-referencing during

interpretation later. The groups were compared at two timepoints thus two output

files were desired. Howeverall slides were scanned at high and low intensity. Thus
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for 90 high all the data for each group (LR, Sham, LRLPS, SLPS, LRH andbefore)

were combined each group represented by a different colour. Genes were ranked

alphabetically so that duplicate genes could be observed. Within each group fold

changes for duplicate genes were averaged and the cell containing the fold change

value turned from the colour assigned to the group to white to indicated that it came

from a duplicate measurement. After conversion to a list of unique genes with the

data described above the gene ontology could be added. Before combining high and

low into a masterfile for each time point all genes from low were marked with L and

those from high marked with H. The high and low genelists were then combined and

genes were ranked alphabetically. In a similar way genes in both high and low could

be aligned and mean values calculated. Following the calculation of the mean foldit

was assigned a code to indicate where this had been calculated from. (LL means

duplicate in low only, LHH meanssingle in low but duplicate in high etc). In this

way the masterfile for each timepoint has the columns; ontology, gene namethen for

each of the treatment groups there is a column for the mean fold and a code to say

where the mean wascalculated from.

128



3

Liver resection,

regeneration and survival
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3.1 Introduction

As discussed previously, the work presented here was based on the clinical

observations that perioperative blood loss and the presence of infections increase the

likelihood ofliver failure following a therapeutic resection that would otherwise be

well tolerated in the absence of these risk factors. To summarise briefly, the two main

hypotheses were based on the following considerations:

There is clear evidence, from ectopic liver transplants and parabiotic animals, that

soluble factors present in the circulation play a role in the effective initiation ofliver

regeneration. The fact that perioperative blood loss increases the risk of postoperative

liver failure could be attributable to the fact that the transfused blood and volume

expandersusedto replace the lost blood do not contain these soluble factors. Thus, the

dilution of the patients’ own blood with these would result in a reduction of the

concentration of the necessary soluble factor(s), leading to a delay or failure of the

regeneration process. The other main hypothesis, aimed at explaining the detrimental

effect of existing or acquired infections on the process of liver regeneration, assumes

that the common pathway in these cases is the presence of LPS in the portal

circulation. Here the hypothesis states that the certain biological effects of LPS

exposure interfere with normal liver regeneration, leading to increased risk ofliver

failure.

To investigate these hypotheses first of all the relevant animal models had to be

established. As there was nobodyat the animal unit with any current experiencein the

widely used twothirds hepatectomy model of Higgins and Andersen,the practicalities

of this surgical procedure had to be worked out. After this the haemorrhage and LPS
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interventions needed to be established. From the inception of work the intention was

to use gene expression profiling to identify the consequences of the two adverse

conditions used. As the most comprehensive and best documented experiments on

gene expression following surgical liver resection in rodentsat the start of the project

used male C57BL/6 mice (Su ef al. 2002), to maximise the possibility of comparing

the two datasets it was paramount that the same animals and some of the same time

points were used.

3.2 Establishing partial hepacetomy in C57BL/6 mice based on the model of

Higgins and Anderson

Unfortunately, there were no operative details presented by Su et al, in fact the

reference to the surgical operation used is incorrect in the paper as it refers to an

unrelated paper. Since the most frequently used partial hepatectomy model for

experiments investigating the process of post surgical liver regeneration is the two

thirds hepatectomy model described by Higgins and Anderson (Higgins & Anderson

1931) it was reasonable to assumethat the authors have used this protocol or some

minor modification of it. A 60 to 70 % resection was also suitable for because the

extent of resection is comparable to what is routinely used in patients in whom

postoperative liver failure may to occur. In experimental animals a 70% resection is

approaching the maximum thatis still expected to produce 100% survival without any

extra postoperative intervention. While more extensive resections would befeasible,

these require more time and add complexity. As one of the aims of the work wasto

investigate early events following surgery, a prolonged operation, during which

various lobes were resected at different time points, was feared to confound the
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picture. Thus the Higgins and Anderson protocol seemed to represent the best

compromise between maximising the likely effects of any adverse condition while

allowing the near simultaneous removalof the resected lobes.

As discussed in the introduction, surgery on the human liver represents serious

technical challenges. Most of the difficulties arise from the need to minimise blood

losses from the highly perfused tissue. While the humanliver can be subdivided into

eight segments, these do not correspond to well demarcated structures as they do in

rodents. After ligation of the appropriate hepatic artery and portal vein branchit is

necessary to transect liver parenchyma before the hepatic vein, buried deeply and

posteriorly in the parenchyma, can be ligated. During this dissection phase back

bleeding from hepatic vein tributaries can be the source of massive blood loss during

surgery. Thus, even relatively minor resections can lead to significant blood loss,

making interventions to reduce central venous pressure necessary.

In contrast, surgical interventions on mouse and rat livers are facilitated by the

anatomy of the organ. As shownin figure 3.1. The liver of rodents consists of well

demarcated lobular structures that are only connected proximally, at their bases. For

most of the lobes the majority of the liver mass is within the easily accessible distal

parts. This anatomical situation renders the technical aspects of partial hepatectomies

significantly easier in rodents. Placing a single tie at the point where the individual

lobes join will disrupt both
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Figure 3.1; Above: Diagram to show intact rat liver (left) and 70% hepatectomy (right) in which

median (M)andleft lateral lobe (LL) have been removedleaving right lateral superior (RLS) and right

lateral inferior (RLI) and caudate superior (CS) and caudate inferior (CI). IVCis the inferior vena cava.

Below: Schematic representation of rat liver showing individual lobes as the percentage of total liver
volume.
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arterial and portal blood supply, biliary and venous drainage from the isolated distal

lobe. Using this approach, individual lobes of the rodent liver can be removed without

the need for specialised operative techniques, dedicated equipment to transect liver

parenchyma or interventions needed to reduce central venous pressure. Thus, the

surgery in these animalsis relatively straightforward and poses far fewer challenges

than the equivalent procedure in humans.

However, there were a few technical and practical issues that needed to be overcome

to carry out partial hepatectomies in mice. As the operations had to be performed

without assistance being available a metal frame was devised, fabricated from copper

wire, to act as a retractor. This was fastened onto the cork board on which the

anesthetised mouse was secured. After the preparation of the skin and draping with

sterile gauze, the abdomen was opened and sutures through the muscle edges were

tied onto the sterilized frame to allow access to the abdomen.

A modification was made to the original procedure described by Higgins and

Anderson. These authors developed the operation in rats, where a single suture was

placed around the median andtheleft lobes. In rats this suture can be placed very

close to the inferior vena cava, allowing the near complete removal of these two

lobes, achieving the resection of 66-67% of the liver parenchyma. However, in

C57BL/6 miceplacing a suture this high along the pedicle resulted in the narrowing in

the inferior vena cava that was severe enough to cause circulatory collapse. The

reason for this is likely to be the fact that the pedicle, from which the median lobe

originates, is wider in these mice that the corresponding narrow spherical pedicle in

rats. To avoid this problem twoseparate ties were placed. Thetie on the left lobe was
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still flush with the IVC, but the tie on the median lobe wasslightly more distal. This

modification prevented the kinking and compression of the IVC by the tied liver

parenchyma. Thusthe resections could be carried out without further problems. The

rest of the operation wasessentially executed as described in detail in the Materials

and Methodssection.

3.3 Confirming the extent of the resections

Since the partial hepatectomy described above was not used in the animal facility

previously it was important to confirm the size of the resection. Firstly, given that the

tie on the median lobe had to be placed more distally than that described in rats this

waslikely to influence the amount of tissue removed. In addition there could have

been species andstrain specific differences in the size of the lobes to be resected.

Twelve operations werecarried out to establish the mean percentage and variability of

the size of the resections. The operations were performed as described above and the

resected specimens were weighed. The mice were then killed immediately using a

schedule 1 method and the remaining liver was removed and weighed. The ratio of

the resected lobes as a percentage of the weight of the whole liver was calculated. In

addition the weight of the whole liver (resected tissue + remnant liver) was compared

to the body weight of the animal. The results of these measurements are shown in

Table 3.1
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ID Body Left Median Total Remainder Total Liverto % Liver

 

weight lobe lobe resected disected liver body ratio resection

(g) (g) (g) (g) (g) (g) (%) (%)

1 23.0 0.42 0.35 0.77 0.56 L133 3247 58

2 22.5 0.34 0.35 0.69 0.72 140 6.24 49

3 24.5 0.27 0.35 0.62 0.51 113 4.61 55

4 24.4 0.51 0.47 0.98 0.61 1.59 6.50 62

5 21.3 0.41 0.40 0.81 0.57 1.38 6.49 58

6 20.4 0.42 0.34 0.76 0.60 1.35 6.62 56

7 22.8 0.36 0.31 0.67 0.49 1.16 5.10 58

8 20.0 O27 O27 0.55 0.46 1.01 5.06 54

9 pA. 0.39 0.30 0.69 0.56 1.26 5.93 55

10 23.5 0.40 0.26 0.66 0.55 1.21 5.14 53

11 22.4 036 027 0.63 0.44 1.06 4.74 59

12 22.0 0.38 0.26 0.64 0.53 LIF 3.32 55

Median 22.5 0.38 0.32 0.68 0.55 L223 320 56

Mean 22.3 0.38 0.33 0.70 0.55 1.25 5.63 56

SD 1.4 0.07 0.06 0.11 0.07 0.16 0.72 5
 

 

Table 3.1: Mass of resected and remaining liver compared to body weight. Mean values are

shown with SD=standard deviation. ID = mouseidentitiy number.  
 

These experiments demonstrated that in contrast to the rat model described by

Higgins and Anderson, which resulted in the loss of two thirds of the liver tissue

followingthe resection of the median andleft lobes, the removal of the same lobes did

not have the same effect in mice. In fact in male C57BL/6 mice the resection of these

lobes, using the two separate ties as described above, only results, on average, a 56%

tissue loss with a standard deviation of 3%. As mentioned previously, a more

extensive resection would have been technically possible by removing additional

lobes. However, this would have added considerably to the time required to complete

the surgery, making the resection less “instantaneous”, potentially confusing the

interpretation of gene expression patterns at early postoperative time points. In
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addition a 56% resection is close to the extent of the liver resection performed in the

majority of humanpatients, thus was judged to be sufficient.

Asthe aim of the project was to document gene expression changes at predetermined

time points following liver resection the resected or regenerating liver lobes had to be

snap frozen immediately after removal from the mouse to avoid the degradation of

RNA.Thus, the measurements of the resected / remaining tissue was not measured in

the animals that were used for the gene expression experiments.

As the operations were carried out over a long period, it would have been possible

that the extent of the resections changed between the beginning and the end of the

project, as increasing experience with the operations was accumulated. Thus,at the

end of the operative work, when the 3 day and 14 day liver weight studies were

carried out, where the resected tissues were no longer being used for RNA extraction,

the weight of the resected lobes was measured again. The result of these

measurements are summarised in table 3.2. As these animals were used to assess the

speed of the regeneration following a longer survival period, it was impossible to

determine the size of the remnantliver followingthe initial surgery. However,as table

3.2 demonstrates, the size of the resected lobes was remarkably constant between

these experiments and theinitial resections used to determine the amount of tissue

removed.

137



 

ID Body Left Median Total

weight lobe lobe resected

(g) (g) (g) (g)

154 Zi 0.39 0.38 0.77

155 27.3 0.36 0.36 0.72

156 23.8 0.34 0.19 0.53

157 24.7 0.28 0.26 0.54

158 25.9 0.43 0.31 0.74

159 26.0 0.41 0.28 0.69

Median 26.0 0.37 0.30 0.71

Mean 25.9 0.37 0.30 0.66

SD 1.4 0.05 0.07 0.10  
 

 

Table 3.2: Mass of resected and remaining liver compared to

body weight. Median and mean values are shown with SD =

standard deviation.  
 

3.4 Therate of liver regeneration on the 3 and 14" postoperative days

As discussed in the Introduction, it is well established that DNA replication in the

remnant livers of mice starts at 20 hours and peaks at 40-44 hours. Thefirst signs of

mitosis are evident at 36 hours with peak mitotic activity seen during the following 2

days. However, it generally takes 7-14 days until the normal liver weight to body

weight ratio is re-established. In order to monitor the rate of liver regeneration two

time points were used. Measuring the size of the regenerating liver on the 3"

postoperative day gave an indication of the rate of early regenerative process. An

additional measurement, on the 14"" postoperative day, was also taken with the aim of

investigating whether potential initial delays in the intervention groups were

compensated for during the later stages of regeneration.
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Table 3.3 summarises the results of data on the sizes of the recovered livers at 3 and

14 day time points. It is obvious from these results that after uncomplicated surgery

the remnantliver recovers very quickly. By 72 hours the size of the regenerating liver

is very close to the weight seen after 14 days. This is consistent with previous reports

in the literature. Under these circumstances it is understandable how the metabolic

and synthetic needs of the host can be met by the recovering liver shortly after

surgery. On careful analysisit is apparent that, raw weights of the regenerating livers

appear comparable at the two time points (p=0.27), by calculating the regenerating

liver weight to body weight ratio it is apparent that the regeneration is not yet

complete on day 3. At 72 hours the liver constituted 3.9 % (SD +/- 0.2) of the body

weight. In contrast the value by day 14 rises to 4.6 % (SD +/- 0.7). While this

difference may appear small,it is statistically significant (p= 0.03).

 

Liver Resection only killed at 3 days Liver resection only killed at 14 days

ID Body mass Regenerating Regenerating ID Body mass Regenerating Regenerating

liver liver liver liver

(g) (g) as % of BW (g) (g) as % of BW

154 27.5 1.109 4.0 124 27.3 1.463 5.4

155 27.3 1.117 4.1 140 24.2 0.965 4.0

156 23.8 0.907 3.8 141 21.0 0.923 4.4

157 24.7 0.996 4.0 142 25.0 0.961 3.8

158 25.9 0.904 3 143 23.6 1.279 5.4

159 26.0 1.012 3.9 166 21.2 0.990 4.7

Median 26.0 1.004 4.0 Median 23.9 0.978 4.5

Mean 25.9 1.008 3.9 Mean 23.7 1.097 4.6

SD 1.4 0.093 0.2 SD 2.4 0.221 0.7
 

 

Table 3.3: Animal and regenerating liver weights 3 and 14 days following Liver resection  
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3.5 Establishing the haemorrhage model

Extensive Medline searches failed to identify a previously used model that

investigates the effect of haemorrhage on the process of liver regeneration. To study

this issue extensive haemodilution in the animals was planned in order to maximise

the likelihood of detecting its biological effects on the processofliver regeneration.It

wasreasoned that the loss and replacement of approximately 30% ofthe circulating

volume would be both survivable, and sufficient to have a biological effect. Given

that the blood volumein adult mice is approximately 2 ml, would require the removal

of 600 pl of blood. In practice, achieving this proved extremely difficult. Routine

procedures for bleeding mice, without killing the animals, include the use ofthe tail

vein and blood sampling from the retro-orbital plexus. Of these the latter seemed both

cruel and wasunlikely to allow for the removal of the necessary volume.In addition,

the use of the retro-orbital plexus precluded fluid replacement via the same route.

Consequently, this approach wasnot even attempted.

Usingthetail vein also proved problematic. Canulating it reliably, even after warming

the tail was unpredictable. Althoughit is possible to use the tail vein to reliably inject

fluid it is impossible to withdraw blood because the vessel collapses under negative

pressure. Another approachtried briefly included the open cannulation of the femoral

vein, which proved impossible due to the fact that it was smaller than the smallest

available cannula. Eventually the inferior vena cava (IVC) was used to withdraw

blood and institute fluid replacement. Initially various cannulas were tried but these

left a large hole in the IVC and haemostasis could not be achieved, leading to fatal

haemorrhage. While simply inserting a needle into this seemingly delicate vesselfirst

appeared perilous, in practice this turned out to provide venous access quickly, safely
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and reliably. As described in the Materials and Methodssection, 200 ul of blood was

withdrawn via a 30 G needle. The syringe attached to the needle was then changed,

without removing the needle from the IVC, to the second syringe containing 400 ul of

warm ringer lactate solution which was injected over 3 minutes. After allowing 2

minutescirculation time, with the syringe and needle still in place, the second aliquot

of blood was withdrawn and the process was repeated 2 more times removinga total

of 600 pl of blood altogether and giving 1200 ul ringer lactate solution as volume

replacement. Thus the needle washeld in the IVC for a total of 15 minutes. Finally, to

stop bleeding from the needle prick site a sterile cotton bud was placed onto the

insertion point and allowedto rest there under its own weight for two minutes.

3.6 The effect of haemodilution on the rate of liver regeneration

Table 3.4 summarisesthe sizes of the removed and regeneratinglivertissue in a group

of 6 animals on day 3 and another group on day 14 following liver resection. When

these values are compared to those in Figure 3.3, showing the values in the control

animals,it is clear that on the third postoperative day the process ofliver regeneration

was retarded in the haemorrhage group. The average weight of the liver on day 3 in

the control group was 1.008g (SD 0.093). In contrast the same value in the

haemorrhage group was only 0.812g (SD 0.049). Thus, the haemodilution used

inhibited the regeneration process with the difference being statistically significant

(p=0.001). The animals in the haemorrhage group were marginally smaller (average

weight 23.8g, SD 2.2) than the control group (25.9g average, SD 1.4), although this

difference wasnotstatistically significant (p=0.087). Nonetheless, to compensate for

this the sizes of the regenerating livers in each group, expressed as % value of the
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body weight of the animal were also compared. In the liver resection group on the

third postoperative day the liver constituted 3.9 % of the body weight (SD 0.2) while

in the haemorrhage group the average was 3.4 % (SD 0.3). This difference is also

statistically significant at p=0.009. Thus, it appears that this experimental

intervention, designed as a model of intra-operative and postoperative blood loos in

humans,inhibited liver regeneration, at least in its early phases.

Liver Resection with Haemorrhagekilled at 3 days Liver Resection with Haemorrhagekilled at 14 days

ID Body mass Regenerating Regenerating ID Body mass Regenerating Regenerating

liver liver liver liver

(g) (g) as % of BW (g) (g) as % of BW

145 21.0 0.743 3.5 127 26.9 1.365 5.1

146 23.2 0.833 3.6 128 25.0 1.235 4.9

147 23.6 0.883 3.7 129 24.5 1.390 5.7

148 22.5 0.786 35 130 25.0 1.120 4.5

149 26.6 0.835 3.1 132 24.2 1.493 6.2

150 26.2 0.790 3.0 167 22.9 0.976 43

Median 23.4 0.812 3.5 Median 24.8 1.300 5.0

Mean 23.8 0.812 3.4 Mean 24.8 1.263 5.1

SD 2.2 0.049 0.3 SD 15 0.191 0.7

 

Table 3.4: Animal and regenerating liver weights 3 and 14 days following Liver Resection with Haemorrhage

  
 

A similar comparison on day 14 indicated that at this stage the effects of the

haemodilution were no longer detectable. The average weight of the regenerating liver

in the control group was 1.097g (SD 0.221) while in the haemorrhage group the mean

value was 1.263g (SD 0.191). Thus, it appears that by day 14 the initially delayed

regeneration process caught up with the control group; in fact there seems to be a

tendency to overcompensateat this stage. However, critical analysis showsthat this
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impression is misleading, as the difference in the liver weights or the liver/body

weightratio do notreach statistical significance (p= 0.192 and p=0.252 respectively).

3.7 Establishing the model investigating the effect of LPS on the rate of liver

regeneration

As discussed in the introduction the effects of LPS exposure on the process of liver

regeneration are complex. Experiments carried out over half a century ago already

indicated that compounds in the portal blood contributed to the rapid liver

regeneration seen after partial hepatectomy (Weinbren 1955). Observations in germ

free animals and mousestrains lacking LPS receptors clarified that the presence of

LPSin the portal blood, and the cytokine secretion attributable to this compound, was

necessary for normal liver regeneration (Cornell et al. 1990). However, in animal

models whenthe IL-6 signalling pathways were inhibited, LPS exposure was shown

to induce mortality and resulted in reduced proliferation of hepatocytes (Wuestefeld et

al. 2003). While the effects of LPS exposure seem to result in opposite outcomes in

the two sets of experiments,there is a clear distinction. When LPS was shown to be

beneficial, the compound waspresent in physiological — very low — concentrations in

the portal blood. Experiments demonstrating its detrimental effects used non-

physiological — sublethal, but still rather high — doses of LPS introduced IP or IV.

This supported the notion underlying the second hypothesis, that the presence of pre-

existing bacterial infections in the biliary tree, peritoneum etc, would contribute to

inhibited liver regenation via the production of excess LPS. However, based on the

available literature it was not possible to establish the LPS dose where the two

opposing effects would change over.
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Apart from the complex biology another confounding factor is that LPS produced by

different Gram negative bacteria have slightly different chemical structure. While the

core Lipid A moiety is common to all Gram negative species, there are small but

biologically significant differences in the other components. Details about the exact

source of LPS are usually unavailable. A statement often found in the materials and

methodssection of papers such as ‘LPS purchased from Sigma’is clearly insufficient

when Sigma Chemicals produces over 20 forms LPS from various bacterial species.

This made reproducing previous experimentsdifficult. To make matters more difficult

the UK the Home Office has very strict regulations to ensure that animal suffering

during experimentation is kept to a minimum.Theserulesstate that toxicity studies of

a known compoundare not acceptable and at the same time mortality rate in a given

experimental group should not exceed 20%. The complexity of the underlying

biology, the statutory limitations and the unpredictable effectiveness of LPS

preparations made deciding on the LPS dose given in the experiments difficult. For

the experiments to work well a sub-lethal dose that was high enough to reach LPS

levels at which the compoundinhibits liver regeneration was needed.

Table 3.5 summarises previous experiments where various LPS doses were given in

various animal species via various routes. Some of the experiments had the aim of

studying its effects on liver regeneration following partial hepatectomy. Given the

need to avoid excessive toxicity, that would result in the need of abandoning the

experimental groups, a relatively conservative dose was chosen; 500ng/g, which had

been shown to suppress liver regeneration when administered preoperatively via

intraperitoneal route (Akita ef al. 2002).
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Paper LPSdose as hg /g Route Liver Animal Survival rate and adverseeffects

stated in paper body resection

mass
Akita 2002 500 ng/g bw 24hrs 0.5 ipe yes Mouse Nosurvival rates stated

before surgery Liver regeneration suppressed

Wuestefeld 2003 30u/20g bw 1.5 ipe yes Mouse Nosurvival rates stated

Svetlov 1999 Img/kg bw 1.0 ipo no Rat Nosurvivalrates stated

Corso 1998 S5mg/kg bw 5.0 ipo no Rat Nosurvivalrates stated

Mason 1997 2mg/kg bw 2.0 ipo no Rat Nosurvivalrates stated

CVP dropped.
Kitagawa 1992* 2mg/kg bw 2.0 ipo no Rat Nosurvival rates stated Hypotension

but not severe

McGuinness 0.21 ng/kg bw /min 0.05 ipo no dog Nosurvivalrates stated

1996* for 4 hrs

Meinz 1998* 0.21pg/kg bw /min 0.05 ipo no dog Nosurvivalrates stated

for 4 hrs

Guarner 1989* 10mg and 25mg/kg 10 and ipo no rat Nosurvival rates stated. Ascites,

bw 25 hypotension haemoconcentration and

gastric erosion.

Nagashima 1991* 0.2u2/100g bw 0.02 iv yes rat 100% survival

Cornell 1983* 33ug/100g bw 0.33 ipo or yes rat Nosurvivalrates stated
iv

Cornell 1985 33/100g bw 24hrs 0.33 sc or yes rat Authorstates that dose is nonlethal and
before surgery iv that this dose accelerated replication

Shinozuka 1994* Up to 100pg per 0.4 iv no rat 100% survival
rat

Losser 1997* 600pg/kg bw 0.6 iv no rabbit Nosurvivalrates stated

Suzuki 1998 Img/kg bw 2 days 1.0 iv yes rat 100% survival in sham

after surgery 12.5% survival at 24hrs after LPS      
 

Table 3.5: Results of a literature review of adverse effects and survival after Lipopolysaccarride (LPS) administration

with various doses via different routes. Doses stated in the paper were converted to p1g/g body weigh (column 3) for

comparison. Routes were intravenous(iv), intraportal (ipo), intraperitoneal (ipe) and subcutaneous (sc). Column 5

shows whetherliver resection was performedor not. * denotesthat the full paper was not available.
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In addition a similar dose iv resulted in 100% survival (Shinozuka ef al. 1994) and

double the dose resulted in only 12.5% survival (Suzuki et al. 1998). However, in the

work presented here LPS was administered via the inferior vena cava following the

completion of the partial hepatecomy. In the initial experiments this dose did not

result in excess mortality in the immediate postoperative period, up to 4 hours, when

liver samples for gene expression analysis were taken and the animal waskilled.

Later, when experiments were performed to allow survival to 14 days, in order to

establish the regenerating liver weight, the mortality was unexpectedly high as shown

in table 3.6. Ten out of the fourteen animals in this group died (70% mortality), most

of which initially recovered after surgery but died between 6 and 12 hourslater. As

current Home Office guidelines state that experimental groups where treatment with

mortality is in excess of 20 % are not acceptable, further operations/treatment to

obtain the 3 day postoperative liver regeneration measurements in LPS treated

animals could not be carried out. All dead animals were subjected to post-mortem

examination. In the LPS group all animals showed signs typically associated with

LPS exposure, including bile filled small bowel and petechial bleeds on the surface

of the lungs.
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Liver Resection only killed at 3 days

154 Survived

155 Survived

156 Survived

157 Survived

158 Survived

159 Survived

Liver Resection only killed at 14 days

124 Survived

139 mouse chewedoutits stitches and unitstaff insisted that it should be sacrificed.
140 Survived

14] Survived
142 Survived

143 Survived
166 Survived

Liver Resection with Haemorrhage killed at 3 days

145 Survived

146 Survived

147 Survived

148 Survived

149 Survived

150 Survived

Liver Resection with Haemorrhage killed at 14 days

127 Survived

128 Survived

129 Survived

130 Survived

131 died at 5 hours. Reason not confirmed by post mortum

132 Survived

167 Survived

Liver Resection with LPS injection killed at 14 days

133 Survived
134 recovered andreturned to cage at 9 hours and 45mins. found dead next morning
135 recovered andreturned to cage at 9 hours and 15mins. found dead next morning

136 Survived
137 Unresponsive post op. Respiratory distress at 6 hours and 15mins. Schedule | killing.

138 Survived
168 recovered andreturned to cage at 6 hours and 30mins. found dead at 7 hours

169 recovered and returned to cage at 8 hours and 10mins. found dead next morning

170 Unresponsive post op. Found dead at 3 hours and warm. Schedule| killing.

171 little response post op. Found dead at 3 hours and 45 mins. Schedule | killing.

172 recovered and returned to cage at 8 hours and 45mins. found dead next morning

173 Survived
174 recovered and returned to cage at 7 hours and 15mins. found dead next morning

Is recovered andreturned to cage at 8 hours and 15mins. found dead next morning
 

  Table 3.6: Mortalities seen in experiments designed to determine the rate of liver regeneration. Except the LPS

treated animals, mortality was 0% or extremely low in most experimental groups. In contrast, animals that

received LPS following liver resection mortality was over 70%.
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3.8 The effect of LPS on liver regeneration

Due to unexpectedly high mortality a full dataset in LPS treated animals could not be

collected. The four surviving animals in thel4 day group showedthat at this time

point the weight of the regenerating liver was within the range seen in the control

group. The average liver weight after 14 days was 1.097 g in both groups (with SD

being 0.150 and 0.221 in the LPS and the control groups respectively). The liver

weight to body weight ratio was also identical at 4.6% (SD 0.5 and 0.7 respectively).

Unfortunately, since there is no data available at day 3 it is impossible to say whether

the given LPS doseinterfered with the early stages of liver regeneration. However,it

is clear that by day 14 there is no deficit in the weight of the regenerating organ.

Liver Resection with LPSinjection killed at 14 days

ID Body mass’ Regenerating Regenerating

liver liver

(g) (g) as % of BW

133 24.1 1.252 5.2

136 23.5 0.930 4.0

138 26.5 1.191 4.5

173 22.1 1.016 4.6

Median 23.8 1.104 4.5

Mean 24.1 1.097 4.6

SD 1.8 0.150 0.5

 

Table 3.7: Animal and regenerating liver weights 14 days

following Liver Resection with LPSinjection.
   

3.9 Wet anddry weights of the regenerating liver

Historical data indicates that during early stages of liver regeneration, before DNA

replication is complete, the ratio between the weight of the dry material within the
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tissue and the total wet weight is lower. Since this is a simple measurement with

negligible costs the wet and dry weights in the regenerating livers were measured and

ratios were calculated. In each case a non-standardised sample of the liver specimen

was taken and measuredin sterile pre-weighed petri dish so that wet weight could

be calculated. Each liver specimen wasair dried over several months in the covered

petri dish. The dry weights of all samples were determined on the same day,

eliminating variability due to environmental factors. The following two tables

summarise the results. The first (Table 3.8) showsliver from untreated animals at

time zero following resection. The second (table 3.9) showsliver taken at 3 and 14

days following liver resection with or without treatment. In both tables the mean,

median and standard deviation is shown for the ratios only because starting amount

wasnot standardised.

 

ID Wet mass Dry mass Dry/wet

(g) (g) ratio

7 0.341 0.105 0.31

0.265 0.088 0.33

9 0.367 0.112 0.31

10 0.391 0.131 0.34

11 0.346 0.115 0.33

12 0.364 0.112 0.31

154 0.712 0.205 0.29

155 0.689 0.21 0.30

156 0.494 0.146 0.30

157 0.511 0.158 0.31

158 0.696 0.214 0.31

159 0.649 0.192 0.30

Median 0.31

Mean 0.30

SD 0.01  
 

 

Table 3.8: Ratios of dry/wet weightofliverat

time = 0 after liver resection.

ID=animalidentity no. SD = standard deviation  
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In liver resected from un-manipulated animals at time zero, the dry/wet weight ratio

was 0.31 with a standard deviation of +/- 0.01. In the animals that underwent liver

resection without other interventions this ratio was back up to a similar mean ratio

0.29 with a standard deviation of +/-0.01 by 3 days. Unfortunately the dataset of the

14 day group is incomplete, however, in the available samples the meanis 0.30 with a

standard deviation of +/-0.04. In the haemorrhage and fluid replacement group, where

the early stages of liver regeneration were delayed as deterined by liver weight, the

dry to wet ratio was also reduced at only 0.18 with a standard deviation of +/-0.01 on

the third postoperative day, indicating a delay in cell replicationat this timepoint.

However, despite this initial delay, by day 14 there was nostatistically relevant

reduction in the dry to wet ratio from the haemorrhage group (0.27 with a standard

deviation of < +/-0.01) compared to controls (0.31 +/- 0.01). In the four animals that

survived LPS administration, and whose livers were resected at 14 days, the dry to

wet ratio was also 0.29 +/- 0.01. These measurements confirm independently the

delay of liver regeneration at the early time point in the haemorrhage group. At the

same time, the dry weightof the organ returns to normalin all other groups, including

the 3 day partial hepatectomy animals without exposure to adverse effects. The latter

observation highlights the speed at which residual hepatocytes proliferate in healthy

rodents.
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Liver Resection only killed at 3 days

ID

154

155

156

157

158

159

Median

Mean

SD

Wet mass

(g)

0.293

0.307

0.238

0.228

0.139

0.237

Dry mass

(g)
0.084

0.092

0.07

0.065

0.039

0.063

Liver Resection with Haemorrhagekilled

at 3 days

ID

145

146

147

148

149

150

Median

Mean

SD

Wet mass

(g)

0.744

0.759

0.888

0.781

0.927

0.698

Dry mass

(g)
0.124

0.136

0.155

0.142

0.18

0.139

Dry/wet

ratio

0.29

0.30

0.29

0.29

0.28

0.27

0.29

0.29

0.01

Dry/wet

ratio

0.17

0.18

0.17

0.18

0.19

0.20

0.18

0.18

0.01

Liver Resection only killed at 14 days

ID

140

141

142

143

124

166

Mean

SD

Wet mass

(g)

Missing data

Missing data

Missing data

Missing data

0.526

0.343

Dry mass

(g)

0.141

0.111

Liver Resection with Haemorrhagekilled at 14

days

ID

127

128

129

130

132

167

Median

Mean

SD

Wet mass

(g)

0.556

0.505

0.574

0.475

0.384

0.35

Dry mass

(g)

0.155

0.135

0.157

0.13

0.105

0.112

Liver Resection with LPS injection killed at 14

days

ID

Median

Mean

SD

133

136

138

173

Wet mass

(g)
0.385

0.306

0.422

0.343

Dry

mass

(g)
0.107

0.088

0.115

0.105

Dry/wet

ratio

0.27

0.32

0.30

0.04

Dry/wet

ratio

0.28

0.27

0.27

0.27

0.27

0.32

0.27

0.27

0.00

Dry/wet

ratio

0.28

0.29

0.27

0.31

0.28

0.29

0.01

  Table 3.9: Ratio of dry to wet weightofliver after liver resection in each treatment groupat each timepointstudied.
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3.10 Conclusions

In order to carry out studies on the effects of LPS exposure and haemorrhage/

haemodilution on postoperative liver regeneration, the operative and other technical

details of the necessary animal models hadto be established. During validation of the

partial hepatectomy model it was found that resecting the median andleft lobes in

C57BL/6 mice resulted in the removal of 56% of the liver parenchyma, a value that

approximates well to what is seen in humanliver resection. Importantly, the data on

reduced regenerating liver weight and decreased dry to wet liver weight ratio on the

third postoperative day in animals that experienced haemodilution following liver

resection was encouraging. It confirmed the assumption that haemorrhage, which is a

risk factor for developing postoperative liver failure, is likely to act by diluting

soluble factors in the blood. This, in turn, results in a delay in the process of liver

regeneration following partial hepatectomy. This justified a detailed study on gene

expression signatures within the immediate postoperative period.

Unfortunately, work investigating the effects of LPS exposure on liver regeneration

was less successful. Although a relatively modest LPS dose that was given to the

animals to mimic the effects of bacterial infections on the priming stages of

hepatocyte proliferation, the toxicity associated with this dose was unexpectedly high.

As mentioned before, a numberoffactors, including legal/ethical obstacles of toxicity

testing, difficulties in interpreting previous results due to the lack of available details,

and the complex biology associated with this compound,resulted in the situation that

work on these animals had to be abandoned before regeneration data on the 3"

postoperative day could be collected. However, as previous investigators have
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demonstrated that LPS plays a central role in regulating hepatocyte responses to

external stimuli, and a detailed analysis of gene expression changes associated with

this process has not been previously carried out, it was decided to proceed with

analysing gene expression changes from the samples that had already been collected

at 90 and 240 minutes after LPS exposure.

153



4

Gene Expression

Studies

154



4.1 Introduction

From the inception of the project it was planned that expression profiling, utilizing

DNA microarrays, would be used to investigate the effect of LPS exposure and

hemorrhage on the process of liver regeneration. The reasons for this choice were

twofold. Firstly, the process of liver regeneration is complex. As discussedalready,it

involves a multitude of pathways and, despite the wealth of information available,

our understanding of the regeneration processis still not complete. In addition, the

impact of both LPS exposure and haemorrhage would be expected to affect several

intracellular processes. Thus, predicting which proteins, transcription factors or

regulatory gene products would be involved, and investigating these in a targeted

approach, such as quantitative PCR or Western blotting, would have been too time

consuming, costly and was likely to miss important information. To understand the

underlying biology in a situation like this, one would need to use an approach that

gathers a comprehensive dataset on changes in gene and protein expression, that take

place as a consequence of the experimental interventions. Gene expression profiling,

despite its limitations and challenges, was one of the few approaches suited to

investigate the processes of interest. A comprehensive proteomics profiling would

have been an alternative approach. However, several factors, including the time

available for the completion of the work, access to the technology and issues of cost

meant that that the use of DNA arrays was more likely to succeed in providing

analyzable data. In addition, as discussed in the Introduction, gene expression

analysis has been used by other investigators to study the process of liver

regeneration. In contrast comprehensive proteomics data on the processis currently

unavailable. The fact that detailed expression data from other groups wasavailable
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for the purposes of comparisons with the results of the planned investigations was

appealing. However, while microarrays have great potential to provide insight into a

biological event, there are a numberof technical and theoretical issues that had to be

considered when designing the experimental approach. Before discussing the actual

experimental process these considerations will be summarizedbriefly.

Experimental design is an important consideration when undertaking a large study

using two colour microarray experiments and there are two distinct areas to consider;

hybridisation design and processing design.

Hybridisation design refers to the combination of samples on an array with one

sample labeled green and the other red. Consideration for hybridisation design is

important because it minimisesthe inefficient use of resources (samples, microarrays)

and the potential of generating data that cannot answer the biological question.

Processing design refers to the handling of samples through the course of a

microarray experiment, including RNA extraction, synthesis of cRNA, cRNA

labeling, hybridisation and scanning.It is recognised that an unsupervised clustering

algorithms can group samples that are processed on the same day rather than

according to their biological characteristics. It is therefore of paramount importance

that samples should be randomised into groups for processing in order to ensure that

processing noiseis not greater than biological noise.
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4.2 Hybridisation design

Hybridisation design refers to the how various samples from different groups are

hybridised to the arrays available when some samples are labelled green and others

red. The use of pooled normal samples (figure 4.1) compared to running normal

samples individually (figures 4.2a-c) will halve the number of microarrays used but

does not generate data on the variability of gene expression patterns within the control

group(ie liver at time 0). Thus, despite financial savings the compromises associated

with this approach were deemed unacceptable.

 

_a]
Normal

 

Normal asQe

 

Figure 4.1: Pooled normal
     
 

Having decided to avoid the use of pooled samplesthere are three theoretical designs

that could be used for the purposes of class comparisons microarray experiments

(Figures 4.2a-c). The first is a reference design (figure 4.2a) in which all samples are

compared to an independent reference sample, the second a balanced block design

wherein half of the experiments the treatment group are labeled green and samplesin
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the normal group red and the in the other half the dye is switched (figure 4.2b). The

third is a loop design in which each sample is represented twice and one array is

linked to the next by the arrangement of samples (figure 4.2c)

 

Figure 4.2a: Reference design. Each of the treated and
normal samples is compared to an independantreference

in 8 microarray experiments. Red is the Cye 5 dye and

green is the Cye 3 usedto label the samples.    

 

Figure 4.2b: Balanced block design. Treated and
normal are compareddirectly in 4 microarray

experiments and there is a need for dye swap. Redis the

Cye 5 dye and greenis the Cye 3 usedto label the

samples.    

  

Figure 4.2c: Loop design. Each sample is represented

twice thus 8 microarrays are performed. Redis the Cye

5 dye and greenis the Cye 3 used to label the samples.
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There are several factors that need to be considered when choosing a hybridisation

design. Preference will depend upon the type of experiment, the number and size of

groupsbeing tested and whether resources (the numberofarrays available and cost of

sample processing) or the sample availability is the limiting factor.

For a numberof reasons for the purposes of the project presented in this thesis a

reference design was used. Firstly it is easy to devise particularly when there are

many groups. A reference design meansthat all comparisons of interest can be made

and decisions about which comparisons are carried out are possible after the data is

already collected. A reference design is more consistent when the experiments are

carried out over a longer period of time over as was the case in the presented work.

The disadvantage is that it is less efficient if arrays or resources are scarce because

one of the samples in every hybridisation is the biologically irrelevant reference

sample. However, all of the samples are labelled with the same Cye dye and since

they are they are all compared to the reference sample that is consistently labelled

with the other fluorophore dye bias is eliminated. A reference design is the most

widely used because spot to spot variation can be eliminated in a simple way using

ratios or log ratios In addition most microarray packages assumea reference design.

Onecan use simple studentst-test to the log ratio measurements rather than ANOVA

simplifying analysis. Additional advantages are that class definitions can be changed

if necessary and class discovery is also possible (using clustering) although these

latter considerations were irrelevant to the experiments inthis thesis.

159



The main reason that a reference design was used in these experiments wasthe fact

that there were so many groups to compare. Figures 4.2 a-c consider experiments with

4 normal and 4 treated samples (ie 2 classes). In the experiment planned here there

were 11 classes with 6 individuals in each. As the reference design allows comparison

between any two classes electronically without the need for the samples actually

appearing on the sameslide this approach was clearly the most suitable for the

purposesif this study.

4.3 Level of replication

Class comparison refers to experiments that compare the gene expression profile of

two predefined classes of individuals. If one individual is compared to anotherthere is

no way to differentiate between expression differences associated with class from

those associated with biological variation or measurement error. For effective class

comparison experiments replication should be at the population level. Here each

replicate represents RNA from separate individuals, referred to as biological

replicates. This level of comparison will reduce variability form both population and

experimental error. If the number of microarrays is fixed and there is no limitation

over availability of RNA samples then the maximum numberofbiological replicates

should be used. However if sample numbers are limited and arrays are not then

technical replicates will also help to reduce variability from experimental error.

However, the point within the experiments where technical replication is introduced

will influence the value of these technical replicates. Figure 4.3 showsthe biologically

least relevant situation when the technical replication is performed atthe last step.
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Figure 4.3 Example of technical replicates at hybridization level.
   

If a technical replication is carried out ideally it should be from at the earliest feasible

step in the sample processing path. In the experiments presented in this thesis six

biological replicates were used with twotechnical replicates from the total RNAlevel.

This is schematically represented in figure 4.4. The level technical replication from

total RNA informs of the experimentalerror during the entire sample processing path

from total RNA to array image.

 

 

Figure 4.4 Levelofreplicates at the total RNA level. One RNA extraction was performed for eachliver

sample. All processing thereafter is performed in duplicate (follow red arrows for example) and nopair of

samplesis run in the sameprocessing or hybridisation group.    
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Ideally one would extract RNA from the same biological sample more than once and

process these independently. However, due to cost and time constraints this was not

feasible. However, omitting multiple RNA extractions is unlikely to have

compromised the experimentssignificantly.

4.4 Processing design

Processing design refers to the handling of samples through the course of a

microarray experiment, including RNA extraction, synthesis of cRNA, cRNA

labelling, fragmentation, hybridisation and scanning. It is recognised that an

unsupervised clustering algorithm can group samples that are processed on the same

day or processing group rather than according to their biological characteristics. It is

therefore of paramount importance that samples should be randomised into groups for

processingin order to ensure that processing noise is not greater than biological noise.

Importantly, previous reports have shown that some factors, such as a change in the

operator carrying out the sample processing or batch processing of samples on various

days introduced so much systematic error that it masked biologically relevant

changes.

It stands to reason that the more complex a given experiment is the more systematic

and randomerrors are likely to confoundthe final dataset. Ideally, one would like to

process all the samples on the same day, with the same reagents, under identical

conditions. However,it is impossible to achieve this for obvious reasons, including

the number of samples (132 samples in the experiments presented here) and time

needed to complete the 11 stages of sample processing. In a situation like this, batch
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processing, and the risk of introducing systematic errors associated with this

approach, becomes unavoidable. Although improved analysis software andstatistical

approaches have been developed that can correct, to a certain extent, for systematic

errors, it is prudent to design the experiments with the aim of minimizing the impact

of confoundingfactorsas far asit is feasible.
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Liver sample

   

 
 

 

Figure 4.5: Overview of processing of liver samples for analysis by microarray. Each sample underwent numerous

steps in the complete course of these experiments and these have been divided into ‘RNA extraction’, ‘sample

processing’ and ‘hybridisation’ stages. These are the points where randomization occurred. Steps concerned with

quality control are shownhorizontally.
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Figure 4.5 summarises the 11 steps needed to process a sample from frozen liver

tissue to gene specific expression intensity measurements.It is unclear how much a

given step in this process impacts data by introducing systematic errors but the

potential to introduce an imprint of confounding error cannot be excluded at any of

these steps. For example if all liver resection samples had RNA extracted on one day

and the control samples on a different day, observed gene expression differences

between the two groups could be due to underlying biology, or the systematic error

introduced during RNA extraction. A similar argument could be madeforall other

steps in this process.

Theoretically one would attempt to ensure that samples are randomized into new

batches at each conceivable step. However, in practice this ideal is not attainable.

Firstly, practical experience showed that stopping sample processing and storing

reactions betweenthefirst strand cDNA synthesis and cRNA amplification resulted in

drastically reduced yields hence the samples were taken through from mRNA to

purified CRNA which were frozen at -80degrees. It was also found that dye coupled

samples did not store well so the labeling, to hybrisiation steps were grouped together.

This limited the number of steps where randomization was practical to RNA

extraction, sample processing (from total RNA to cRNAstage), hybridization (dye

coupling, fragmentation and hybridisation) and randomizing samples so that a

representative number from each biological group is hybridized onto all available

slide batches. Figure 4.6 indicates the ideal sample randomization strategies within

these constraints.
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Figure 4.6: Schematic representation of levels of randomization within the array experiment

  
 

Under ideal conditions, when the number of biological groups, RNA extraction

groups, processing and hybridisation groups are the same, and none of the

experiments need repeating careful randomization would eliminate the imprint of the

systematic error on the final gene expression dataset. In this idealistic scenario

systematic error turns into random error, effectively “noise”. The only factor common

to a given set of samplesis the biological treatment group, thus the “extractability” of

biologically relevant differences is maximized.

In the presented experiments the availability of the glass arrayswas limited. Clearly

one would hopethat all samples from a given project would be hybridized to arrays

that are from the sameprint-run. In reality, the length of a print run is limited to less

than a hundred useable slides, so all samples could not have been processed onslides

from a single batch. Theslides for my experiments were provided by a national core

facility, and I had no control over their allocation. As discussedlater, the slides came

from different print runs, and the numbers within each batch were different,

compromising myability to randomize samples across these. Furthermore, as artefacts
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appear both at the beginning and end of each print-run, even slides from the same

batch show variability.

Finally, a theoretically perfect randomization matrix would assume that none ofthe

hybridizations needs to be repeated. Since in reality a number of samples will require

re-processing, the repeat samples will obviously be in different processing groups

than intended for the initial sample, even the most carefully designed and executed

randomization schemes will be compromised somewhat.

4.5 Processing design in this microarray experiment

There were 6 animals in each of the 5 treatment groups at two time-points, 240

minutes and 90 minutes. The treatment groups were sham (S), liver resection alone

(LR), sham with lipopolysaccharide (SLPS), liver resection with lipopolysaccharide

(LRLPS) and Liver resection with haemorrhage (LRH). In addition there were 6

resected specimens taken before regeneration started (named Before). Liver samples

were obtained either during the operations or after schedule 1 killing and the liver

sample was immediately frozen andstored in liquid nitrogen.

There were 13 RNAextraction groups (1-13). This was largely chronological and

therefore represents the weakest part of the randomisation process.

Samples were then allocated into ‘processing groups’ comprising a maximum of 12

total RNA samples (two LR, two sham, two LRLPS, two SLPS two LRH and two

before). There were 19 sample processing groups alltogether including repeats.
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Processing of each total RNA sample was performed in duplicate. For example

sample processing group 1 was performed in duplicate runs, named la and 1b. These

technical replicates were usually carried on the same day but with a completely

separate master mix. Thus processing groups la and 1b were done on the same day

but the only thing commonto them wasthe input RNA.

The resulting cRNA samples from each processing group were then further

randomised using a balanced block design into ‘hybridisation groups’ again

comprising of a maximum of 12 samples. The hybridization process was limited to

this number becase it included aliquoting of samples, labelling by dye coupling,

purification, absorbance measurement of labelled cRNA and calculation of

concentration and yield in order to aliquot labelled cRNA samples and combine with

labelled reference, reduction of volume by rotary evaporation in a vacuum,

fragmentation and hybribisation onto microarray slides. This was performed on one

day and then after incubation overnight the set of microarray slides were washed,

dried and scanned. There were 18 hybridisation groups in total including repeats.

Each hybridization group consisted of two samples from each of the treatment groups

(two LR, two sham, two LRLPS, two SLPS two LRH andtwobefore) and there was

an equal mix of processing groups within the hybridization group. The 12

hybridisations were carried out using an equal mix of the 3 slide sets. In this way

technical replicates from an individual mouse werecarried out in separate processing

groups, separate hybridization groups and although some samples appeared on the

sameset ofslide sets these would always be hybridised on a different days.
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As mentioned previously the ideal situation is that all samples are hybridised onto

slides from one print run. However, for large studies, in which numbers of samples

exceed the size of the print run (typically 100 slides), then samples need to be

randomized so that they are represented across all print runs. In order for this to be

possible it is also important and certainly preferable that total number of available

slides (allowing for repeats) is knownatthe start of the experiment.In the situation

where slides are limited initially and increased later if initial data seems to be

promising a different approach to randomisation is required and again is better served

by a balanced block design.

In the presented experiments free slides that were provided by HGMPwereused.First

slides from one print run were made available in order to produce some provisional

data (set 1 slides). It was therefore necessary to use a balanced block design so that

equal numbers of samples from each treatment group were represented on these

slides. A rudimentary analysis was performed and after providing evidence that the

slides were being put to good use slides from two further print runs were delivered.

The next set of slides gave a satisfactory signal (set 2) and there was a larger number

of these but there was a problem with the third set and these had to be replaced twice

(henceset 3, set 4 and set5).
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Figure 4.7 shows the numberof groups presentat each stage of the sample processing

path, including repeat groups. It is apparent from this illustration that the number of

groups in most columns was comparable before the need for repeats due to failed

experiments (Processing groups Ra-Ri and hybridization groups R1-R5). However,

the numberofslide sets in a notable exception, as here there are only three groups

here.

Treatment RNA Processing Hybridisation Slide

groups extraction groups groups sets

groups

editciae

Sham240 minutes

 
 

Figure 4.7: All treatment, RNA extraction, processing and hybridization groups

andslide sets used in my experiment

Appendix 4.1 showsdesignation of individual samples to these groups    

Detailed information on the actual RNA extraction group, sample processing group,

hybridisation groups and slide set that each individual sample with a successful

microarray result was allocated can be found Appendix1.
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4.6 Total RNA extraction

For each sample, 350ul lysis buffer was required for 30ug liver tissue. A portion of

the frozen tissue (more than 30g) was quickly removedsothat the rest of the sample

could be returned to liquid nitrogen for future work. The pre-weighed tube containing

350° lysis buffer, was weighed again after addition of the liver tissue and the total

volume of lysis buffer was calculated and appropriate amount added. After

homogenisation 350ul of the mixture (containing 30ug of tissue) was then loaded

onto the column in each case. From 30g tissue the yield ranged from 20 - 126ug of

total RNA. This includesall samples that were extracted including repeats. The mean

yield was 72g with a standard deviation of 22g.
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Figure 4.8: Histogram to show thedistribution of total RNA yield from

liver.   
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Whilst this variability seems excessive it is largely attributable to manufacturing

differences in the columns as experiments with cultured cells showed marked

variability when multiple columns were used for RNA extraction. In the later quality

control steps no correlation was seen betweeninitial yield and RNAintegrity detected

by electrophoresis.
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4.7 Quality of total RNA samples

There were no samples that needed to be repeated due to insufficient yield but

occasionally samples were re-extracted based on the quality assessment of the RNA

by spectrophotometry trace and agarose gel electophoresis. On a RNA denaturing gel

it is accepted that the 28S band should be more pronounced than the 18S band. As an

example (Figure 4.9) samples 70a, 73a and 81a had a weaker 28S band than the 18S

band. These samples also had a poor spectrophotometry trace, so total RNA from

these liver samples wasreextracted.

 

28S
 

 

18S    

lkb 65a 66a 67a 69a 70a 71a 73a 74a 76a 77a 79a 81a Ikb

 

 

 

Figure 4.9: Total

RNA run on a

denaturing gel
used for quality
control. All gels

are shown in

appendix 2.

 

 

Examples of good and poortracesare given.
 
Figure 4.10 Spectrophotometer traces used for quality control or total RNA and cRNA.
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There were no other samples that needed to be repeated andtherest of the gel pictures

for the other samples are shown in supplementary figures 1-9 of Appendix 2 (RNA

quality).

4.8 Total RNA samples run on the Agilent bioanalyser

At least one sample from each of the total RNA gels was also run on the Agilent

bioanalyzer using the RNA 6000 nanoassay. The results of these runs are also shown

in supplementary figure 10 in Appendix 2 RNA Quality. This is a sensitive system

requiring much less RNA than a denaturing gel (as little as 25ng for quantitative and

5ng for qualitative analysis) and is perhaps more sensitive for RNA degradation than

conventional denaturing gel electrophoresis. However, due to cost considerations only

representative samples were analysed using this approach

4.9 Preparation of the reference set CRNA

Ideally the reference sample would give at least some signal on each individual spot

of a microarray. This would makeit possible that to analyse log ratios between any

expressed gene in the experimental samples and the reference. The other requirement

for the reference sample is that there should be enoughofit to hybridise against every

sample in the planned experiments and the necessary repeats. To achieve these aims

commercial suppliers produce total RNA or mRNA from large batches of a variety of

cells grown in tissue culture. However, this approach cannot provide signal at every

gene specific spot. Perhaps the best way to ensure that most spots relevant to a given

experiment‘light up’ is to use a mixture of samples from the sametissue that is being
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investigated. Thus, a random sample from each ofthe gels presented in supplementary

figure 1-9 in Appendix 2 was selected. These samples were mixed together, and to

limit the cost of producing such a large amount of cRNA two rounds of amplification

were performed on this mixed total RNA pool. The reference sample used for a given

set of experiments by definition must be from one source and therefore more cannot

be synthesized later. Thus, in the production of this cRNA poolthe needfor replicates

must be allowed for. Although it can be assumed that at least one third ofall

microarrays would need to be repeated, in the experiments presented here the number

of slides wasthe limiting factor, so the need for reference cRNA wascalculated based

on the numberofslides allocated for the study. This was 2880ug (192 X 15g). In

view of the unpredictability of yields of cRNA the second round amplification was

performed in 3 batches of diminishing size in order to obtain an adequate stock of

reference for these experiments without wasting resources. These batches were

combined and after adequate mixing three aliquots were measured with a

spectrophotometer. The mean OD values were calculated as shown in Table 4.1.

Finally 15g aliquots were taken to avoid repeated freeze-thaw cycles andstoredat -

80°C until required for labeling and hybridization.

Vol A260 A280 Trace Ratio Conc Yield tpg 15yg Numberof
reference

(ul) (ug/ul) (ug) (ul) (ul) sanples
reading 1 0.603 0.296 good

reading 2 0.599 0.292 good

reading 3 0.592 0.286 good

Average 5000 0.598 0.291 good 2.05 0.62 3110 «31.61 24.12 207

 

Table 4.1: Reference sample preparation. Aliquots of the combined reference set runs were analysed using a

snectronhotometer.  
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4.10 Preparation of cRNA samples

The 240 minute treatment groups and the before group were processed and hybridized

first. This is because it was unknown how manyrepeats would need to be performed

both at the processing and hybridization stages and so this time-point wasprioritized.

Only when it was knownthat additional slides would be provided by HGMP wasthe

processing of the 90 minute group undertaken. There were also samples from a 30

minute time-point but there was insufficient time and funding to process, hybridise

and analyse these groups.

Processing was performed in randomized groups as previously described. Following

purification of cRNA the yield of each sample was measured and a

spectrophotometeric trace was recorded as described for total RNA. cRNA samples

exhibiting a poor trace were discarded and processing was repeated. If the

spectrophotometer trace was good then 0.5ug cRNA wasrun on a denaturing agarose

gel to confirm the molecular weight range of the amplified molecules. These gels are

shown in supplementary figures 11-23 in Appendix 2 (RNA Quality). The aim of

producing a yield of 15g for labelling was achieved with the majority of samples.

Occasionally, if the quality of the amplified cRNA was good but the yield was below

15g, re-processing of the same sample also resulted in less than 15g cRNA.

Providing that the cRNA from thefirst and the repeat amplification attempts both had

a good spectrophotometrytrace and gel image these were combined and hybridised as

a single sample.
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In the combined 240 minute and before group there were 72 samples amplified. This

included 30 animals killed at 240 minutes and 6 animals whoseliver was resected at

time 0, all run in duplicate to provide 72 cRNA samples. After processing, 61 cRNA

samples had an adequate yield and quality to be hybridized. The remaining 11

samples had to be re-processed due to insufficient CRNA yields. After hybridizing

these 72 samples, 41 gene expression images were informative while the remaining

29 needed repeating from the total RNA stage. In all, 12 informative hybridisations

used cRNAthat was derived from more than one round of amplification. Even after

repeats, 2 samples gave no analyzableresults.

For the second, 90 minute group there were regenerating specimens from 30 animals

killed at 90 minutes all in duplocate. Of the 60 samples, 42 samples yielded cRNA

suitable for hybridization while 18 had to be repeated. Of the 60 original

hybridizations 42 gave analyzable images with12 samples requiring additional repeat

processing due to poor quality hybridizations. In all, 11 informative hybridisations

used cRNA that was derived from more than one run of amplification. Even after

repeats, one sample gave no analysable result. For details see Appendix 3.

4.11 cRNA dye coupling yields and efficiency and hybridisation

For 132 samples (66 individuals in duplicate) there were a total of 207 dye coupling

reactions carried out and 202 hybridisations performed. There were 172 dye coupling

reactions that started with greater than 15yg and for this group the mean recovery of

labeled cRNA was 12.85yg with a standard deviation of 2.17. This included 9

samples (5%) with a recovery below 10ug, one of which was too low for
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hybridisation. The remaining 35 samples were coupled to the dye using less than

15ug cRNA.In this group 10 samples (29%) gave a recovery of less than 10pg. Four

of these were too low for hybridization. In all, 5 samples were not hybridised after

dye coupling and 3 of those did not yield a usable microarray images even after

repeats. These were 7A (LR 240), 23A (S90) and 100A (LRLPS 240). Details ofall

dye coupling reactions are shown in Appendix 4 (Labeled cRNA absorbance

measurements) and a summary is shown in Table 4.2 below.

Colour code in appendix 3 Unlabeled Labeled Array good Poorarray Total

cRNA cRNA

(ug) (up)

 

ALL 207
 

Table 4.2 : Summary of dye coupling yields the details of which can be found in Appendix 4 :

Dye coupling efficiency

  
 

Of those hybridizations starting with less than 10ug the amount of the reference

sample was reduced accordingly so that the sample to reference ratio wasstill 1:1 to

allow competitive hybridization. The proportion of poor hybridization results for

samples with less than 10ug wasslightly higher than those with 10ug put on to the

slide (50% compared to 34% respectively). However there are many factors other

than amount of cRNA hybridized that governs hybridization quality and these will be

discussed below.

The first is to consider dye coupling efficiency. Given that a signal will only be

detected at the array spot if the dye is efficiently coupled to the cRNAit is important
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to ensure that coupling is efficient for sample and reference. The assessment of dye

coupling and all relies on a spectrophotometeric trace an example of which is given in

 

Figure 4.11

A260 A350 A450 A550 A650 A750

Nucleic acid nucleic acic Cye 3 peak Cye 5 peak Cye 5 baseline
baseline Cye 3 baseline

 

 
Figure 4.11 Spectrophotometertrace to show peaks of Cye dyes when coupled to CRNA

 

The important features of the trace include the height of the peaks at A550nm for Cye

3 and A650nm for Cye 5 as well as the height of the baseline before and after the dye

peaks. This latter should be at or near zero indicating the absence of unincorporated

dye after purification. The Cye dye baseline is measured at A650nm for Cye 3 and

A750nm for Cye 5. The nucleic acid baseline (between nucleic acid and dye) is

calculated from additional measurements at A450 for cye 3 and A520for cye5.

Cy 3 / nucleic acid baseline A 450 / A550 Reference set

Cy 5 nucleic acid baseline A520 / A650 Samples
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Dye incorporation into CRNA can be calculated in terms of number of dye molecules

per 1000 nucleotides.

 # Cye 3 dye molecules = Adye X 9010 cm! M” X 1000

1000 nucleotides A260 dye extinction coefficeint

Dye Absorbance Extinction
maximum coefficeint *

Cye 3 A550 150,000

Cye 5 A650 250,000

 

 
Table 4.3 Cye dye absorbance maximum and *Extinction coefficeint * (€) at A maxiN em! M'!

 

This equation and the expected values were obtained from the Ambion website:

Message Amp II protocol. At the time that the work was carried out the

recommendation wasthat the optimal dye incorporation should be within 20-50 dye

molecules per 1000 nucleotides when 1-5ug cRNAis put on theslide. Since then this

value has been revised to 30-60.

However previous experience in the lab indicated that dye incorporation was quite

variable and consistently lower than these values. If 10ug of cRNA wasused for

hybridization, a high quality images could be obtained with samples with much lower

dye incorporation values and for this reason samples were not rejected on thiscriteria

alone, although the data was collected for analysis. The results of the experiments

seem to support the observation that high quality images can be obtained at lower dye

incorporation levels because the percentage of scans rejected is almost identical

between the samples that had dye incorporation values between the 20-50 and those

that were lower. When analyzing the same data with the higher range a similar result

is found.
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Table 4.4 : Percentage of rejected slides with coupling ratios lower than the recommendedrange.

  
 

4.12 Scanning and imageacquisition

Despite efforts to standardise the amount of cRNA hybridised to array slides and

normalise the dye incorporation values the signal intensity of scanned images howed

significant variability. To compensate for this variability and to gain the maximum

amount of information from the signal intensities detected on the slides scanning was

preformed by optimising the gain levels for each dye on each slide. During single

channel scanning fluorescenceintensity is represented in by the software using a false

colour scale. This starts with blue indicating very low signal intensity and turns to

green, yellow, white andred assignal intensity increases. The presence of a red spot

indicates that the signal intensity has gone over the linear scale and the signal at a

given spot is saturated. At this point quantitative information on signal intensity is no

longer acquired. During the scanning ofeach slide a low resolution scan wasinitially

made and the photomultiplier gains were adjusted so that no more than 3 and no less

than 1 spot was red and a high resolution scan was made in each of the channels.
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Adjusting the gain levels using this approach compensates for differences in dye

incorporation efficiencies between the two channels (Cye 3 and Cye 5) and between

samples (Cye 5 on sample 1 and Cye 5 on sample 2). The basic principle of this

approach issimilar to the use of the standard grey card used for exposure correction in

photography.

After completing a first high resolution scan in each of the channels, the gain was

increased by a set value (6 DB) to increase “the exposure” thus increasing the signal

to noise ratio of the image for the spots which wereless bright. In this way a second

high resolution scan was performed in each channel. These two images were analysed

separately and the genelists obtained from them compared. Finally an extra very high

intensity scan was performed before discarding the slide to assist with image

processing.

The way in which quality control was carried out for the hybridizations consisted of

some simple assessments ofthe slides during scanning. This included 4 areas. First if

there was a large part of the slide that clearly had no sample on it (because no

housekeeping genes were visible) then these slides were rejected and the experiment

repeated. A slide wasrejected if it contained any non-specific binding (where all the

spots light up equally), however, this problem was seldom seen. Thirdly if the slide

contained artefacts that would result in the loss of a great numberof analysable spots

due to the proximity or overlap of numerousspots, or the presence of bright scratches

affecting more then ten spots the hybridisation was also repeated. Finally the image

intensity level was assessed. The need for extremely high gain setting makes spot to

noise ratio relatively high and if this was the case then the slide was rejected. Small
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areas had lowerintensity on most of the slides (particularly at the top right corner). It

was probably due, at least in part, to the fact that the sample was loaded onto theslide

at the opposite end. During optimization loading from both ends resulted in trapped

pockets of air under the lifter slip and a much higher failure rate was observed. The

use of normal cover slips resulted in drying out of the slides during hybridisations,

with a greater loss of analysable spots. Thusall slides were loaded in the same way

from one end, accepting the compromise that it resulted in weaker signals in one

comer of the slide. An example of this can be seen in Figure 4.13b and c in the

following section.

4.13 Imageprocessing

Computer algorithms, known as feature extraction software, convert the images into

numerical information that quantifies gene expression and is the first step of data

analysis. Consideration of what software to use largely depends on the quality of the

spots on the microarray. The process called segmentation in which the software

determines which pixels in the area are part of a feature and which are part of the

background is easier if the spots are perfectly round and are all the samesize.

However, this ideal is impossible to achieve using spotted arrays. As shownin Figure

4.13d the spots on the HGMPslides were of differing sizes and shapes. In this

situation a software package with a “fixed circle’ would have miscalculated signal and

backgroundintensities. There are three other feature extraction approaches: variable

circle, histogram and adaptive shape. Variable circle segmentation shrinks the circle

of the grid to fit the spot, histogram segmentation fits a circle over the region of the

spot and background and then looksat a histogram of the intensities of the pixels and
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ignores the brightest and dimmest pixels. This producesreliable results for irregularly

shaped features but can be unstable if the circle is too large in relation to the spot. For

the analysis of the imagesin this thesis the Imagene version 5.6 software package was

used. This combines variable circle and histogram analysis avoiding the pitfalls of the

individual approaches. Software using adaptive shape segmentation was not

accessible in Liverpoolat the time, therefore it was not considered.

   
Figure 4.12 Microarray images in Imagene: Image (tifffile)

shows whole slide (a) before the placement of the grid (b-e).
Top right hand corner of slide (b) has a noticeably lower

intensity than bottom right (c). Close up picture (d) to show

how irregular the spots can be and howthe software adjusts
the circles to better fit the spots (e). The colours represent
relative fluorescence intensity between Cye 3 (green) and Cye

5 (red) channels, yellow indicating equal in each, and are

unrelated to the false colours seen during scanning.

Background regions defined by various software algorithms are usually local as

background can be variable across theslide. It can be the area immediately adjacent to

the feature, howeverthis will be inaccurate if the feature is larger than the circle. To

overcome this problem some software packages either leave a space between the

feature and the background, as does Imagene, or the background is measured in the

area midway between features.

The final quality control step included the analysis of the technical replicates. These

samples were plotted against each other as independent experiments to see how well
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the duplicates are related to each other. The full analysis ofall the duplicates is shown

in Appendix 5
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4.15 Conclusions

This chapter summarised those technical details of the experiments that could not be

adequately described or explained in thee Materials and Methods section. The reason

for the inclusion of these sometimes tedious details is to illustrate the amount of

quality control that went into the generation of the signal intensity data that will be

analysed in the following chapters. In this regard work presented in this thesis shows

more attention to relevant detail than any other array based investigation that was

published on the topic of liver regeneration before these experiments were conducted.

This includes even the results of Su et al. Although these authors used a technically

superior array platform the level of biological and technical replication was much

lower in their experiments. Furthermore, as discussed later, they used an analysis

software and strategy that was proneto false discoveries.

Perhaps the most notable feature of the sample handling presented is the

randomisation of samples into various RNA processing and hybridisation groups and

ensuring that they were hybridised to arrays derived from various print batches. This

painstaking processin all probability contributed to the generation of a quality dataset

and helped eliminating systematic error associated with sample processing.
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Chapter 5

Gene expression

in

hepatic regeneration
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5.1 Introduction

The following three chapters summarise the gene expression data gathered in animals

undergoing uncomplicated partial liver resection, liver resection haemorrhage, those

that received LPS intraoperatively, and the appropriate control groups. Given the

amount of data gathered in microarray experiments it is impossible to presentall the

data in the text and it was inevitable that I would have to be selective about whatis

included and discussed in detail in each chapter. When space limitation prevented me

from including large data sets in the appropriate chapter these are attached as

appendicesthat follow the maintext.

The analysis of DNA arrays and data from proteomics experiments are aimed at

quantitating the level of expression of a large numbers, often tens of thousands, of

genes or proteins. This poses new challenges in interpretation andstatistical analysis.

In both of these situations a large numberof parallel measurements are made and the

numberoftested features (gene specific signal intensities) is usually several orders of

magnitude higher than the number of samples that have been tested to provide the

dataset. These datasets are then interrogated in three basic analysis approaches. In

class comparison the gene expression profile and the class descriptor (the biological

treatment group) are two independent parameters. The aim is to identify genes that are

consistently different between the two (or multiple) classes. Class prediction shares

many characteristics with class comparison, but here the aim is to identify a set of

genes (predictors), whose expression is the most strongly associated with the sample

belonging to a particular group. The third approach, class discovery, differs

substantially. Here the aim is to identify the number of classes present within the
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sample pool based on the expression data collected. As my experiments aimed to

provide a comprehensive class comparison betweenthe variousbiological “treatment”

groups, I will provide a brief overview ofstatistical an analytical principles associated

with this process.

While statistical approaches to deal with such massively parallel testing scenarios are

constantly evolving, some of the basic principles are clear. Firstly, while most

conventional statistical scenarios start with a null hypothesis that is then confirmed or

rejected during testing, this approachis not entirely appropriate for class comparisons.

When analysing multiple gene array-derived gene expression profiles of different

biological samples, one can reasonably assumethatat least a portion of the data will

be genuinely different (non-null hypothesis). Thus any statistical approach aimed at

analysing such datasets need to balance the desire to reduce false discovery rate with

the need to maximise the identification of changes due to the studied biological

process. When multiple independent tests are carried on the same sample the

likelihood of false discovery increases, doubles, with each additional test. To

compensate for this Bonferroni proposed that the accepted test-wise p value is divided

by the number of independent tests (Bonferroni CE 1936). This rather simple

approach has been used widely ever since. However, using Bonferroni correction with

complex multidimensional data, such as microarray data, would set such high

stringency requirements at the level of individual measurements that most, potentially

even all, differentially expressed genes would befiltered out, resulting in a low false

discovery rate at the expense of very low sensitivity. Since the late 1970s a number of

statistical approaches were developed that use more conservative correction for

multiple testing than that proposed by Bonferroni. These in principle order the results
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based ontheir p values and acceptthe highest ranked results (those with the smallest p

values) until they satisfy certain mathematical characteristics (step down analysis)

(Holm 1979; Benjamini Y & Hochberg Y 1995). While these approaches improve

sensitivity their false discovery rate can still be rather high. Furthermore these

approaches workbyestimating the expected rate of false discoveries.

Recently permutational approaches were developed to calculate false discovery rates

in class comparisons more accurately (Radmacheref al. 2002). The principle of this

process is relatively simple: an individual sample is analysed by comparing them to

the other samples that belong to the other class, identifying genes that are

differentially expressed and ranking these in order of p value. At the next step, the

same sample is given the “wrong” classifier, and the comparisons are repeated

generating a list of “differentially expressed” genes and their associated p values.

Assuming a perfect dataset, in this second permutated analysis, there should be no

significantly different genes. The number and significance of the “differences”

observed during the permutated analysis allows the software to calculate the level of

error presentin the dataset. (In contrast the previously mentioned step down analysis

only estimates the error). By analysing the dataset reiteratively with this approach, the

numberof false discoveries can be controlled much more tightly and accurately while

maximising sensitivity. The algorithms used for these calculations have been tested

extensively on both simulated data and publicly available real life gene expression

data, and their robustness was verified. One of the permuational analysis software

packages, BRB Arraytools, developed by the Biometrical Research Branch of the

NIH National Cancer Institute, is downloadable free of charge to academic users.

Data on the verification of the algorithms used for computations in BRB Arraytools
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are publicly available (Korn EL ef al. 2004), increasing user confidence, while similar

verification is either kept confidential or completely missing for commercial array

analysis packages. In addition BRB ArrayTools is used worldwide and was applied

successfully in a number of complex analysis scenarios in high profile publications

(see webpage for over 100 references: http://linus.nci.nih.gov/~brb/ scholar1.htm).

Based on these factors I decided to use this package to carry out the analysis of my

dataset.

5.2 Analysis strategy

The aim of my work wasto investigate the effects of LPS exposure and haemorrhage

on gene expression during the early stages of liver regeneration and is presented in

chapters 6 and 7. The first stage in this process was to establish changes that take

place during normalliver regeneration. This analysis is presented in this chapter.

The analysis of the data could be subdivided into three independent phases.Firstly, I

decided to carry out a cluster analysis of all the gene expression profiles generated in

my experiments. This conventional analysis looks at the level of

similarity/dissimilarity between individual samples. The results are expressed as a

dendrogram, where the distance between branches is proportional to the level of

“relatedness” detected by the software. The second phase of the analysis looksat pair-

wise comparisons of gene expression patterns between liver samples obtained before

inducing liver regeneration and the groups containing animals undergoing either

partial hepatectomies or sham operations. These comparisons look at 6 control

samples (before) and 6 experimental samples (LR or Sham) all processed in
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duplicates. The results of this pair-wise analysis are directly comparable to the data

presented by Su and colleagues (Su ef al. 2002). In the final analysis specific

experimental groups are compared against the rest of the individuals at that time

point. While this latter approach may seem counterintuitive at first I feel that, for

reasonsdiscussedlater, it represents the most stringent analysis possible.

5.3 Hierarchical clustering of the entire dataset

Despite its widespread use in the literature hierarchical clustering is a rather crude

analysis. Since class determinants are not being utilised in its computation

hierarchical clustering is affected by, and cannot compensate for, the presence of

confounding systematic errors. The correlation between the actual treatment groups

and the clusters detected by the software, that is blind to the treatment individual

animals received, is proportionalto the levelof errors that is present in the dataset.

The detection and visual representation of these experimental errors is the main

reason for presenting this data here. As discussed in the previous chapter, in designing

my experiments a large amount of effort went into minimising systematic errors by

adhering to fairly comprehensive randomisation strategy during sample processing. I

feel that this aspect of my sample handling was muchbetter than that generally seen

in the majority of comparable work. Thus, I wanted to see how well the dataset scored

in hierarchical clustering that is sensitive to systematic errors introduced in sample

processing. The precision of the hierarchical clustering was expected to give a very

good indication of this error that, despite efforts at sample randomisation and

technical replication of the experiments from the total RNA level, was present in my
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raw data. In addition, the outcome ofhierarchical clustering analysis also gave an

indication on howstrong the imprint of a given biological intervention waslikely to

be during moredetailed analysis.

Figures 5.1 and 5.2 show the dendrogramsofhierarchically clustered samples at the

90 minute and 240 minute time points respectively. The results of this analysis were

both encouraging and disappointing at the same time. Firstly, it is noticeable that

technical replicates of the same sample very seldom cluster next to each other. From a

biological perspective these samples are identical. Failure to cluster these close

together is proof that significant levels of error are being introduced during the

technical manipulations needed for turning a biological sample to a gene expression

profile. The other immediately noticeable detail is that clustering is strongly

influenced by the slide batch on which the samples were analysed. In the 90 minute

group dendrogram the two main branches are divided almost exclusively based on the

slide sets used for the hybridisations, and there is a clearly prominenteffect in the 240

minute group too. Again, the significant imprint of slide batches on the outcome of

hierarchical clustering is entirely expected. The difference between slides from

various print runs was so pronounced that during scanning the slide set was clearly

identifiable based on visual appearance alone. Under these circumstances it is not

surprising that various technical manipulations (the use of a reference design,

normalisation and background correction and adherence to complex sample

randomisation strategy) fail to eliminate completely the systematic error associated

with pronounced differences between the slides.
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Figure 5.1: Hierarchical clustering of samplesin the 90 minute groups and the before

samples. The dendrogram is shown onthe right and this has been lined up with a table showing

which treatment, RNA,processing and hybridisation groups and slide set the sample belongsto.

It can be seen that clustering occursto slide set but there is an absence ofclustering to processing

group or RNAextraction group. Thereis a certain degree ofclustering to treatment group.
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Figure 5.2: Hierarchical clustering of samples in the 240 minute groups and the before

samples. The dendrogram is shown onthe right and this has been lined up with a table showing

whichtreatment, RNA,processing and hybridisation groups andslide set the sample belongsto.

It can be seenthat clustering occurs primarily to slide set while there is an absence ofclustering to

processing group or RNAextraction group. There is a marked clustering to treatment with LPS

(top part) or no LPS (below sample 76A2). In addition there is some clustering to the treatment
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Onthe positive side it was apparent that samples from some treatment groupsclearly

clustered together. The most notable is the clustering of samples treated with LPS at

240 minutes. The top part of figure 5.2 demonstrates this marked clustering. Since

these samples are grouped together despite some of them being hybridised to set 1

while others to set 2 slides, it indicates that the imprint of LPS exposure is more

pronouncedthan the imprint of slide batches. Furthermore, the fact that the LPS liver

resection and the LPS sham samples are interspersed with each other within this

cluster showsthat the effects of LPS exposureat this time-point are more pronounced

than the effects of partial liver resection. There is also an obvious group of “Before”

samples at 240 minutes, although this cluster was formed within the sameslide batch.

The fact that the rest of the samples (Sham, LR haemorrhage and LR) are more

interspersed demonstrates that the effect of these treatments on gene expression

patterns wasless distinct than the patterns seen in the Before and especially in the

LPS Sham or LPS LR groups.

At 90 minutes the clustering is less strong, only occasionally spanning multiple slide

sets. Furthermore, the various treatment groups, although they exhibit some degree of

relatedness, are more interspersed. This is consistent with the fact that the number of

genes likely to be differentially expressed between treatment groups is less at this

time point than at 240 minutes.

The incomplete clustering of various treatment groups during hierarchical cluster

analysis clearly highlighted the need of more sophisticated analysis strategies to

extract meaningful biological information from the dataset. These further analyses are

presented below.
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competitive hybridisations. Furthermore, the class comparison algorithms used in the

2002 version of the Affymetrix software were less elaborate than those in BRB

ArrayTools.

The analysis strategy used by Su et al was to compare gene expression patterns

between the ‘before’ samples(liver tissue taken at time 0) and the partial hepatectomy

groups at various time points, including 90 and 240 minutes. As a control they also

included a comparison between the before samples and a sham group, where the

animals underwent a laparotomy but liver resection wasnot carried out. To compare

myresults to this study I performed the same pair wise comparisons between the same

groups in mydataset.

5.5 Technical details relevant to the analysis process

Before going into detailed discussion of this analysis I need to discuss two technical

details that are relevant for the interpretation of the presented data. The mouse whole

genome oligonucleotide slides distributed by HGMP contained oligonucleotides

corresponding to approximately 7500 unique mRNAs(all known mouse genes). In

addition they contained a number of “housekeeping genes”, oligonucleotides

associated with general cellular functions. The latter were printed at the bottom of

each block, and would be expected to generate a detectable signal with most samples,

thus facilitating the placement ofgrids during feature extraction. All oligonucleotides,

apart from the highly replicated housekeeping genes, were printed in duplicates,

resulting in approximately 17,000 spots altogether on the slides. During analysis I

initially envisaged averaging the signal generated by these duplicate spots, but then I
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carried out some preliminary analysis where the duplicates were treated as individual

genes. Here some of the duplicates appeared very close to each other when

differentially expressed genes were ranked based on p value, while others only

appearedas singletons.Initially I assumedthat the lack of replication across duplicate

spots indicated that the gene was picked as a false positive. However, the p value

associated with some singletons was extremely low. This, and the already mentioned

fact that the quality of the print runs was variable, and the failure of a single spotis a

rather frequent erroronslides printed with slit pin printers, led me to decide to run the

analysis treating duplicate spots as individual “genes”. Admittedly, this approach

could potentially increase the number of false positive discoveries. However, | feel

that a blanket rejection of singletons, despite their very low p values, would have

reducedthe sensitivity of detecting differentially expressed genestoofar.

The other technical issue was related to scanning. As described in the Materials and

methodssection, and in further detail in Chapter 4, the slides were scanned at two

photomultiplier gain levels. One of these scans was aimed at preventing signals

reaching saturation where quantitative intensity data is no longer obtainable. The

second scan was performed at a higher gain to increase the signal to background

difference for genes expressed at lower levels. These resulting image files were

referred to as “low”and “high”respectively. During the following stages the high and

low scans weretreated as separate experiments and data obtained from them was only

combined after compiling the lists of differentially expressed genes and their

corresponding p values in independentanalyses. In the appendix related to pairwise

comparisonsthere is a column with the code D, DD, M, MMlabels in it. A D denotes

that the gene was detected in duplicate in either low or high gain scan analysis. DD
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indicates detection of duplicate spots with statistically significant p values in both

high and low scans. An absenceofeither D or DD indicates that the value was for an

individual gene signal that did not come up in duplicate. M indicates that the gene was

detected more than twice on slides. Multiple copies occured when the geneofinterest

wasprinted repeatedly as part of the “housekeeping” geneset. It needs to be pointed

out that data obtained after the analysis of the high and low scans would be expected

to overlap but should not be identical. Some of the spots in the low scans were below

the detection limit and not picked up in the analysis while the high gain scans made

these weaker signals analysable. At the same time highly fluorescent spots reaching

saturation would be lost for analysis on the high scans.

5.6 The results of the pair-wise comparisons

The genespecific signal intensity data from the feature extraction stage (see Chapter

4) for all the Before, LR 90 minute, LR 240 minute, Sham 90 minute and Sham 240

minute groups were collated in the BRB Arraytools package (version 3.3.0). Direct

pair-wise analyses were run, comparing the LR 90 minute, LR 240 minute, Sham 90

minute and Sham 240 minute groups to the “Before” samples in each case. The

software was run in class comparison mode. The maximum acceptable p value for

differentially expressed genes was set at 0.001. The maximum numberof false

discoveries allowed waseither 10 genes or 10 % ofthe selected genes, whichever was

smaller. These direct pair-wise comparisons identified 360 genes that were

differentially expressed between the before group and the LR and sham groupsat the

two time points. The full list is too long to insert here, and is presented in Appendix

5.1. In this appendix the genes and ontologies are listed on the left with the fold
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5.4 Pair-wise comparisons: Before versus Liver Resection and Before versus

Sham

The most exhaustive gene expression analysis on the process of post-surgical liver

regeneration, published before the inception of my study, was by Suet al. In many

respects I planned my experiments as a confirmation and extension of this study,

trying to keep as many aspects of the two studies comparable as possible. As

discussed in the introduction, other groups also used DNAarrays to investigate the

process of liver regeneration. However, these studies utilised cDNA fragments as

probes in array fabrication. As mentioned already these arrays suffer from multiple

limitations, including problems with cross contamination of probes deposited and

high cross-reactivity of related mRNAspecies on the long probes.In addition, most of

these arrays, fabricated in a local facility, contained a relatively limited number of

gene specific probes. Due to these limitations cDNA arrays were beginning to be

regarded as obsolete with a move towards the use of oligonucleotides even when |

began planning my project. The publication by Su et al clearly represented a

technically superior gene expression profiling dataset.

I therefore decided to use oligonucleotide slides. While these authors used single

channel Affimetrix genechips, due to financial limitations and lack of access to

equipment, I worked with printed oligonucleotides slides. To obtain the maximum

information from these I needed to use a reference design and competitive

hybridisations. The other clearly related difference was the choice of analysis

software. The Affimetrix data was analysed by the proprietary software (MAS4),

however, this package was not designed to deal with log ratios generated in
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changes and codesto theright, if there is a statistically significant change. Rather than

listing them in alphabetical order, the genes are presented based on the combination of

treatment groups in which they appear. There are 15 possible combinations, for

example a gene can appearin all four groups, both LR and sham at 240 minutes or

sham at 90 minutes only etc. It is not practical, and probably not informative, to

describe the biological function of each individual transcript, but I will concentrate

initially on these combinationsandlater on the ontology groups.

The numberof transcripts that are present in the various combinations gives some

important insight into the biological processes. A schematic representation of the

Appendix is shown in Figure 5.3. (The colour coding and layout of the treatment

groupsin this figure and the appendix are the samefor ease ofreference).
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Figure 5.3 Schematic representation of pair-wise comparisons and the number of
genesin each of the combinations. L=liver resection versus before, S= sham versus
before, 90 and 240refer to the time in minutes. The layout and colour schemeare
similar to the appendix for ease ofreference.
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Mostof the differences were seen in individual treatment groups and are unique to

that group, while 45 genes were common to both 240 minute groups. As may be

expected most (34) of the latter were very similar in terms of fold change, 10 were

similar in term of direction but differed in terns of magnitude and only one gene

actually goes in the opposite direction. There were only 7 genes that were commonto

the 90 minute groups, 5 were similar in terms of fold change, | differed in terns of

magnitude and only | gene wentin the opposite direction.

Genes unique to group Total differentially regulated Down Up

genes in group

73 153 61
2 48 137 48

51 93 51   
“QOLRVB 83 126 83

92

89

42

43

 

Table 5.1: Numbersof differentially regulated genes in pair-wise comparison between sham andliver
resection versus before. The numbers of genesthat were unique to each treatment groupandthetotal

numberofdifferentially regulated transcripts (including up and down-regulated genes) identified in the

course of the pair-wise comparisons. (S=Sham, LR=liver resection, B=before)  

In the 90 minute LR group a large proportion of the genes, 83 out of 126, were only

differentially expressed in these animals indicating the prominent imprint of the liver

regeneration processat this time point. Of the remaining 43 genes 25 overlapped with

genes that appeared in the 90 minute sham group. These numbers may give some

indication of how much similarity and discrepancy there is between the initiating

events that lead to gene expression changes in the sham and the LR treatment groups.

By 240 minutes the number of genes that overlap between the sham and the LR

groups increases considerably,as signalling pathways converge. There were 33 genes

in total that were differentially expressed at 90 minutes and 240 minutesin the liver

regeneration groups. Of these 9 showed quantitative changes between the two time
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points. In the sham groups 28 genes weredifferentially expressed between 90 minutes

and 240 minutes and 9 of these showed quantitative changes.

Therelatively small proportion of genes that are common betweenthe liver resection

90 and 240 minute groups indicates how dynamic gene expression changes are during

this period. This is also backed up by the small number of genes commonto the 90

and 240 minute sham groups.

5.7 Gene ontology

Gene ontology classification groups genes with similar functions together. Thus,

comparing the gene ontologyclassification of the differentially expressed transcripts

at various time-points gives a good indication of the main cellular processes that

dominate the functional activity of the studied cells or tissues. In the next stage of the

analysis I compared the gene ontology classification of the genes identified as

differentially expressed in the four pair-wise comparisons. The outcome of these

comparisonsis shownin Figures 5.4, 5.5, 5.6 and 5.7.

As time goes by gene ontology tables have become morerefined and therefore several

categories will only have one or two examples in them. However, some of the gene

ontology groups did contain several genes. In the following summary I concentrate on

the ontology categories with more than one gene.

As shown in the 90 minute liver resection versus before comparison (Figure 5.4),

genesinvolvedin transcription regulation were encountered the mostfrequently, with

15 genes being differentially expressed in this category. The other ontology categories
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with multiple examples included cell adhesion (4 genes), cell cycle (3) and

oncogenesis (3). Molecules associated with proteolysis and peptidolysis (3), protein

targeting (3) as well as protein biosynthesis (4) were also involved. The high number

of potassium transport genes (4) was surprising, but the most unexpected class was

the detection of 5 genes involved in neurogenesis. The fact that genes with such

classification appeared following liver resection clearly indicates the multiplicity of

functions for a given gene andthe practical limits of gene ontologyclassifications.
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Figure 5.4: Ontology groupsin the pair-wise comparison ofliver resection and

before at 90 minutes The ontology groupsare listed with numbers of genes in

each group stated and represented bya barchart.  
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Figure 5.5: Ontology groupsin the pair-wise comparison of sham versusbefore at 90 minutes. The ontology groups

are listed with numbersof genes in each group stated andrepresented by a bar chart.
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Pairwise comparisom - Liver Resection versus before - 240 mins

Gene Ontology Total
 

hist graph
acute-phase response (0006953)

amino acid transport [0006965]

apoptosis [000691 5}
aspartate catabolism (0006533)
axonogenesis (0007409)
biological_process unknown [0000004)

calcium ion transport [000691 6)
carbohydrate metabolism (0005975)

catecholamine metabolism [0006584]

cell adhesion [0007155]

cell cycle [0007049]
call cycle control (0000074)
cell death (0008219)
cell growth and maintenance [0008151]

cell proliferation (0008283)
cell shape and cell size control (0007148)

cell surface receptar inked signal transduction (0007166)

chermotaxis [0006935]

chloride transport (0006821)
coenzymes and prosthetic group metabolism [0006731]
cytoskeleton organization and biogenesis [0007010]

defense response (0006952)
developmental processes (0007275)

ONA recombination (0006310)

ONA replication (0006260)

electron transport (006113)
fatty acid metabolism [0006631]

glycolysis [0006096]
heat shock response [0006951]

heme biosynthesis [000673 3)
histogenesis and organogenesis (0007397)

immune response [0006955]

inflammatory response [0006954]

intracelhular protein traffic [DOOGI86)

Raavedirvey ligaht
lymph gland development [0007515]

tysina metabolism (0006553)
metabolism (0008152)
methionine metabolism [0006555]

microtubule nucleation (0007020)
Imicrotubule-based movement (0007018)

microtubule-based process (0007017)

MRNA polyadenylation [0006378]
nagative control of cell proliferation [0008235]

neurogenesis (0007399)
Initragen metabolism [0006807]

N4inked gtycosylation (0006487)
none assigned
nucleohase, nucleoside, nucleotide and nuctelc acid metabolsm [0006139]

O4dinked glycosylation (0006493)

oncagenesis (0007043)

ossification [0001503]
phototransduction [0607602]
patyphosphate metabolism [0006797]
potyubiquitylation [0000209]
post-transtational membrane targeting (0006620)
proline metabolism (0006560)
prostaglandin metabolism (0006693)
protein cdephosphorylatlon (0006470)

protein folding [0005457]
protein modification (0006464)
protein-nucteus import [0006606]
proteolysis and peptidolysis (0006503)
purine nucleotide biosynthesis [00061 64)

signal transduction (0007465)

skeletal development (0001 501)

sodiumtransport (000681 4)

threonine metabolism (0006566)
transcription (0006350)
transcription regulation [0006355]
transcription regulation from Pot fl promoter (0006357)

transport (0006819)
lubiquitin-dependent protein degradation [0006511]

vacuolar transport (0007034)  =
I
p

wh
ek

RD
Be
a
k
k
e
a
e
e

e
e
O
N

42 34 8 6 7 & 91011 12 13 14 15)

 

 

 

Figure 5.6: Ontology groupsin the pair-wise comparison ofliver resection versus

before at 240 minutes The ontology groupsarelisted with numbersofgenes in each

group stated and represented by a barchart.
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Figure 5.7: Ontology groupsin the pair-wise comparison of sham versus before

at 240 minutes. The ontology groupsarelisted with numbersofgenes in each
group stated and represented by a bar chart.
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A comparison between Figure 5.4 and 5.5, the latter showing the gene ontology

classification of differentially expressed genes in the 90 minute sham group, quickly

identifies a numberof significant differences between the LR and the sham groups.

The prominence of genes within the clusters of heat shock response (3 in sham),

signal transduction (4 in sham compared to 2), and steroid metabolism (4 in sham)

positively discriminate the sham group from animals undergoingliver resection. For

the liver resection group at 90 minutes there are several gene ontology groups that

contain examples including proteolysis and peptidolysis, protein targeting, protein

biosynthesis, potassium transport and neurogenesis. These are notably missing in the

sham specific gene list at 90minutes. Based on prior knowledge of genes that have

been implicated in liver regeneration the relative paucity of genes involved in, or

associated with, immune responses was somewhat surprising. However, as seen in

Figure 5.6 and 5.7 by 240 minutes the most prominent change is the appearance of

multiple immunologically relevant genes at this time point. Defence response genes

(4) and immune response (5) associated genes both appear. The changes in the

expression of these factors are summarised in table 5.2. This table also includes some

other molecules, whose expression is linked to immunological functions, such as

cytokines and heat shockproteins. Mostof these molecules will be discussed in detail

in the following chapters. However, it may be relevant to make a few points here.

Firstly, three or four immunologically relevant mRNAswere already present at the 90

minute time point. These included the interferon induced interferon-related

developmental regulator 1 (Ifrd1) and an LPS induced cytokine C-C cytokine (L-

CCR), suggesting that LPS and interferon gamma may have

a

role in regulating early

events in the liver regeneration as well as the acute phase responseprocess. The other

two, $100 calcium-binding protein A9 and the closely related intracellular calcium-
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binding protein MRP8(also called S100A8) are cytokines that have not been studied

extensively, but may be important in the regulation of the secretion of other cytokines.

Regarding the immunologically relevant genes, it is of interest that neither TNFo nor

IL-6 was amongst the genes differentially regulated by liver resection despite them

being considered important in several publicationsin the literature.
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Gene name

calcium binding protein, intestinal (Cai),

mRNA

glycoprotein 49 B (Gp49b), mRNA

GRO1 oncogene (Grol), mRNA

heat shock protein 70 cognate mRNA,

complete cds

heat shock protein, 25 kDa (Hsp25), mRNA

heat shock protein, 84 kDa 1 (Hsp84-1),

mRNA

heat shock protein, DNAJ-like 2 (Hsj2),

mRNA

inhibitor of DNA binding 2 (Idb2), mRNA

inhibitor of DNA binding 3 (Idb3), mRNA

interferon-induced protein with

tetratricopeptide repeats | (Ifitl), mRNA

interferon-related developmental regulator |

(Ifrd1), mRNA

interleukin | receptor, type I (Il1rl), mRNA

interleukin 15 receptor, alpha chain (II15ra),

mRNA

interleukin 2 receptor IL 2R) mRNA,

partial, homologous with humanintron 4

intracellular calcium-binding protein

(MRP8) mRNA,complete cds

lipopolysaccharide inducible C-C

chemokinereceptor related (L-CCR),

mRNA
lymphocyte antigen 68 (Ly68), mRNA

lymphocyte antigen 96 (Ly96), mRNA

major urinary protein 4 (Mup4), mRNA

mRNAforepididymal secretory protein,

complete cds

mRNAfor sid478p, complete cds

plasminogenactivatorinhibitor, type I

(Planh1), mRNA

prothymosin alpha (Ptma), mRNA

$100 calcium-binding protein A9

(calgranulin B) (S100a9), mRNA

small inducible cytokine A6 (Scya6),

mRNA
small inducible cytokine subfamily,

member2 (Scyb2), mRNA

zinc finger protein, subfamily 1A, 1 (Ikaros)

(Znfnlal), MRNA

Gene ontology

immuneresponse [0006955] 0.6

defense response [0006952]

immuneresponse [0006955]

heat shock response [0006951] 0.6

heat shock response [0006951] 0.5

heat shock response [0006951] 0.6

heat shock response [0006951]

lymph gland development [0007515]

lymph gland development [0007515] 0.6

immuneresponse [0006955]

neurogenesis [0007399] 23 2.2

cell surface receptorlinked signal

transduction [0007166]

cell growth and maintenance

[0008151]
biological_process unknown

[0000004]
chemotaxis [0006935] 2.3

chemotaxis [0006935] 1.8 1.9

immuneresponse [0006955]

defense response [0006952] 0.7

defense response [0006952]

defense response [0006952]

immuneresponse [0006955]

defense response [0006952]

immuneresponse [0006955]
2.1 3.3

inflammatory response [0006954]

immuneresponse [0006955]

immuneresponse [0006955]

lymph gland development [0007515] 0.6

Table 5.2 Immunologically relevant genes differentially expressed in pairwise comparisons between

liver regeneration or sham with before. LR=liver regeneration, S=sham, B=before
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In addition several genes associated with cytoskeleton organization (4), apoptosis (3),

intracellular protein trafficking (3) and DNAreplication (3) were present at 4 hours in

the liver regeneration process. Interestingly, the presence of genes associated with

potassium transport and neurogenesis in the 90 minute liver regeneration group was

transiently regulated, as most of these disappeared by 4 hours.

The most extensively regulated ontology group was associated with transcription

regulation and I have summarised these genesin table 5.3. The relevance of some of

these genes to the process of liver regeneration is hard to understand based on what

we currently know about these molecules. For example the presence of the myelin

transcription factor (Mytl) or the paired-like homeodomain transcription factor 3

(Pitx3), the latter being involved in the developmentof the lens of the eye and some

dopaminergic neurons, seems unlikely to contribute to the process of liver

regeneration. Other molecules in this group, i.e. hepatocyte nuclear factor 4 gamma

(HNF4G), and hepatocyte nuclear factor 3 alpha (FoxA1), are knownto be expressed

in the liver, but our understanding of their role is too limited to provide any insight

into their potential role. However, other molecules provide some interesting clues.

One notable feature is that many of the differentially regulated transcription factors

have a well documentedrole in the regulation of haematopoiesis or specific myeloid

cell lineage proliferation and/or differentiation. ATF3, HoxSa, Gilz (now called TSC

22 domain family member3), TCF12 all belong to this category. The other interesting

feature is that many factors involvedinteract with the C/EBP B pathway. Apart from

C/EBPf itself, which is the central transcription factor involved in mediating acute
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phase responses, the aryl-hydrocarbon receptor (Ahr), Ddit3 and FoxA1 also bind to

either classical CCAAT enhancer elements or related sequences. The number of

transcription factors that respond to LPS or various cytokinesis also high; C/ERB B,

ATF3, GILZ, Kruppel-like factor 3 (KLF3) and the pair related homeobox gene

(Prrx2) all belong to this group. In addition another pair related homeobox gene

(Prrx1), although not regulated by LPSorcytokines, also has the capacity to modulate

LPSand cytokine driven responses.
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Gene name

activating transcription factor 3 (Atf3), mRNA

aryl-hydrocarbonreceptor (Ahr), mRNA

CCAAT/enhancerbinding protein (C/EBP), beta (Cebpb), mRNA

DNA-damageinducible transcript 3 (Ddit3), mRNA

forkhead box Al (Foxal), mRNA

glucocorticoid-induced leucine zipper (Gilz), mRNA

hepatocyte nuclear factor 4, gamma (Hnf4g), mRNA

homeo box A5 (Hoxa5), mRNA

Jun proto-oncogenerelated gene d1 (Jund1), mRNA

KINI7 mRNAfor kin17 protein

Kruppel-like factor 3 (basic) (KIf3), mRNA

mRNAfor mszf35, partial cds

mRNAfor mszf62, partial cds

mRNAfor mszf76, partial cds

mRNAfor mszf80-2, partial cds

mRNAfor mszf84,partial cds

mRNAfortranscription factor S-II-related protein, partial cds

mRNAforzinc finger protein, partial cds

myelin transcription factor 1 (Mytl), mRNA

nuclear protein GANP (GANP), mRNA

nuclear, factor, erythroid derived 2, like 2 (Nfe212), mRNA

paired related homeobox 1 (Prrx1), mRNA

paired related homeobox 2 (Prrx2), mRNA

paired-like homeodomaintranscription factor 3 (Pitx3), mRNA

pre B-cell leukemiatranscription factor 1 (Pbx1), mRNA

pregnane X receptor mRNA, complete cds

regulatory protein, T lymphocyte | (Rptl), mRNA

ribose 5-phosphate isomerase A (Rpia), mRNA

snail homolog, (Drosophila) (Sna), mRNA

spinal cord axial homeobox gene | (Sax1), mRNA

transcription factor 12 (Tcf12), MRNA

zinc finger protein 207 (Zfp207), mRNA

zinc finger protein of the cerebellum 2 (Zic2), MRNA

up
up

up

down

up

up

down

down

down

up

down

down

up

up

up

up

up

up

down

down

down

down

down

down

down

up

up

up

down

up

up

up

down

up

down

down

up

down

up

 

up

down

up

up

down

down

down

down

down

down

Table 5.3: All differing transcription regulation genes in pairwise comparisons betweenliver resection or sham

versus before
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Finally, returning to Figures 5.6 and 5.7, gene ontology based comparison between 240 minute

liver resection and sham showed large overlaps. The only gene ontology cluster uniquely

associated with the 240 minute sham group was the presence of genes associated with

glycolysis.

5.8 The overlap between genesidentified in my study compared to the study by

Su et al

Historically the reproducibility in microarray experiments has been rather

disappointing. The most widely known high profile example of this was the

simultaneous publication of three independentstudies in Science aimedat identifying

genes associated with stem cell-like behaviour (Fortunel ef al. 2003; Ivanova efal.

2002; Ramalho-Santoset al. 2002). All of these used identical Affimetrix Genechips,

the manufacturers recommendedprotocols, studied near identical pluripotent mouse

stem cell populations and the work was carried out in internationally respected

institutions. However, while each of these independent studies identified several

hundred genes associated with “stemness”, when the results were compared between

them there was only one gene commonly identified in all three experiments. Although

recently more optimistic observations, asserting the comparability of microarray data

across multiple platforms, were also published (Shi ef al. 2006) clearly systematic

errors discussed at length earlier can significantly curtail the comparability of

microarray data.

As summarised in table 5.3 there were 25 genes that overlapped between my dataset

and the results obtained by Su et al. However, a more detailed comparison also
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highlights that even within this small group not all of the genes were regulated the

same wayat the sametime points. Unlike previous tables/figures in this thesis, genes

in this table are referred to using HUGOcodesas using this nomenclature represented

the only approach to unambiguously identify and compare genes on the Affymetrix

and the HGMPgenelist. HUGO codesare defined by the HUGO Gene Nomenclature

Committee (HGNC). Not all genes in the gene identification file (gal file) supplied

by HGMPprovided the HUGOcodes. If present they are shown in brackets after the

gene name rather than as a separate column, information that would have made

comparison possible electoronically. If the HUGO codes were not present either in

my owngenelist or in the Su paper then a manualsearch using genecards website was

performed to links old gene nomenclature or aliases to HUGO codes. As HGMP

closed before the analysis part of this thesis up to date gal files could not be aquired as

nomenclature had evolved. It can also be seen from Table 5.3 how the gene ontology

classification has was refined and clarified between 2002 and 2006. Allin all there

were 25 genes overlapping between the twostudies, but the direction of the change in

expression levels is fundamentally contradictory for 5 of these.
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Overlap between Supaper and my ownpairwise comparisons

Hugo term Ontology(Suet al) Ontology Mystudy Suet al
'

    

  

down down down down    

     

  

    

  

                

polyamine biosynthesis [0d

negative control of cell prdj up up up

negative control of cell prq up up fup- up

induction of apoptosis [00 down down down

proteolysis and peptidolysi up up sup

histogenesis and organoger up up Bee

transcription regulation [0g down down down

glycogen biosynthesis [00 dowr] up

immune response [000695 up up up down

methionine metabolism [04 up up yy uy

neurogenesis [0007399] Jup up up upa

chloride transport [000682] down down down

defense response [000695 up up up up

biological_process unknow down down down

cell surface receptorlinke up up down down

metabolisrn [C008152] down down down down down down

growthpattern [0007 150] dowr] down down

immune response [000695 up up up

embryogenesis and morphd dowr down up up

signal transduction [00071 down up up

cellular defense response[ down down down

cell-cell signaling [000724 down

transcription regulation [OG up up

negative controlof cell prd down

actin polymerization/depolf up up up

  

  
Table 5.4: Thelist of genes identified as differentially regulated both in the study of Su et al and in my

own experiments. In somecases the findings are the sameandin others the gene IDs appearin both

studies, but the direction of the observed changeis recordedas contradictory.

As previously shown in Table 5.1 and discussed above, both the LR and the Sham

groups contained a number of unique genes that were not shared between multiple

treatment groups or time-points. However, disappointingly, none of these process

specific genes are present in the list of transcripts that are shared between the two

studies. All genes that were identified as commonin the two independent experiment

series were present in both the Sham and the LR groups.It is perhaps significantthat,

while both IL-6 and TNFa were considered important to the process of normalliver

regeneration, neither of these cytokines was detected in my pairwise comparisons.In

this regard there is agreement between the two independent investigations as these
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molecules were also notably missing from thelist of differentially expressed genes in

the Su study.

5.9 Theoretical considerations for the use of an “extended control population”

As the main aim of my work was to identify gene expression changes associated with

adverse influences, specifically haemorrhage and blood loss, during liver

regeneration, I have acquired gene expression data in several additional treatment

groups. The specific findings of these comparisonswill be presented later in Chapters

6 and 7. However, I also decided to use this data for the additional analysis of gene

expression patterns associated with partial liver resection in the absence of adverse

effects. The theory behindthis analysis is relatively simple: apart from the extensively

discussed technical errors, in a study of inbred animals with relatively small group

sizes genes are detected as differentially expressed for two reasons. Some changes

occurasthe direct result of the biological process being studied while others represent

biological events that happen simultaneously, but are coincidental to the studied

phenomenon.As an example, if one group of animals had underdoneliver resection in

the morning and the Sham surgery had been done in the afternoon some changes

would be dueto the partial hepatectomy, while others could result from differences in

the stage of the circadian rhythm ofthe studied groups. Using the dataset acquired

from this hypothetical experiment would not allow the investigator to discriminate

between transcript changes dueto liver resection and changes caused by the fact that

the some of the samples were taken during a different time of day.
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While the circadian rhythm used in this example is obvious and should be thought of

when planning the operations, there are numerous other biological/environmental

influences sufficient to cause an imprint on gene expression by hepatocytes. Some of

these may seem subtle and/or their relevance to liver biology could be unrecognised.

In addition the investigator may not have control over all of these factors. It is

effectively impossible to eliminate or equalise all environmental variables

experienced by over 100 animals in an experiment running overa period of a year.

While increasing the number of animals in individual groups would reduce the

likelihood of detecting such coincidental transcriptional variability, in practice time

and financial implications limit the amountof biological replication that is feasible.

The flexibility of analysis provided by BRB ArrayTools allowed me to devise an

analysis strategy that I believe helpsto eliminate at least some of the false discoveries

due to coincidental but irrelevant biological processes. Apart from comparing

individual groups of animals presented above, I also decided to carry out comparisons

where animals within a specific group, for example 90 minute LR, were compared to

all other groups for which expression data was collected at that time-point and the

before group. This way the “control” group is expanded (in mycase effectively 5

fold).

To illustrate the logic of these comparisonslet’s assumethat in the Before group there

wasa particularly dominant male in the cage, whose excessively aggressive behaviour

resulted in elevated stress hormonelevels in the rest of the animals. This would be

represented by a hypothetical “stress” related gene expression signature. In a pair-

wise comparison where this before group acts as a “control” (for example Before to

Liver Resection comparison) there will be false discoveries due to this signature. If
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we extend the control group, with the inclusion of other treatment groups, (such as

Sham, Sham LPS, LR haemorrhage, LRLPS etc) the software compares the

“experimental group” to all samples in this extended population. Provided that the

aggression related stress only occurred in one treatment group, its effects would no

longer be uniquely associated with the “control group”, as most of the animalsin this

extended control group would not exhibit this signature. As a result, the imprint of a

coincidental biological event in a subset of the animals no longer results in

statistically significant discoveries and does not cause false discoveries during the

assessment of genes associated with Liver resection in this example. While this

approach is unorthodox and has problemsassociated with it that will be discussed in

detail later, using these extended control groups would be expected to result in he

elimination of at least some false discoveries. In addition, the appearance of some

new differentially expressed genes would also be expected as, by increasing the

number of samples in the comparison, some differences that do not satisfy statistical

criteria using a smaller studied population can becomesignificant as the population

expands.

5.10 Analysis of differentially expressed genesin theliver resection, sham and

before groups using the extended control group approach

Table 5.5 summarises the outcome of this analysis for the LR, Before and Sham

groups. Compared to the pair-wise comparisons presented in table 5.1 the number of

genes identified as differentially regulated drops rather markedly at both time points

in the LR groups and in the 240 minute Sham group. This apparent drop in

differentially expressed genes happens via two independent mechanisms. Firstly,

extending the “control” group in all probability eliminated genes that may have been
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misidentified due to the homogeneity of the before group that was used asthe basis

for comparisons previously. However, a larger proportion of this change is likely to

be associated with the “uneven” composition of the extended control group.

Group Time

(mins)

7)
— 240

_ Totaldifferentially Regulated Totaldown Total up       
 

Table 5.5 Extended control comparisons. Each treatment groups was comparedto the rest of the

dataset at a particular time point and the before group andthe total numbersof differentially
regulated genes are shown. For example the before sample is compared notonly to sham and

liver regeneration but also the SLPS, LRLPS and LRH ateachofthe timepoints.    

The total number of genes differentially expressed in the LR groups in table 5.5 is

muchlowerthan that for the sham orespecially the before groups. To understand how

this seemingly paradox situation arises we need to lookat the differences between the

biological situation and the way the mathematical algorithms perceive the data during

the extended control group tests. From the biological standpoint the before group

represents the intact liver whose gene expression profile will be changed by any

treatment the animals are subjected to. However, most of these changes will show

some similarities. Firstly, apart from the Before, Sham and Sham LPSgroups,all

other treatment groups will be exposed to a partial hepatectomy.In addition, some of

the changes associated with the Sham procedures show clear similarities to the

consequences ofpartial hepatectomies. Thus, when the before group is compared to

the rest of the samples it will register as the most distinct group, with the most

“differentially expressed” genes in it. In contrast, due to the high number of groups

where partial hepatectomy waspart of the treatment the animals received, changes
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that are unique to the uncomplicated liver resection group will be small. As the main

interest is in the process of liver regeneration a comparison betweenthe result of the

“LR vs before pair-wise comparison” and the “LR vs extended control group” was

carried out.

223



Gene name Gene_ontology Pairwise

   

LR/B
actin-like (Actl), mRNA cytoskeleton organization and 2.6

biogenesis [0007010]

ADP-ribosyltransferase (Art), mRNA post-translational membrane 1.9
targeting [0006620]

B-cell translocation gene 2,anti-proliferative negative control ofcell 3.0
(Btg2), mRNA proliferation [0008285]

eeprotein targeting [0006605] 1.8
cytokine inducible SH2-containing protein JAK-STATcascade 0.3
(Cish), mRNA [0007259]
galanin (Gal), mRNA neuropeptide signaling 1.7

pathway [0007218]

guanine nucleotide bindingprotein, alpha 12 protein ADP-ribosylation 1.6
(Gnal2), mRNA [0006471]
low density lipoprotein receptor (Ldlr), developmental processes 1.9
mRNA [0007275]

transcription regulation 0.6

[0006355]
transcription regulation 1.5
[0006355]

protein related to DAC andcerberus (Prdc- neurogenesis [0007399] 0.6

ending), MRNA
ubunit(.eevisa’) protein targeting [0006605] 1.8

serine/threonine kinase (sak-a) mRNA, protein dephosphorylation 1.5
complete cds [0006470]

Oechromatin silencing [0006342] 0.5

T-cell death associated gene (Tdag), MRNA embryogenesis and 0.4 morphogenesis [0007345]

Table 5.6a. Overlap between pairwise and extended control group comparisons at 90 minutes for liver regeneration.Fold

changesare shownbut can only be takenastrue values for the paiwise comparison. For the extended control fold changes

merely indicate direction comparedtothe rest of the combined samples.

For the 90 minute time point Table 5.6a lists the genes which overlap between the two

analysis strategies and Table 5.6b list genes that appear only in the extended group

comparisons.It is important to note here, that the “fold change” values presented in

these tables are not directly comparable between groups as the control population

used for their calculation is not the same. Nonetheless, they give a clear indication to

the direction and magnitude of the changes they are associated with.
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Gene name Gene_ontology

(clone lambda-c5e) intercellular adhesion molecule

1 (CAM-1) mRNA, complete cds cell adhesion [0007155]

oxygen and radical metabolism
[0006800]

   

potassium transport [0006813]

cytokine (fic) mRNA, complete cds signal transduction [0007165]

cytokine inducible SH2-containing protein 2
(Cish2), mRNA JAK-STATcascade [0007259]

elongation of very long chain fatty acids
(FEN1/Elo2, SUR4/Elo3, yeast)-like 3 (Elovl3), non-selective vesicle transport

mRNA [0006899]

GROI oncogene (Grol), mRNA immuneresponse [0006955]
cytoskeleton organization and

GTPcyclohydrolase 1 (Gch), mRNA biogenesis [0007010]

immuneresponse [0006955]

leukotriene metabolism [0006691]

interleukin 6 mRNA, complete cds   
cell adhesion [0007155]

stress response [0006950]

nuclear receptor subfamily 0, group B, member2
(Nr0b2), mRNA transcription regulation [0006355]

zinc finger protein 46 (Zfp46), MRNA transcription regulation [0006355] 
Table 5.6b. New differentially expressed genes identified during the extended control group comparisonsat 90 minutes

that do not overlap with the pair wise comparison data that is shown in figure 5.6a. Fold changes merely indicate direction

compared to the rest ofthe combined samples.

Similar data for the 240 minute LR group is presented in Tables 5.7a and 5.7b.
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Gene name Gene ontology Pairwise

   

 

LR/B
stimulated by retinoic acid 14 actin polymerization
(Stral4), mRNA /depolymerization [0008154] 2

interleukin 15 receptor, alpha cell growth and maintenance
chain (Il15ra), MRNA [0008151] 0.6

cell shape andcell size control
periplakin mRNA, complete cds [0007148] 2.5

cytoskeleton organization and
actin-like (Actl), mRNA biogenesis [0007010] 5.2

GOBLIN mRNAfor Golgi-
associated band 4.1-like protein, cytoskeleton organization and
complete cds biogenesis [0007010] 1.8

cytoskeleton organization and
secretogranin II (Scg2), mRNA biogenesis [0007010] 251

lymphocyte antigen 96 (Ly96),
mRNA defense response [0006952] 0.6

low density lipoprotein receptor developmental processes

(Ldlr), mRNA [0007275] 2.4
inhibitor ofDNA binding 2 lymph gland development
(Idb2), mRNA [0007515] 0.5
zinc finger protein, subfamily 1A, lymph gland development
1 (Ikaros) (Znfnlal), mRNA [0007515] 0.6

ossification [0001503] 0.6

non-catalytic region of tyrosine
kinase adaptorprotein 1 (Nck1),
mRNA signal transduction [0007165] 0.5

Jun proto-oncogenerelated gene
dl (Jund1), mRNA transcription regulation [0006355] 1.9

transcription regulation [0006355] La

transcription factor 12 (Tcf12),

mRNA transcription regulation [0006355] 1.7

Cbp/p300-interacting

transactivator, with Glu/Asp-rich  carboxy-terminal domain, 2 transcription regulation from PolII

(Cited2), mRNA promoter [0006357] 0.6
signal transducer and activator of transcription regulation from PolII

transcription 2 (Stat2), mRNA promoter [0006357] 0.6

vacuolar transport [0007034] 1.8

insulin-like growth factor 2 (Igf2) le

Table 5.7a. Overlap between pairwise and extended control group comparisons at 240 minutes for liver

regeneration. Fold changes are shown but can only betaken as true values for the paiwise comparison. For the

extended control fold changes merely indicate direction comparedto the rest of the combined samples.
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Gene name Gene ontology

biological_process unknown

[0000004]

cyclin G2 (Ccng2), mRNA cell cycle [0007049]

decay accelerating factor 2 (Daf2), mRNA complementactivation, classical
pathway [0006958]
embryogenesis and morphogenesis

[0007345]
T-cell death associated gene (Tdag), mRNA embryogenesis and morphogenesis

[0007345]
amino levulinate synthase (ALAS-H) hemebiosynthesis [0006783]

mRNA,3' end

interleukin 6 mRNA, complete cds immuneresponse [0006955]

X-box binding protein | (Xbp1), mRNA immuneresponse [0006955]

zinc finger protein 97 (Zfp97), mRNA induction of apoptosis [0006917]
Fas death domain-associated protein (Daxx), induction of apoptosis via death
mRNA domain receptors [0008625]

alcohol dehydrogenase 3 complex (Adh3), metabolism [0008152]

mRNA

forkhead box D1 (Foxd1), mRNA microtubule-based process

[0007017]
protein related to DAC andcerberus (Prdc- neurogenesis [0007399]

pending), mRNA
galanin (Gal), mRNA neuropeptide signaling pathway

[0007218]

tubulin alpha 4 (Tuba4), mRNA nuclear congression [0006946]

aldehyde oxidase 1 (Aox1), mRNA oxygen and radical metabolism
[0006800]
potassium transport [0006813]

 

SV-40 induced 24p3 mRNA prostaglandin metabolism [0006693]
N-acetyltransferase similar to S. cerevisiae protein acetylation [0006473]
ARDI (Ard1), mRNA
myristoylated alanine rich protein kinase C protein myristylation [0006499]

substrate (Macs), mRNA
C-type (calcium dependent, carbohydrate proteolysis and peptidolysis

recognition domain)lectin, superfamily [0006508]

member12 (Clecsf12), mRNA
pyruvate dehydrogenase kinase 4 (Pdk4), pyruvate dehydrogenase pathway

mRNA [0006086]
signal transduction [0007165]

amine N-sulfotransferase (Sultn-pending), steroid metabolism [0008202]

mRNA
chromatin structural protein homolog transcription regulation [0006355]
SuptShp (SuptSh) mRNA,complete cds
interferon regulatory factor 1 (Irfl), mRNA transcription regulation [0006355]

Kruppel-like factor 9 (KIf9), mRNA transcription regulation [0006355]

nuclear receptor subfamily 0, group B, transcription regulation [0006355]

member2 (Nr0b2), mRNA  
 

Table 5.7b. New differentially expressed genes identified during the extended control group comparisonsat

240 minutes that do not overlap with the pairwise comparison data that is shownin figure 5.7a. Fold changes

merely indicate direction comparedto the rest of the combined samples.
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As shownin these tables the genelists from this analysis do not completely overlap

with those derived from the pair-wise comparisons sometranscripts are not found to

be significant and, at the same time, new once are added. At least some of these

changesare attributable to the fact that the expanded sample numbers influenced the

p-valuesassociated with a given change detected during the twoanalytical approaches

Finally it needs to be emphasized that due to the computational process used in this

extended control group analysis selects genes that show a pattern that shows the

strongestcorrelation to the biological treatment group of the animals. Using the subset

of genes identified in this analysis would make placing a randomly selected sample

into the right treatment group possible. This could not always be achieved using the

gene lists from the pair-wise comparisons. However, the stronger mathematical

linkage of the genes identified in the extended control group analysis does not mean

that these genes are more biologically significant to the events that take place in a

given treatment group.

5.11 Conclusions

Identifying the genes that are regulated at various time points following partial

hepatectomy has been a majorinterest for decades. Over the years there have been

many studies aiming to achieve this goal and more recently microarrays have been

used. However, most of the microarray experiments were fundamentally flawed.

With the exception of the study by Suetal. all prior studies simply compared liver

tissue taken at the beginning of the surgery (time zero) with tissue taken at various
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points during the regeneration process. However, data from Suet al clearly indicated

that a large numberof genesare differentially regulated as a result of Sham surgery.

Mydataset supported this notion too. The numberoftranscripts that were regulated in

the Sham group wassimilar to that seen in the LR group at the same time points. Any

study ignoring this fact would identify changes associated with undergoing a major

surgical intervention alone as part of the response to partial liver resection. This is a

typical example of confounding concomitant changes, when the consequencesofthe

liver resection are indistinguishable from those associated with opening the abdomen,

unless a separate sham groupis includedin the study.

While the biological responses to major surgery have not been specifically studied at

the gene expression levels, it is well known that surgery represents a biological

stressor leading to a postoperative acute phase response. As most mediators of this

acute phase response are synthesised in the liver, the fact that there is a significant

imprint on the transcriptional activity within the organ is hardly surprising. To

complicate matters further, processes involved in the acute phase responses andin the

priming of liver regeneration show manyoverlaps. The fact that the genes commonly

identified in my work and by Suet al were all regulated both in the sham groups and

LR groupsindicates the similarities in the two responses.

This raises the question: are priming events following liver resection distinct from

those that are seen following laparotomy alone?Is it inconceivable that as a result of

any major abdominal surgical intervention there are changes within the liver that

prime hepatocytes to respond to mitogenic stimuli in case they arise later? In fact,

previous work in the literature suggested that this may indeed happen however the
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experimental evidence presented was weak. The fact that in the presented analysis

there were specific gene ontology clusters uniquely associated with both the Sham

and the LR groups seem to argue that, despite the similarities, there are features that

specifically characterise these related but independent processes. However,

experimentally proving this notion would require complex additional experiments.

The fact that data obtained in different series of microarray experiments showslittle

overlap has already been mentioned. This is often used to argue that microarray data

is limited in its insight into the biological processes investigated. However, the

reasonsfor the lack of concordance are numerous and, apart from the technical issues

discussed already at length, in part stem from the sensitivity with which microarrays

detect minor biological nuances. For example subtle differences in the animals

obtained from various suppliers (animals from a given inbred strain are not 100%

identical), the bacterial flora that characterises the animals within a given facility,

differences in the anaesthetics and other medication, will all have an impact on gene

expression in the liver, making comparisons betweenstudies difficult. One technical

aspect that is often overlooked is the analysis software used for the compilation of the

differentially expressed genelist. There is no doubt that BRB Arraytools, used in the

current study detects fewer false positives and, by virtue of the reiterative supervised

analysis, extracts biologically relevant information lost in other analysis strategies.

Thus, to maximise my ability to comparethe twostudies I planned to reanalyse the Su

dataset using BRB Arraytools. The authors kindly supplied the raw data (the

Affymetrix .cel files) for this purpose. However, the file that links intensity

measurements to gene specific information in the .cel files for the rather outdated

Mu6.5K arrays was no longeravailable publicly on the Affymetrix website even in
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2004 when the analysis was considered. Repeated requests to various UK offices of

Affymetrix so far only resulted in promises of the file being madeavailable. Thus, at

the time of writing this thesis this comparison wasnotpossible.

Another discussion point is the importance of immunologicaly relevant genes in the

process ofliver regeneration. As shown above,apart from transcription regulation, the

most extensively regulated gene ontology groups were involved in immunology,host

defense and related processes. In addition, many of the transcription factors and

transcriptional regulators that were differentially expressed have roles in immune

responsesor basic haematopoiesis. Early work in experimental animals stated that that

proliferation of hepatocytes precedesthe reconstitution of the resident Kuppfer cells.

However, this does not necessarily mean that gene expression changes in hepatocyes

are more rapid or functionally more important than those seen within white blood

cells. The fact that post surgical liver regeneration is delayed in animals that are

devoid of lymphocytes or functioning macrophages highlights the close interaction

between hepatocytes andthe rather prolific immunological cell compartment within

the liver. However, this interplay between Kuppfer cells, potentially various

lymphocyte populations, and the hepatocytes makes understanding this process even

more complicated. For example designing and technically executing experiments

where hematopoietic cells and hepatocytes are separated from the purposes of

selectively assessing their gene expression patterns, or localising a large number of

transcripts detected in multiple gene array experiments represent tremendous

challenges.

231



There are two final comments about the immunological changes detected in the

experiments presented. Firstly, some of the transcripts detected at the earlier time

point suggest the involvementofinterferon gammaand LPSin bothliver regeneration

and the generalised changes following abdominal surgery. Two additional cytokines,

S100A9 and S100A8, detected at both 90 and 240 minutes, may also play an

important role in acute phase response or changes following tissue injury. The

observations presented here would perhaps justify further detailed studies into the

immunologicalroles of these rather obscure molecules.

Finally, this discussion on the role of cytokines in liver regeneration would be

incomplete without mentioning TNFa and IL-6. Delayed liver regeneration after

partial hepatectomy carried out in animals that did not express one or the other of

these cytokines pointed to their important, maybe even central, role in hepatocyte

proliferation. However, transcripts for these cytokines were notsignificantly regulated

in the pair-wise experiments presented here. Furthermore, the study by Suet al also

failed to detect and increase in the abundance of these mRNAs. In the following

chapters further data will be presented regarding the expression of these cytokinesin

the context of haemorrhage and LPS-induced gene expression changes,and theirrole

will be assessed in more detail. However, it is appropriate to state here that my data

seem to support theoretical considerations and experimental results arguing that IL-6

is much less important for liver regeneration after uncomplicated partial

hepatectomies than previously reported.

Finally, I need to comment on the analytical aspects of the work presented here.

Based onthe theoretical considerations mentioned already, I hoped that the use of the
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extended control group analysis would help to eliminate at least some of the potential

false discoveries of the pair-wise comparison process. However, in practice the

information gained turned out to bedifficult to interpret and present. By design,this

analysis identified genes that show an expression pattern that is unique to a given

treatment group. As all animals in all treatment groups of a given time point are

considered for this computation, the generated genelist showsa stronger linkage to a

given treatment group, than the genelists of pair-wise comparisons. However, this

may be more of a mathematical than a biological phenomenon, as changesthat occur

simultaneously in multiple treatment groups will influence the calculations. In the

process of identifying unique patterns during the extended control group tests very

stringent criteria have to be met. It was noticeable both in the dataset in this chapter

and data presented later, that pair-wise comparison identified a pair of

biologically/functionally linked molecules, and then during the extended control

group analysis one of these related molecules waslost, suggesting that the applied

selection criteria may have beentoostringent.

In addition, these comparisons, especially with data presented in Chapter 6, resulted

in the detection of often a large number of new differentially expressed transcripts.

Proof for the biological significance of genes identified in this process independent

confirmation. However, as the number of transcripts was high and many molecules

were soluble proteins, Western blotting or immunohistochemistry would have been

too labour intensive and even technically inappropriate for the soluble molecules.

Thus due to the technical challenges, time limitations and limited resources these

confiratory experiments were notrealistic.
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Despite all of these problems the extended control group experiments have a great

strength: they allow the visualisation of the direction and magnitude of gene

expression changes in multiple treatment groups simultaneously. This, as will be seen

later, can be extremely helpful in understanding some aspects of the underlying

biology.
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