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Abbreviations

ALPPS: Associating Liver Partition and Portal vein ligation for Staged hepatectomy
FLR: Future liver remnant

HABR: hepatic arterial buffer response

PHx: Partial hepatectomy

PVE: portal vein embolization

PVL: Portal vein ligation



Zusammenfassung -2-

Zusammenfassung

Einleitung: Die Leber ist das einzige Organ, was nach der Resektion eines Anteiles, z.B.
wegen eines Lebertumors, zur Regeneration fahig ist. Bei der einzeitigen Leberresektion
(PHx) wird die erkrankte Leber vollstindig entfernt. Dementsprechend ist die 70%-ige
Resektion im Kleintier das am hiufigsten verwendete experimentelle Modell zur
Untersuchung der resektionsinduzierten Leberregeneration. Ist das onkologisch erforderliche
Resektionsausmal} so grof3, daf die kiinftige Restleber zu klein fiir den Patienten ist, wird das
zweizeitige Verfahren angewendet. Bei dem zweizeitigen Verfahren wird im ersten Schritt
eine  Pfortaderokklusion des tumortragenden Leberlappens durchgefiihrt.  Die
Pfortaderokklusion fiihrt zur Atrophie des portaldeprivierten Lappens und damit zur
Hypertrophie der zukiinftigen Restleber. Im zweiten Schritt wird der atrophierte
tumortragende Leberanteil entfernt. Haufig wird im ersten Operationsschritt zusétzlich zur
Pfortaderligatur (PVL) eine atypische Resektion durchgefiihrt. In dieser Situation wirken zwei
Stimuli gleichzeitig auf den deportalisierten Leberlappen. Es ist jedoch unbekannt, wie der
deportalisierte Leberlappen auf den gleichzeitig applizierten Regenerationsreiz antwortet; wie
also der Leberlappen im Falle von gegensitzlich wirkenden Stimuli seine Grofe reguliert.
Deshalb ist ein besseres Verstdndnis der regulatorischen Prozesse erforderlich, um den
Prozess der GroBenregulation potenziell an die Bediirfnisse der Patienten anzupassen zu
konnen.

Ziel: Das Ziel dieser Arbeit ist die Untersuchung der intrahepatischen GréBenregulation.
Zwei Faktoren, die die intrahepatischen GroBenregulation beeinflussen, wurden untersucht:
der Effekt der interlobdren Kollateralbildung zwischen portalisierter und deportalisierter
Leber und die Wirkung gegensitzlicher, aber gleichzeitig applizierter Stimuli wie der PVL
und der PHx, die auf die deportalisierte Leber einwirken.

Methoden und Ergebnisse: Um ein geeignetes experimentelles System zur Untersuchung

dieser spezifischen wissenschaftlichen Fragen zu identifizieren, evaluierten wir die
beschriebenen Tiermodelle und verschafften uns einen Uberblick iiber die aktuellen
Techniken zur Untersuchung der Leberregeneration. Zusammen mit unseren
Kooperationspartnern erarbeiteten wir einen Ablauf zur Generierung und Analyse von
computertomographischen  Schnittbildern um das lebervendse System und die
Kollateralbildung zu visualisieren.

Um den Effekt der interlobdren Kollateralbildung auf die intrahepatische Grof3enregulation zu
untersuchen, entwickelten wir ein ,,Associating Liver Partition and Portal Vein Ligation for

Staged Hepatectomy* (ALPPS) —Modell in der Ratte. Das chirurgische Modell besteht aus
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einer erweiterten PVL und der Transektion des medianen Leberlappens vor der
nachfolgenden Leberresektion. Die Resektionsflichen wurden durch die Platzierung einer
mechanischen Barriere zwischen den zwei getrennten Lappen separiert, um eine
Kollateralbildung zu verhindern. Wir bestitigten, dass die Verhinderung der
Kollateralbildung die Hypertrophie des kiinftigen Restleberlappens beschleunigte, und die
Atrophie des deportalisierten Leberlappens steigerte.

Um die Wirkung der gegensitzlichen, aber gleichzeitig auf die deportalisierte Leber
einwirkenden Stimulus zu untersuchen, haben wir ein weiteres chirurgisches Modell etabliert.
Wir kombinierten eine kleine 20%-ige PVL mit einer groen 70%-igen PHx. Trotz des
fehlende portalen Zustrom verhinderte der PHx-vermittelte Regenerationsstimulus die
Atrophie des deportalisierten Leberlappens durch Induktion der Hepatozytenproliferation. Der
portal deprivierte Leberlappen nahm an GréB3e zu.

Um die Balance zwischen unterschiedlichen starken Regenerations- und Atrophiestimuli zu
untersuchen, etablierten wir ein weiteres chirurgisches Modell, bestehend aus einer gro3en
70%-igen PVL und einer kleinen 20%-iger PHx. Der PHx-induzierte Regenerationsstimulus
hemmte die Atrophie des deportalisierten Leberlappens durch Herunterregulierung der
hepatischen Apoptose. Es zeigte sich ein inverser Zusammenhang der Apoptoserate mit der
Starke des Regenerationsstimulus: ein grofler Resektionsreiz(70%PHx) war mit einer
geringen Apoptoserate assoziiert, ein kleiner Resektionreiz(20%PHx) war mit einer hoheren
Apoptoserate assoziiert, jedoch niedriger als nach alleiniger PVL. In dieser Situation (kleiner
Resektionsreiz und groBer Atrophiereiz) trug moglicherweise die Bildung extrahepatischer
porto-portaler Kollateralen aufgrund der inkompletten portalen Deprivation zur Hemmung der
Apoptose und damit zu der niedrigen Apoptoserate bei.

Zusammenfassung: Die Ausbildung porto-portaler Kollateralen reduziert das Ausmall an

Atrophie nach PVL. Wir konnten erstmalig zeigen, dass die Einwirkung gegensitzlicher
Stimuli auf den portal deprivierten Leberlappen (simultaner PHx und PV) gleichzeitig zur
Proliferation und zur Apoptose von Hepatozyten im diesem Leberlappen fiihrt.
Leberregeneration und hepatische Hypertrophie konnen also trotz portaler Deprivation
induziert werden. Das Ausmal} der gleichzeitig durchgefiihrten Resektion bestimmt die
Apoptoserate und damit maBBgeblich die GroBe des portal deprivierten Leberlappens.

Diese Ergebnisse stellen die weitverbreitete Annahme in Frage, dass der portale Fluss eine
wesentliche Rolle bei der Leberregeneration spielt. Als néchster Schritt miissen die

molekularen Mechanismen der intrahepatischen Gréfenregulation weiter untersucht werden.



Summary -4 -

Summary

Background: The liver is the only organ that can regenerate after partial surgical removal, e.g.
because of a tumor. In the one-stage procedure, major partial hepatectomy (PHx) is performed
to remove the diseased liver completely. Accordingly, the rodent model of 70%PHx is the
most frequently used experimental model to study resection-induced liver regeneration. Once
the oncological requirement of liver mass resection is so large that the future remnant liver is
too small for the patient, a two-stage procedure is performed. The two-stage procedure
consists of portal vein occlusion of the tumor-bearing liver lobe as first step prior to resecting
this lobe in the second step. Portal vein occlusion induces atrophy of the deportalized liver
lobes and hypertrophy of the future remnant liver. Frequently, atypical resection is performed
in addition to portal vein ligation (PVL) in the first stage operation. In this situation, two
concurrent stimuli act on the deportalized liver lobe. However, it is not well explored how the
liver governs intrahepatic size regulation, especially how the deportalized liver may respond
to the concurrent stimuli. Therefore, better understanding of the underlying regulatory
processes is needed to potentially modulate the size adaption process according to the need of

the patient.

Aim: We put our emphasis on exploring intrahepatic size regulation. Two factors accounting
for intrahepatic size regulation were investigated: the effect of inter-lobar collateral formation
between portalized and deportalized liver and the effect of a simultaneous regeneration

signals imposed on the deportalized liver.

Methods and results: 7o identify an adequate model for the specific scientific questions, we

evaluated the existing models and gained an overview about current techniques for studying
liver regeneration. We established a CT-based image acquisition and analysis work flow with
our cooperation partners to visualize the hepatic venous system and the formation of

collaterals.

To explore the effect of inter-lobar collateral formation on intrahepatic size regulation, we
developed an “Associating Liver Partition and Portal vein ligation for Staged hepatectomy”
(ALPPS) model consisting of major PVL and median lobe transection. Liver transection was
secured by placing a mechanical barrier between the two divided lobes to prevent formation
of collateral. We confirmed that prevention of collateral formation accelerated hypertrophy of

the future remnant liver lobes and augmented atrophy of the deportalized liver lobes.
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To investigate the effect of a simultaneous regeneration stimulus acting on the deportalized
liver lobe, we developed a novel surgical model consisting of the combination of 20%PVL
and 70%PHx. We observed that the PHx-induced regeneration signals prevented atrophy of
the deportalized liver lobe by inducing hepatocyte proliferation despite the lack of portal
supply. Actually the deportalized liver lobe increased in size.

To investigate the effect of the balance between regeneration stimulus and atrophy stimulus
on the deportalized liver, we further evaluated the intrahepatic size regulation using a model
of 70%PVL and 20%PHx. We learned that the PHx-induced regeneration stimulus inhibited
atrophy of the deportalized liver lobe by down-regulation of hepatic apoptosis, which was
inversely correlated to the strength of the regeneration stimulus: a major resection stimulus
was associated with a low apoptotic rate; a minor resection stimulus was associated with a
higher apoptotic rate, although lower than the apoptotic rate after PVL only. In case of minor
PHx and major PVL, the formation of porto-portal collaterals probably contributed to the less

pronounced apoptotic rate because of the incomplete portal deprivation.

Conclusions: The formation of porto-portal collaterals decreased the extent of atrophy after
PVL. We demonstrated for the first time that hepatocyte proliferation and apoptosis can be
induced in the same liver lobe despite portal deprivation. This observation challenges the
widespread assumption of the essential role of portal flow in liver regeneration. As a next step,
the underlying molecular mechanisms governing the intrahepatic size regulation need to be

further explored.
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Introduction

The liver plays an important role in many bodily functions spanning from protein synthesis
and glucose metabolism to excretion of waste products and detoxification. The liver is the
only organ with the capacity to regenerate after death of parenchymal cells or surgical loss of
parenchymal mass. The earliest description of liver regeneration can be found in myths from
ancient Greece--the well-known legend of “Prometheus”. His liver was partly eaten by an
eagle during the day and grew back over night so that Prometheus had to suffer the
punishment over and over (Hesiod's Theogony, circa 700 B.C.). The liver recovery after

partly loss was called “regeneration”.

Liver regeneration is needed to compensate for loss of hepatocytes. Loss of hepatocytes
may occur due to intoxication, viral infection, and inflammatory processes or due to hepatic
surgery. Liver regeneration is playing a crucial role in restoring the number of hepatocytes
lost due to such liver injuries. These injuries can directly cause cell damage by inducing
dysfunction of cell membranes, interfering with gene expression and protein synthesis or
inflammatory reactions.

The surgically most important loss of hepatocytes occurs upon liver resection. The commonly
studied rodent model of liver resection— 70% partial hepatectomy (PHx), was firstly
introduced by Higgins and Anderson in 1931 (Higgins 1931). The liver underwent
compensatory hypertrophy after the removal of liver lobes. The model is still widely used
nowadays. In clinical settings, liver resection is mainly performed in oncological surgery to
remove primary or secondary liver tumors (Glantzounis et al. 2016, Giglio et al. 2016,
Hayashi et al. 2007). After liver resection, the portal flow (per unit liver mass) increases
instantly. This hyperperfusion initiates the release of various molecular signals such as
cytokines (tumor necrosis factor alpha, interleukin 6) and growth factors (hepatocyte growth

factor, epidermal growth factor), resulting in hepatocyte mitosis and proliferation.

Liver regeneration leads to a restoration of liver mass within weeks. In the 70%PHx
model in rodents, three of the five liver lobes are surgically removed without causing damage
to the remnant two lobes. The remnant liver lobes undergo hypertrophy until the original liver
weight is restored. This process takes 5-7 days in small animals such as rats and mice. In
humans, normal liver weight is reestablished within 8-15 days (Michalopoulos 2007).

Small and moderate liver resections are well tolerated by the healthy organ without

concurrent hepatic disease. However, extended liver resection puts the patient at risk due to an
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insufficient mass of the future liver remnant (FLR). The size of the FLR represents the major

limitation when planning extended liver resections.

Great efforts in surgical research were placed on developing strategies to accelerate liver
regeneration. The key strategy to enhance the size of the FLR is portal vein occlusion. The
occlusion of a portal vein induces atrophy of the occluded liver lobe carrying the tumor, while
the non-occluded liver lobe undergoes compensatory hypertrophy by liver regeneration
(Dimitroulis et al. 2014, Makuuchi et al. 1990). Therefore, portal vein occlusion is widely
adopted to enlarge the FLR before extended liver resection (Abdalla et al. 2002).

However, in about 20% of the cases, this strategy fails to achieve curative resection because
of tumor progress or insufficient liver regeneration after portal vein occlusion (Lam et al.
2013, Abulkhir et al. 2008). Tumor progress usually occurs in the waiting period (1-3 months)
prior to extended liver resection (Hoekstra et al. 2012, Hayashi et al. 2007, Mailey et al. 2009).
Insufficient liver regeneration may have several reasons: insufficient size or impaired tissue
quality of the FLR and collateral formation between the ligated and the non-ligated liver
lobe (Riehle et al. 2011, Stavrou et al. 2012, Wilms et al. 2008).

Limited size of FLR is impairing liver regeneration. There are reports indicating that
experimental 90%hepatectomy is mostly fatal (Asencio et al. 2014). It is also well-known that
the marginal mass in orthotopic split liver transplantation causes so-called “small for size
syndrome” (Dahm et al. 2005, Serenari et al. 2013). The limited size of FLR is presenting a
high risk of acute liver failure after operation. It is well known that portal hyperperfusion to
the FLR induces severe shear stress in the hepatic sinusoids, which causes damage to
sinusoidal endothelial cells and subsequently impairs liver regeneration (Schleimer et al. 2006,
Xu et al. 2006).

Impaired tissue quality subsequent to preexistent damage of the liver such as hepatic
steatosis, fibrosis, cirrhosis, cholestasis, or damage due to a previous chemotherapy is
increasing the risk of insufficient liver regeneration (de Graaf et al. 2009). Therefore a larger
future remnant liver mass is required after liver injury compared to healthy liver tissue.
Collateral formation between deprived liver and non-deprived liver was discovered in cases
with limited hypertrophy in FLR (van Lienden et al. 2013, Denys et al. 1999). During waiting
period after PVL perfusion of the ligated portal veins was observed. This revealed
intrahepatic collateral connections between the non-ligated left portal branches and the ligated

right branches. This collateral formation was taken as one reason for this limited hypertrophy.
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Additional evidence for this view was gained from the observation that an increase in FRL

volume was achieved after complete secondary portal vein embolization (PVE).

Accordingly, Schnitzbauer et al. developed a novel surgical technique so called “associating
liver partition and portal vein ligation for staged hepatectomy” (ALPPS) to prevent formation
of porto-portal collaterals between the FLR and the liver to be resected (Schnitzbauer et al.
2012). The key procedure is liver transection followed by a major PVL of the liver to be
resected. Although the procedure is unequivocally of great challenge and carries a certain

surgical risk, it is efficient to accelerate liver regeneration of the FLR.

Liver size recovery is due to liver regeneration. After PHx, hypertrophy of remnant liver is
due to liver regeneration. It is well known, that regeneration is due to proliferation of
hepatocytes and non-parenchymal cells (Michalopoulos 2007, Michalopoulos und DeFrances
1997, Fausto et al. 2006). Once the necessary liver mass size/liver function has been restored,
liver regeneration is terminated. After PVL, size increase of contralateral liver lobe and
atrophy of deportalized liver lobe occurs. Evidence was also accumulated that hepatic atrophy
of portally deprived liver is due to necrosis and apoptosis (Mueller et al. 2003). However, the
extent of hepatic atrophy and hypertrophy cannot be reliably predicted. This also leads to an
interest in the interaction of liver regeneration and hepatic atrophy.

Recently, some studies focused on intrahepatic size regulation in terms of liver regeneration
and hepatic atrophy. The balance between hepatocyte proliferation and apoptosis in
considered critical for liver homeostasis (Zhou et al. 2015). However, the investigation
regarding regulatory processes is limited to the situation of PVL, and the investigations of
size regulation are limited to either liver regeneration or lobular atrophy.

It has not been reported how contradictory stimuli govern intrahepatic size regulation in case
of simultaneous PVL and PHx. Further research is needed to better understand the regulatory
processes. Understanding is not only scientifically interesting, but also important to better

modulate liver regeneration to the need of the patients.
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Aims

We wanted to better understand intrahepatic liver size regulation after liver resection and

portal vein ligation in this study. Therefore, we set three goals:

1. Establish an ALPPS model to explore the role of collateral formation in intrahepatic

size regulation;

2. Investigate intrahepatic size regulation in case of concurrent stimuli in a novel

surgical model,

3. Assess the balance of liver regeneration and hepatic atrophy governing the

intrahepatic size regulation.

For each aim we proposed a hypothesis to be tested in the study.
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Hypotheses

1. Transsection of hepatic parenchyma prevents collateral formation and enhances hepatic

regeneration.

2. Hepatic atrophy of deportalized liver lobe after PVL can be prevented by a simultaneously

applied regeneration stimulus induced by concurrent PHx.

3. Intrahepatic size regulation is governed by the balance of regeneration and atrophy stimuli

in case of opposing simultaneously applied stimuli.

e Ifregeneration stimulus is larger than atrophy stimulus on a given lobe, a size increase
of the liver lobe is induced (RS>AS results in size increase);
e If regeneration stimulus is smaller than atrophy stimulus on a given lobe, a size

decrease of the liver lobe is induced (RS<AS results in size decrease).
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Study design

1. To better understand liver regeneration, a literature work up spanning over the past
decades was required. The current knowledge about liver regeneration in animal
models was summarized. Special emphasis was put on rodent models and
techniques for assessment of liver regeneration up to date. A review paper entitled
“Models and Techniques of Studying Liver Regeneration” was generated (Wei W,
et al, Eur Surg Res 2015).

2. To investigate the effect of hepatic transection on collateral formation, intrahepatic
vascular anatomy was visualized and a novel ALPPS model established. This
model was used to assess intrahepatic size regulation. A paper entitled
“Establishment of a Rat Model: Associating Liver Partition with Portal Vein
Ligation for Staged Hepatectomy” was published (Wei W, et al, Surgery 2016).

3. To explore intrahepatic size regulation in case of concurrent PHx and PVL, the
individual size regulation of each lobe in a surgical model of right PVL+70%PHx
was studied. Individual liver size adaptation and the hepatic proliferation index
were evaluated. In this experiment, the portal hyper perfusion was also assessed.
The manuscript entitled “Intrahepatic size regulation in a surgical model: “Liver
resection induced-liver regeneration” counteracts the local atrophy following
simultaneous portal vein ligation” was published (Wei W, et al, Eur Surg Res
2016)

4. To expand investigation of intrahepatic size regulation, concurrent PHx and PVL
of varying extent were combined. The effects of balance between regeneration
and atrophy were elucidated by assessing liver size regulation in terms of
proliferation index and apoptosis index in different models of concurrent PVL and
PHx. The corresponding manuscript entitled “The regenerative stimulus in the
deportalized liver determines hepatic apoptosis to govern the extent of hepatic
atrophy” is submitted to “British Journal of Surgery” (Wei W, et al, Br J Surg.

Under review).
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Abstract

The liver has the unique capability of regeneration from various injuries. Different animal
models and in vitro methods are used for studying the processes and mechanisms of liver
regeneration. Animal models were established either by administration of hepatotoxic chem-
icals or by surgical approach. The administration of hepatotoxic chemicals results in the death
of liver cells and in subsequent hepatic regeneration and tissue repair. Surgery includes partial
hepatectomy and portal vein occlusion or diversion: hepatectomy leads to compensatory re-
generation of the remnant liver lobe, whereas portal vein occlusion leads to atrophy of the
ipsilateral lobe and to compensatory regeneration of the contralateral lobe. Adaptation of
modern radiological imaging technologies to the small size of rodents made the visualization
of rodent intrahepatic vascular anatomy possible. Advanced knowledge of the detailed intra-
hepatic 3D anatomy enabled the establishment of refined surgical techniques. The same tech-
nology allows the visualization of hepatic vascular regeneration. The development of modern
histological image analysis tools improved the quantitative assessment of hepatic regenera-
tion. Novel image analysis tools enable us to quantify reliably and reproducibly the prolifera-
tive rate of hepatocytes using whole-slide scans, thus reducing the sampling error. In this
review, the refined rodent models and the newly developed imaging technology to study
liver regeneration are summarized. This summary helps to integrate the current knowledge
of liver regeneration and promises an enormous increase in hepatological knowledge in the
near future. © 2014 S. Karger AG, Basel

Uta Dahmen
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Department of General, Visceral and Vascular Surgery,
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Introduction

The liver is the only organ with the capacity to regenerate after the death of parenchymal
cells or the surgical loss of parenchymal mass. The earliest description of liver regeneration
can be found in the well-known legend of Prometheus — a myth from ancient Greece. The eagle
ate a part of Prometheus’ liver and the liver did grow back over night so that the eagle could
feed from it the next day. This phenomenon is called ‘regeneration’.

Regeneration is clinically important, compensating for any reduction in parenchymal
tissue: on the one hand, for patients with acute liver failure due to the death of hepatocytes
subsequent to intoxication or viral infection, and on the other hand, for patients with surgical
loss of liver mass after tumor resection or living liver donation [1]. Regeneration is also
important for patients undergoing portal vein occlusion as a strategy to enhance the future
liver remnant volume prior to extended major liver resection.

Liver regeneration after different types of injuries has been studied for many years. Two
different types of animal models were developed: administration of toxins and surgical
manipulations.

This review is focusing on three issues: first, we want to give an overview of the existing
animal models, especially the surgical models in rodents; second, we want to present the new
developments in imaging technologies improving the assessment of liver regeneration, and
third, we want do highlight the impact of both on system biology of the liver.

Animal Species

Species used for the investigation of liver regeneration include mice, rats, rabbits, dogs,
monkeys and pigs. The ultimate choice of the species depends essentially on the scientific
problems that researchers intend to solve and also relates to the anatomies and physiological
specifics. The use of large animals such as pigs and monkeys is usually limited to very specific
research [2, 3], suchassurgical-technical issues and theradiological follow-up of volume recovery
within the same animal. Surgical-technical questions are easier to address in a large animal due
to the comparable size of the liver. For the same reason, imaging of large animals is of advantage
compared to small rodents. However, the experimental costs and efforts are much higher
including the practical work load for animal care. Availability of reagents for in vitro work is still
limited. Administrative issues such as obtaining approval from the authorities are far more
complicated because of the related ethical conflict, especially when primates are involved [4].

Small animals such as mice and rats are widely used because they are easy to manage.
Abundant reagents are available covering all scientific topics. Furthermore, a variety of
strains, especially genetically altered mouse strains, are available allowing the study of
specific molecular pathways [5].

However, up to now, delicate surgical questions have not been addressed in small animals
due to the lack of knowledge regarding the detailed intrahepatic vascular anatomy of the
rodent liver. With the adaptation of clinical imaging technology to small animals, visualization
of rodentintrahepatic anatomy became possible allowing the development of refined surgical
techniques as well as assessing volume recovery and vascular regeneration.

Toxin Injury Models

Toxin injury models are induced by the administration of hepatotoxic chemicals, which
cause damage to hepatocytes and result in the death of hepatic parenchymal cells. Toxin
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Table 1. The most common hepatotoxic chemicals in rodent models
Chemicals Species Dose Mechanism Location Time Initiation of
of injury course regeneration
Carbon rat 0.1 ml/kg BW [6, 7] enhances free radicals and activates pericentral  within 24 h within 48 h
tetrachloride mouse Kupffer cells releasing inflammatory necrosis
factors
D-Galactosamine rat 0.5-3 g/kg BW [12] causes intracellular deficiency in random within 24h within 48h
mouse  0.7-1.5 g/kg BW [11, 13, 14] uridine metabolites pattern
Acetaminophen rat 750-1,500 mg/kg BW [16, 17] enhances free radicals and activates pericentral  within3h within 48 h
mouse  300-500 mg/kg BW [18-20] Kupffer cells releasing necrosis peakat18h
inflammatory factors
Thioacetamide rat 200-500 mg/kg BW [24, 26, 27] increases the production of toxic pericentral peakat24h within 24 h
mouse  100-200 mg/kg BW [28, 29] reactive metabolites and reactive necrosis
oxygen species
Ethanol rat increases the production of reactive no - within 48 h

mouse  4-6 g/kg BW [32-37] oxygen species and the infiltration of  necrosis after PHx

inflammatory cells

Figures in brackets are reference numbers. BW = Body weight.

models are widely used because the initiation of regeneration requires only a single admin-
istration of the toxic compound (table 1). These hepatotoxic chemicals can directly cause cell
injury by damaging cell membranes, interfering with gene expression and protein synthesis
or inflammatory reactions. Therefore, models of acute liver failure associated with a high
mortality are induced by a relative overdose of various hepatotoxins. Underlying cellular
events causing acute liver failure include centrilobular necrosis, apoptosis, inflammatory
response and insufficient parenchymal cell proliferation.

Carbon tetrachloride (CCly) is a typical exogenous toxin that can induce acute and chronic
liver injuries. CCl, acts on cytochrome P450 to produce markedly elevated free peroxide
radicals, which causesinjuryornecrosisduetolipid peroxidation ofthe hepatocyte membranes
[6-9]. Necrosis occurs predominantly in the pericentral region of the liver lobule. Regener-
ation in the CCly-induced rat model was associated with delayed DNA synthesis and mitotic
activity in the rat compared to the partial hepatectomy (PHx) model as reported by Rozga et
al. [10].

CCl4 has been used extensively in the pharmacological research of drugs preventing
liver damage. In contrast to the PHx model, the disadvantage of CCl;-induced liver injury
and regeneration is its complexity, since hepatocyte damage is accompanied by inflam-
mation and immune reaction. The intense inflammatory response is thought to affect both
the onset and duration of the liver regenerative response [11]. Thus, the processes of liver
injury and tissue repair are closely interwoven, which makes the investigation more
difficult.

D-Galactosamine is considered to cause intracellular deficiency in uridine metabolites,
inducing acute liver injury [12-15]. The acute liver injury by D-galactosamine is associated
with waste accumulation, systemic inflammation and impaired regeneration [16]. b-Galac-
tosamine also induces hepatocyte apoptosis when administered in combination with lipo-
polysaccharide, by blocking gene translation or transcription [17]. The kinetics of liver regen-
eration after D-galactosamine-induced liver injury is similar to that after CCl;-induced liver
regeneration. Therefore, D-galactosamine is used more frequently for the induction of
fulminant liver failure than for the investigation of liver regeneration.

Acetaminophen has also been adopted to induce acute liver injuries. After an overdose,
acetaminophen is metabolized by the cytochrome P450 leading to a toxic accumulation of
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N-acetyl-benzoquinone imine [18, 19]. Subsequently, it leads to the formation of free radicals
and the activation of Kupffer cells, which cause centrilobular apoptosis and necrosis [8].
Proinflammatory cytokines and the innate immune system were considered to mediate the
acetaminophen-induced liver injuries [20-22]. The course of regeneration after acetamin-
ophen-induced injury is similar to that in the CCl; model.

Thioacetamide is a hepatotoxin conventionally used for the induction of acute and chronic
liver injuries. Along the cytochrome P450-dependent pathway, thioacetamide is converted to
thioacetamide sulfoxide and subsequently to thioacetamide disulfoxide, a toxic reactive
metabolite [23]. These reactive metabolites remarkably increase the production of reactive
oxygen species causing oxidative stress and acute centrilobular liver necrosis [23, 24].
According to the specific purpose, single or repeated administration of thioacetamide can
induce acute hepatic failure and hepatic cirrhosis in the rodent model [25-28]. Liver injuries
induced by thioacetamide are characterized by acute centrilobular liver necrosis and the
gradual accumulation of fibroblast-like cells in the periportal area [29]. Necrosis developed
and peaked at 24 h of intoxication, and a synchronous proliferative response was immedi-
ately initiated, reaching a peak of DNA synthesis at 48 h [26].

Hepatotoxic ethanol-induced liver injury has been studied extensively because alcoholic
liver disease is becoming a major global health concern [30]. Ethanol damages hepatocyte
mitochondrial functions and produces oxidative stress, which probably plays a critical role in
hepatic injury; activation and infiltration of inflammatory cells are involved in this process as
well [31, 32]. Some investigators also reported that acute exposure of ethanol was associated
with increased gut permeability, which caused the normal bacterial flora and toxins to enter
general and hepatic circulation [33, 34]. Liver injury induced by ethanol is characterized by
steatosis, hepatitis, fibrosis and cirrhosis [35, 36]. Its severity is related to the frequency, dose
and duration of ethanol consumption. Studies have shown that chronic ethanol exposure
delays the induction of hepatocyte DNA synthesis in response to PHx [37, 38]. Regeneration
was observed within 48 h after PHx instead of 24 h [39]. However, Ding et al. [35] reported
that acute ethanol pre-exposure promotes liver regeneration in mice within 12 h after PHx
by activating aldehyde dehydrogenase 2.

Anatomy

Detailed knowledge of liver lobar and vascular anatomy is essential for experimental
hepatobiliary surgical manipulations. The anatomy of the mouse liver is very similar to that
of the rat liver. There are only subtle differences in the proportion of each lobe in relation to
the whole liver [40]. One significant characteristic of the mouse liver is that the gall bladder
is located in the fossa between the left median lobe (LML) and the right median lobe (RML),
connecting with the falciform ligament, whereas the rat has no gall bladder at all. With respect
to texture, the mouse liver is softer and more fragile than the rat liver.

Lobar Anatomy

The rat liver mass contains four main parts: the ML (comprising 38% of the liver mass),
the left lateral lobe (LLL, 30%), the right lobe (RL, 22%) and the caudate lobe (CL, 8%). The
paracaval portion, which encircles the inferior vena cava, accounts for approximately 2% of
the liver mass. The ML can be divided into two parts: the RML and the LML. The RL, located
on the right lateral vena cava, consists of one pyramidal-shaped right inferior lobe and one
round-shaped right superior lobe. The CL is divided into the superior CL/anterior CL and
inferior CL/posterior CL [40-42].
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Fig. 1. The portal venous tree (a) and
the hepatic venous tree (b). The right
portal vein supplies a large portion of
the paracaval liver; the left lateral he-
patic vein disembogues into the left me-
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Vascular Anatomy

Each lobe of the ratliver has its own pedicle containing a portal triad [40, 42]. Each portal
triad consists of a branch of the portal vein (supplying the liver with nutrient-rich blood from
the intestine), a branch of the hepatic artery (supplying the liver with highly oxygenated
blood) and a bile ductule (draining bile from the liver to the intestine). The blood, which
comes from the portal vein and the hepatic artery, converges through the sinusoids and
drains into the central venules located in the center of the liver lobule. Based on corrosion
casts and on a detailed analysis of pCT scans and MRI scans of the intrahepatic vascular tree,
anatomical details influencing experimental hepatobiliary surgery were revealed in our labo-
ratory.

Portal Vein Anatomy

The left median portal vein shares a common trunk with the left lateral portal vein. The
right portal vein supplies a large portion of the paracaval liver leading to a potentially compro-
mised portal vein supply when resecting the RL (fig. 1a).

Hepatic Vein Anatomy

The left lateral hepatic vein disembogues into the left median hepatic vein leading to a
potentially compromised hepatic venous drainage when resecting the LLL (30% PHx). The
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hepatic venous drainage of the ML is very similar to the human liver with three veins: the right
median hepatic vein, the middle median hepatic vein and the left median hepatic vein. This is
of utmost importance when considering the resection of the RML or LML (fig. 1b).

Anatomies of other species are different from those of rodents. The rabbit liver is divided
into 3 cranial lobes (LLL, ML and RL, total 80%) and 1 separated CL, which is clearly distin-
guished; the dog liver consists of 7 lobes: the LLL, LML, RML, papillary lobe and quadrate lobe
are supplied by the left portal vein (70%), while the RL and CL are supplied by the right portal
vein; the pig liver consists of 4 lobes: the LLL (20-25%), LML, RML and RL. The lobar volume
distribution is similar to that of the human liver [5].

Surgical Models

Currently, three surgical models are commonly used to study liver regeneration: PHx
models, portal branch occlusion models and portosystemic shunt models.

PHx Models

The PHx model is the most widely used surgical model and was first established by
Higgins and Anderson in 1931. After the removal of nearly 70% of the liver mass, the remnant
liver lobes underwent compensatory growth until reaching the original liver weight. Various
surgical modifications have been introduced since then.

The extent of the liver mass reduction can be varied by selecting the liver lobes that are
to be resected. There are more than 10 variations of hepatectomy according to the amount of
the resected liver mass in relation to the whole liver, such as 5, 10, 20, 30, 40, 50, 60, 70, 80,
90, 95 and even 97%. 70% PHx (also called 2/3 PHx by some authors) is the most frequently
used model for studying liver regeneration. The LLL and ML were removed by putting liga-
tions around the pedicles of the respective liver lobe. The 90% PHx (resection of the LLL, ML
and RL) animal model was explored for understanding fulminant hepatic failure [43, 44].
With the improvement in anatomic knowledge and surgical technique, 90% PHx became a
nonlethal rodent model [41]. Furthermore, a change in the lobe resection technique has been
proposed in our laboratory involving the resection of the LLL, ML, right inferior lobe and CL
leaving the right superior lobe untouched [45]. Therefore, 95% PHx (resection of all liver
lobes but the inferior CL) and 97% PHx (resection of all liver lobes) were subsequently
considered as models for fulminant hepatic failure. Histomorphology of the insufficient
remnant liver is characterized by massive fatty change, congestion, apoptosis and centri-
lobular necrosis, with little evidence of regeneration. Acute liver failure induced by this
surgical approach is not reversible. It does not provide a therapeutic window which allows
investigating and assessing a given treatment of liver failure.

The extent of additional injury to the remnant liver depends on the surgical technique.
To date, 3 main principally different techniques have been reported. (1) The mass ligation
technique, which is achieved by putting a ligation on the pedicle of the respective liver lobe
[43,44,46]. Using this technique for 90% PHx carries a high risk of causing outflow obstruction
or massive bleeding. (2) The vessel-oriented technique, which Kubota et al. [47] introduced
in 1997. In their study, ligation of the portal vein and hepatic artery was performed prior to
ligation of the respective hepatic vein with a piercing suture, and then, the individual liver
lobe was resected without the risk of bleeding and compressing the inferior vena cava.
However, ligation of the pedicle causes ischemia and necrosis of the stump and the paracaval
liver. (3) The precise vessel-oriented, parenchyma-preserving technique, which was opti-
mized by Madrahimov etal. [41] in 2006. A mosquito clamp instead of preliminary ligation of
the portal vein and hepatic artery was placed on the pedicle of the liver lobe, positioning
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piercing sutures proximal to the clamp in number and location according to the vascular
anatomy of the individual liver lobe before removing the liver lobe and the clamp. When
applied properly, this technique has a very low risk of outflow obstruction and ischemia of
the stump or paracaval liver. The advantage of this parenchyma-preserving technique
increases when increasing the resecting liver mass. Besides, the resection procedure can be
performed in a precise, reproducible and safe manner. It can be controlled better than a soft
suture line when defining the resection plane on the liver lobe. Consequently, maximal success
and minimal hemodynamic complications can be achieved. The following suggestions help to
master this technique: (1) to prevent outflow obstruction, the ligature and clamp must not be
placed too close to the cava because that might cause partial outflow obstruction of the vena
cava; 3 mm is a recommended distance. (2) To prevent ischemia of the stump, especially of
the RLs, the suture must be placed in close proximity to the clamp. (3) To prevent hemor-
rhages of the remnant stumps, some overlap between all piercing sutures should be accom-
plished. In the mouse model, we suggest a cholecystectomy before the resection of the ML.

Kinetics of Regeneration after PHx

Itis generally accepted that the initiation of liver regeneration after PHx can be precisely
timed - it starts within few minutes after resection. Hepatocytes in the periportal region
begin to proliferate after 14-16 h in the rat model [40, 48], while those in the pericentral
region begin to proliferate 36-48 h after PHx [49]. The DNA synthesis reaches its peak at
24 h in rats, but in mice, both the start and the peak of DNA replication are about 20 h later
[46, 48]. The sinusoidal endothelial cells enter the S-phase of the cell cycle even later, after
the hepatocytes [49]. Once the necessary functional mass has been restored, liver cell prolif-
eration is terminated. The process of liver regeneration upon PHx has been exhaustively
analyzed. However, the PHx model on a healthy liver cannot mimic the pathological situations
in human liver diseases, which involve chronic viral hepatitis, alcoholic liver disease and
nonalcoholic fatty liver disease. Therefore, in the modes of steatotic liver and hepatitis, regen-
eration after PHx has recently drawn increasing attention. There is substantial evidence that
the proliferative response after PHx is significantly delayed and reduced in rats and mice with
hepatic steatosis and chronic viral hepatitis [50-54]. Although the underlying mechanism
remains uncertain, impaired liver regeneration was believed to be associated with mitochon-
drial dysfunction and interruption of signaling pathways [53, 55, 56].

Portal Branch Occlusion Models

Occlusion of the portal branch can be achieved by ligation and embolization. Portal vein
embolization is a radiological procedure, which is mainly done in large animals [57, 58].
Ligation requires open surgery and is frequently performed in rodents. The effect of portal
vein occlusion is well known. The ligation of a portal branch induces atrophy of the portally
ligated liver lobe(s), while the portally supplied liver lobes undergo compensatory growth
[59-61]. This finding is of great clinical relevance and was translated into a surgical thera-
peutic concept: portal vein occlusion as a strategy to enlarge the future liver remnant prior
to extended liver resection.

The extent of liver mass reduction can vary by selecting the lobar portal vein branches to
be ligated. In 1920, Rous and Larimore [62] demonstrated that the extent of atrophy of the
portally ligated liver lobe was related to the size of the ligated lobe. Portal branch ligation
(PBL) is usually performed on right portal branches (1/4 PBL), the left portal branch (1/3
PBL) and the left portal branch + median portal branches (2/3 PBL) in rats.

The extent of additional injury to the liver depends on the surgical technique and the
extent of the portally ligated liver lobe. The injury to the liver may increase in case of rough
dissection bhefore ligation which may probably cause subtle damage to the branches of the
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hepatic artery and bile duct. The PBL model became highly reproducible after re-evaluation
in 1986 by Rozga et al. [63]. They optimized the operative technique by proposing the use of
an operating microscope to minimize the surgical trauma. With this technique, the rat model
showed a highly reproducible extent of atrophy in the portally deprived lobe(s) and of
compensatory hyperplasia in nonligated lobes. However, necrosis formation within the
portally ligated lobe occurs when the lobe size increases.

Kinetics of Regeneration after PBL

As compared to the PHx model, the PBL model incorporates two opposite processes in
one animal: atrophy in the ligated lobe(s) and hypertrophy in the nonligated lobes. The early
stage of reduction in the portally deprived lobe(s) mainly relates to necrosis and apoptosis of
parenchymal hepatic cells. Previous studies have explored the kinetics of the liver weight of
the deprived lobe(s) and of necrosis in the corresponding lobe(s) [60, 61, 63]. In 70% PBL,
the weight of ligated lobe(s) decreased within a few hours after PBL when necrosis was hardly
observed. Little necrosis covering up to 5% and apoptosis were observed in ligated lobe(s)
24 h after PBL when the weight had decreased to about 70% of its initial value. At 48 h, only
50% of the original liver volume and a maximum of 24% necrosis could be found. After 3 days,
resorption of necrosis started and was almost completed within the next day. The reduction
in liver cell volume, the contraction of the vascular system and the collapse of the bile ducts
may play a major role in the later phase of atrophy, and the ligated lobe(s) shrink to nearly
15% of their original size within 2 weeks. Currently, there is a controversy concerning the
intensity of the proliferative response in nonligated lobes. In the study of Weinbren and Tarsh
[64], regeneration after PBL was considered to be initiated in the same time frame as after
PHx. The proliferating cell nuclear antigen (PCNA) protein level was significantly elevated in
nonligated lobes 1-3 days after PBL [2, 60, 63]. We have similar results for the 70% PBL
model, but interestingly, we observed delayed and subtle regeneration after 20% PBL in rats
with a maximal bromine-deoxyuridine (BrdU) labeling rate of 2% on postoperative day 3.

The relative total liver weight in the PBL groups is maintained throughout the whole
remodeling phase despite the ongoing atrophy in the ligated lobe and the ongoing prolifer-
ation in the nonligated lobes. There is no good explanation of the mechanism leading to the
balance between the two contradictory progresses. Further research is necessary to identify
the underlying processes.

A combined model of right PBL and 70% PHx (rPBL + 70% PHx) has been established in
our group. The prominent novelty of this model is the induction of concurrent contradictory
stimuli on the portally deprived RL - atrophy and regeneration. The regulatory response of
the RL is interesting: the portally deprived RL increases its size slightly, but significantly, by
amoderate regenerative response. In contrast, the nonligated CL increases to around 4.5-fold
of its original size within 7 days (unpublished data). This finding is of considerable scientific
and potential therapeutic relevance and may motivate further hypothesis-driven research in
the field of liver regeneration and regulation of intrahepatic size.

Portosystemic Shunt Models

The portosystemic shunt model was first introduced by Nicholas Eck in 1877. In his
work, completely diverting portocaval anastomosis was performed in dogs, which became
known as the ‘Eck fistula’. He proposed that this surgical technique was potentially suitable
to treat portal hypertension-related ‘mechanical ascites’ in human beings. Subsequently,
numerous portocaval shunt models have been developed in dogs, pigs, rabbits and rats [65-
69]. Various surgical strategies have been refined and employed to study portosystemic
shunt models since the last century, for instance, side-to-side shunts and end-to-side shunts
(67, 70-72).
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A portosystemic shunt causes deprivation of the portal flow and impairment of the liver.
The main feature is the alteration of liver morphology, including hepatocyte atrophy, fatty
infiltration, deglycogenation, and others [69]. These alterations are considered to be caused
by the diversion of the hepatotrophic substances in portal venous blood.

Portosystemic shunt models are especially suitable for studying the hepatotrophic effect
of the portal vein blood supply. However, the surgical technique of these shunts, in particular
vascular anastomosis, is technically challenging.

An interesting animal model to study the effects of portosystemic shunts on liver regen-
eration is the congenital portosystemic shunt dog [65]. The congenital portosystemic shunt
dog presents with liver hypoplasia associated with hepatic insufficiency. Liver regeneration
can be induced to enlarge the liver size when the congenital shunting vessel is closed. This
model can be used to study liver regeneration by closing or reducing the shunt.

Assessment Techniques

The assessment of liver regeneration and its kinetics has been limited to observations
obtained at defined time points in different animals. By harvesting the liver of individual
animals, the liver lobe can be weighed, measured and subjected to histological examination
for the evaluation of liver regeneration in terms of weight and volume recovery and prolif-
eration index.

Liver Weight Recovery

Certainly, we can weigh the excised liver and acquire all weight data representing the
kinetics ofliver regeneration at defined time points by killing the subjects. Itis widely accepted
that the weight of the remnant liver at 24 and 72 h reaches 45 and 70% of the original liver
weight, respectively, after a 70% PHx in the rat [40], and approximately 90% on day 7.
Investigators also assess the liver weight recovery based on the liver lobe to body weight
ratio using the formula: liver weight recovery (%) = weight of individual liver lobes/body
weight - 100 (%), which indicates the hypertrophy or atrophy of different liver lobes [46, 73,
74]. Liver weight is widely adopted for the assessment of liver regeneration because it is an
easy method, but it cannot indicate the proliferation kinetics of hepatocytes.

Liver Volume Recovery

The liver volume can be assessed using physical principles. The liver has to be immersed
in water, and the volume of water which is replaced by the organ has to be determined.
However, the accuracy and precision of such an approach is limited.

With the development of pCT and MRI technology, radiological imaging can be used to
assess liver volume recovery and vascular regeneration. However, small animal imaging facil-
ities are still rare and may influence the decision about the choice of technology. When using
the pCT, the desired resolution and required X-ray dose have to be outweighed, especially
when considering repeated in vivo scans. Using the MRI technology eliminates the radiation
dose problem, but it also has the lowest availability within the imaging devices.

Simple volume determination requires imaging of the native or contrasted liver and can
be performed ex vivo on explanted livers and in vivo in the living animal. In vivo imaging
allows longitudinal studies of hepatic growth. Liver volume recovery can be assessed
repeatedly in the same animal over time. Besides saving the animals, it also reduces inter-
animal variation.

The calculation of the volume is based on manual or automated segmentation of the liver
on all images. Previous investigators have described their studies on liver regeneration using
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a rodent model with 70% PHx. Contiguous slices at individual time points showed that the
liver volume recovered up to 93% between 7 and 14 days [40, 75]. Recently, Szijarto and
colleagues [76] have studied hepatic volumetric recovery in an 80% PVL rat model using the
nanoscan PET/MRI technique. In their study, the rats’ livers maintained their liver volume by
a balance of atrophy in ligated lobes and hypertrophy in nonligated lobes throughout the
entire experiment.

Another technique for the assessment of liver volume recovery is by calculating the terri-
tories of either the portal venous or the hepatic venous tree. This technology has been intro-
duced into clinical practice and even allows the calculation of territories at risk of outflow
obstruction [1, 77]. Today, this technology is also applicable in small animal CT scans of suffi-
cient quality. However, it requires some experience to reach the required level of resolution
of the vascular tree to allow these calculations. Visualization of the vascular tree obviously
requires the use of a contrast agent. The selection of contrast agents is an important issue.
Currently, several different contrast agents are available on the market and are based on
different formulations. Contrast agents for in vivo CT imaging include lomeron (iomeprol),
AuroVistand ExiTron, which are used for the identification of suitable in vivo vascular imaging
applications [78]. AuroVist might be the best suited for anatomical investigations of the
vascular network. lomeprol is used to enhance attenuation differences between normal and
pathological tissues; its high extravasation level can be adopted for perfusion analysis.
ExiTron is advised to be used in longitudinal monitoring with repeated injections, and
Primovist (Gd-EOB-DTPA) is a new hepatocyte-specific contrast agent for MRI of the liver.
Compared to extracellular contrast agents, Primovist shows a partial specific uptake by hepa-
tocytes followed by a subsequent biliary excretion [79, 80].

High-quality imaging requires a bit of experience because the circulation time of the
contrast agent is different than that in the clinical situation due to the much higher heart rate
of small animals. This technology has the potential to assess vascular regeneration and
volume recovery with respect to intrahepatic vascular geometry, potentially providing an
explanation for the sometimes observed inhomogeneously distributed proliferative response.
However, the application of contrast media may lead to severe, even lethal, cardiovascular
side effects. Hepatic elimination time may hamper repeated imaging if scheduled in time
intervals below 24 h [78].

For ex vivo imaging, polymers such as Microfil and Batson kit 17 are used. Injection of
polymers requires reaching the optimal viscosity of the material, which is related to the
mixture of components and the time point after preparation. However, if technical problems
can be overcome, the results are very convincing. Figure 2 shows the explanted liver after
90% PHx (resection of the LLL, ML and RL) and the 3D reconstruction of the portal venous
tree based on portal Microfil injection 0 h and 2 weeks after the operation (unpublished data).
The 3D reconstruction of the vascular tree can be based on a defined threshold (Imalytics
Preclinical, Philips Research, Aachen, Germany), as used in figure 1. It can also be done based
on a semi-automatic liver and vessel segmentation using a dedicated software program from
Fraunhofer MEVIS, Bremen, Germany. Using a series of processes, the volume calculation of
the dependent hepatic territory can be achieved [81]. The crucial steps performed are: liver
segmentation, vessel segmentation and an analysis of vessel structure. Based on those
previous steps, a model-based approximation of hepatic territories is performed. The result
of the image processing and analysis steps is a 3D reconstruction of the vasculature as well
as of the hepatic territories. Based on this reconstruction, the volume for the individual terri-
tories is determined. A 3D visualization of the vasculature and the hepatic territories is
available as well. Volume calculation revealed a 4.4-fold volume difference from 1.978 ml
immediately after resection to 8.725 ml 14 days after resection. Vascular regeneration
becomes clearly visible and demonstrated that the paracaval liver contributed significantly
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Fig. 2. Macroscopic appearance of a remnant liver after 90% PHx on day 0 (a) and on day 14 (c). 3D recon-
struction of a hepatic portal vein from a Microfil CT scan after 90% PHx on day 0 (b) and on day 14 (d).

to volume recovery after a 90% liver resection. This finding supports the fact that the vessel-
oriented resection technique with ligation of the portal triad of the RL prior to resection leads
to the observed necrosis of the paracaval liver and reduces the regenerative potential of the
remnant liver.

Proliferation Rate

The first histological parameter used to quantify liver regeneration was the mitotic index.
The mitotic index was determined by calculating the proportion of the mitotic figures on at
least 5 random high-power fields (x400) of the hematoxylin and eosin-stained section,
expressed as the rate of cells undergoing mitosis in percentage.

Today, the identification of proliferating cells is facilitated by the visualization of nucle-
oside analogues incorporated into the newly synthesized DNA such as tritiated thymidine or
BrdU. Tritiated (radioactive) thymidine can be similarly incorporated into the synthesized
DNA. Afterwards, the radioactivity of the proliferating cell can be measured by autoradio-
graphy or scintillation. BrdU is a synthetic nucleoside and an analogue of thymidine. It can be
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Fig. 3. The menu of the ‘HistoCAD VirtualLiver’ program. a Training procedure. b Analysis procedure. After
the training procedure, BrdU-negative hepatocyte nuclei (with a blue cross indicated by the blue arrow) and
BrdU-positive hepatocyte nuclei (with a red cross indicated by the red arrow) in the whole slide are identi-
fied, while the red blood cells and epithelial cells of bile duct are classified as nuclei to be ‘ignored’ (without
a cross indicated by the black arrow).

incorporated into the newly synthesized DNA, substituting thymidine during DNA replication
[82, 83].

Proliferating cells can also be identified by immunohistochemical visualization of cell
cycle-associated proteins such as Ki-67 or PCNA. Antigen Ki-67 is a nuclear protein that is
strictly associated with cellular proliferation [84]. The expression of Ki-67 protein is present
during all active phases of the cell cycle. Therefore, it is an excellent marker to determine the
growth fraction of hepatocytes. PCNA was originally identified as an antigen that is expressed
in the nuclei of cells during the DNA synthesis phase of the cell cycle and played an important
role in initiating cell proliferation.
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The proliferation index can be assessed according to the quantitative analysis of positively
staining hepatocytes. In the past, this was a very tedious approach, since cells were counted
manually. The development of image analysis facilitated the process [85] but could not alle-
viate the sample size problem. Currently, whole-slide scanners are developed which allow the
digitalization of several tissue sections on one slice. Accordingly, a novel technique was
adapted to analyze whole-slide scans. The software ‘HistoCAD VirtualLiver’ (Fraunhofer
MEVIS) is an accurate and highly efficient tool to perform quantitative analysis of histological
sections [86, 87]. One application was developed specifically to quantify nuclear staining as
needed for the analysis of the proliferation index. This tool enabled to reduce the sampling
error since large tissue samples with more than 30,000 hepatocytes can be analyzed. By means
of a simple ‘training’ process, including picking a few representative samples from morpho-
logical structures (e.g., color, roundness and size features), it can automatically identify
unstained (negative) hepatocyte nuclei, stained (positive) hepatocyte nuclei and other nonhe-
patocyte nuclei (fig. 3). This application allows the quantitative analysis of batches of sections
via a highly efficient and accurate classification of differentially stained cell nuclei.

Systems Biology

Systems biology is an emerging approach applied to study the hepatic biology as a whole
[88]. Particularly in the past few years, systems biology was used to understand the funda-
mental biology associated with drug-induced liver injury, in which hepatic regeneration was
inclusive.

The purpose is best expressed in the following citation from Sauer et al. [89]: “The reduc-
tionist approach has successfully identified most of the components and many of the interac-
tions but, unfortunately, offers no convincing concepts or methods to understand how system
properties emerge (...) the pluralism of causes and effects in biological networks are better
addressed by observing, through quantitative measures, multiple components simultane-
ously and by rigorous data integration with mathematical models.’

This approach is applied worldwide to study the hepatic biology, in particular, the funda-
mental biology of liver toxicity in drug-induced liver injury models. Various measurement
and visualization technologies are employed in the systems biology approach. The global
biological information and the interaction information of the drug-induced liver injury models
were quantified and integrated, and the dynamical changes in the drug-induced liver injury
models were recorded as well. After a complex computation, the hepatic biology could be
modeled through computational and modeling tools. This model can be used for the under-
standing and prediction of detailed processes during liver injury and liver regeneration [88].

The Virtual Liver Network represents a major research investment by the German
Government focusing on work at the ‘bleeding edge’ of systems biology and systems medicine.
This major multidisciplinary research program is dedicated to developing a whole-organ
model of the human liver, representing its central physiological functions under normal and
pathological conditions. Numerous models of the geometry of the hepatic vascular tree [90],
of liver regeneration [91], liver perfusion [92] and liver metabolism have already been
developed during the ongoing integrative process. The development of these models is highly
dependent on the availability of imaging data on all scales: CT images for the organ scale,
whole-slide scans for the lobular level and confocal imaging for the sublobular level. An inte-
grated model allowing the prediction and validation of cell alighment along microvessels as
order principle to restore tissue architecture in liver regeneration after CCl, intoxication is
already available [93]. This model is currently being extended to incorporate the regener-
ative process after liver resection [94, 95]. The final aim is a model that is composed of alarger
battery of interconnected submodels representing liver anatomy and physiology, integrating
processes across hierarchical levels in space, time and structural organization.
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Conclusion

The liver has the amazing capability of regeneration after injury and hepatectomy. Liver
regeneration is both a clinically important process and a scientifically great model to study
regenerative growth.

Rodent models are well suited to investigate the multifaceted process of liver regener-
ation. The selection of the resection technique has to be adapted to the experimental purpose.
We recommend the precise vessel-oriented parenchyma-preserving technique when
exploring regeneration after extended 90% PHx.

Modern radiological imaging technologies enabled the visualization of rodent hepatic
vascular anatomy as a prerequisite for the development of delicate surgical resection tech-
niques. Histological image analysis tools applicable in whole-slide scans enabled to reduce
the sampling error since large tissue samples can be analyzed.

The system biology approach as applied in the BMBF (German Federal Ministry of
Education and Research)-funded Virtual Liver Network aims to integrate data from different
sources into one scale spanning model. The combination of these novel technologies promises
an enormous increase in knowledge in the near future.
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Weiwei Wei, MS,” Tianjiao Zhang, MD,* Sara Zafarnia, MS,” Andrea Schenk, PhD,® Chichi Xie, MS,*
Chunyi Kan, MS,”* Olaf Dirsch, MD,? Utz Settmacher, MD,” and Uta Dahmen, MD," Jena, Aachen,
Bremen and Chemnitz, Germany

Background. We adapted the anatomically oviented parenchyma-preserving resection technique for
associating liver partition with portal vein ligation (PVL) for staged hepatectomy (ALPPS) in rats and
examined the role of revascularization in intrahepatic size regulation.

Methods. We performed the prrocedures based on anatomic study. The ALPPS procedure consisted of a
70% PVL (occluding the left median, left lateral, and right lobes), parenchymal transection (median
lobe) and partial (10%) hepatectomy (PHx; caudate lobe). The transection effect was evalualed by
measuring the extent of hepatic atrophy or regeneration of individual liver lobes in the ALPPS and
control groups (70% PVL and 10% PHx withoul transection). The survival rates after stage I
resection and collateral formation within the portal vein system was examined.

Results. Anatomic study revealed a close spatial relationship between the demarcation line and the
middle median hepatic vein. This enabled placing the transection plane without injuring the hepatic
vein. Transection was achieved via stepwise clamping, followed by 2-3 parenchyma-preserving piercing
sutures on both sides of the clamp. Ligaled liver lobes atrophy was significanily enhanced after ALPPS
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compared with the control group. In contrast, both a significantly greater relative weight of the
regenerated lobe and proliferation index on the first postoperative day were observed. All animals
tolerated stage Il-resection without complications. Portoportal collaterals were only observed in the control

group.

Conclusion. We developed an anatomically precise technique for parenchymal transection. The lack of a
dense vascular network between the portalized and deportalized lobes may play an important role in
acceleraling regeneration and atrophy augmentation. (Surgery 2016;159:1299-307.)

From the Experimental Transplantation Surgery, Department of General, Visceral and Vascular Surgery,”
Jena University Hospital, Jena; Department of Experimental Molecular Imaging,” RWTH Aachen University,
Aachen; Fraunhofer Institute for Medical Image Computing MEVIS," Bremen; Institute of Palholog)l,d

Chemnitz Hospital, Chemnitz, Germany

MANY PRIMARY AND SECONDARY LIVER TUMORS are unre-
sectable via a single-stage hepatectomy because of
the insufficient mass of the putative future liver
remnant (FLR). Surgical strategies were developed
to increase the FLR volume before an extended
hepatectomy and enhance the feasibility of curative
resection. Portal vein ligation (PVL) or portal vein

This work was funded by the German Federal Ministry of Edu-
cation and Research via the systems biology network “Virtual
Liver” (VLN-BMBF). Grant number: BMBF-0315765, 0315743,
0315769.

Accepted for publication December 9, 2015.

Reprint requests: Uta Dahmen, MD, Experimental Transplanta-
tion Surgery, Department of General, Visceral and Vascular Sur-
gery, Jena University Hospital, Drackendorferstr.1, 07747 Jena,
Germany. E-mail: Uta.Dahmen@med.uni{jena.de.

0039-6060/% - see front matter

© 2016 Elsevier Inc. All rights reserved.

||llp:.f /dx.doi.org/10.1016/].surg.2015.12.005

embolization was conventionally adopted in primar-
ily nonresectable liver tumors because this tech-
nique induces atrophy of the ipsilateral lobe and a
compensatory hypertrophy of the contralateral
lobe.'” Another strategy for bilobar liver malig-
nancies is a two-staged hepatectomy, in which atyp-
ical resection of tumors on the FLR is performed
with or without portal vein occlusion in the first
stage, followed by an extended second-stage hepa-
tcctomy.“'” These surgical strategies enhanced the
curative resectability rate, but the long interval be-
tween the 2 stages precluded some cases from un-
dergoing the second stage.'”'” Recent reviews of
the current literature revealed that approximately
15-23% patients failed to reach an RO resection dur-
ing the second stage of surgery, because of the insuf-
ficient FLR hypertrophy or tumor progression.' ™'

Associating liver partition with PVL for staged
hepatectomy (ALPPS) is an emerging surgical
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strategy to induce the accelerated FLR hypertro-
phy and reduce posthepatectomy liver failure.'”
PVL in the first stage is combined with liver tran-
section, followed by liver resection in the second
stage. Accelerated liver regeneration in the FLR re-
sulted in a sufficient hypertrophy within days. This
technique raised great interest in the field of hep-

atobiliary surgery worldwide despite its challenging
16-19

nature, and different variants were developed

to cover the surgical needs of individual
. 2l 9

panents.‘”‘"

However, open questions of the effect and
outcome of ALPPS remain. Clinical reports reveal
that ALPPS is associated with high morbidity and
mortality.””" The pathophysiologic mechanism
underlying the accelerated liver regeneration of
the FLR and the enhanced atrophy of the portally
deprived lobe are not clear, calling for further in-
vestigations in small animals. These investigations
are facilitated by the development of highly repro-
ducible safe surgical models. The present study
adapted the anatomically oriented parenchyma-
preserving liver resection technique for liver parti-
tion in rats. This paper investigated the vascular
anatomy of the median liver lobe, the surgical pro-
cedure, and the effect of parenchymal transection
on intrahepatic size regulation.

METHODS

Animal source and management. Animal exper-
iments were performed in inbred male Lewis Rats
(Charles  River, Sulzfeld, Germany) aged
9-10 weeks (body weight 250-300 g). Rats were
fed a laboratory diet with water and rat chow
available ad libitum until organ harvest. All pro-
cedures and housing of the animals were per-
formed according to current German regulations
and guidelines for animal welfare and interna-
tional principles of laboratory animal care. The
Thuringer Landesamt fur Verbraucherschutz,
Thuringia, Germany, approved the protocols
(Approval Number: 02-042/10).

Experimental design. One group of rats (n = 6)
was used for the anatomic study. Explanted livers
filled with a contrast polymer were subjected to
uCT scanning, 3-dimensional (3D) reconstruction
and subsequent qualitative analysis.

A second group of rats (n = 10) was used to
establish the surgical procedure for liver partition.
The delicate parenchyma-preserving piercing su-
ture technique was used.

A third group of rats (N = 53) was used to assess
the effect of hepatic transection. Rats were sub-
jected to PVL ligation with transection (ALPPS)
and PVL without transection (control group) to
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investigate the liver lobe weight adjustments and
hepatocyte proliferation index (PI). Animals were
sacrificed at different time points (1, 2, 3, and
7 days; n = 5 per group per time point, 40 rats in
total). An additional groups of rats underwent
extended liver resection after stage I (n = 5) to
examine the safety and feasibility for stage II. The
hepatic and portal venous tree was visualized
detecting the formation of portoportal collaterals
immediately and 7 days after surgery (n = 2 per
group per time point, 8 rats in total).

Perioperative care. All surgical interventions
were performed during the daytime under inhala-
tion 3% isoflurane mixed with pure oxygen at a
flow rate of 0.5 L/min (Penlon Sigma Delta
Vaporizer, Penlon Limited, Abingdon, UK) in a
dedicated S1 operating room. Animals were sub-
jected to laparotomy via a transverse upper-
abdominal incision. The mobilization and dissec-
tion of portal veins were performed with care
under an operating microscope (Zeiss, Jena, Ger-
many; original magnification, X10-25). Animals
were allowed to recover on a heating pad after
surgery and received analgesic treatment with
buprenorphine (0.05 mg/kg body weight; Temge-
sic, Essex Pharma GmbH, Munich, Germany) every
24 hours for a maximum of 2 days after surgery.
Daily monitoring was performed and body weights
were recorded.

Imaging techniques. Contrasting of the vascular
tree of normal liver was achieved via the injection of
asilicone radiopaque contrast agent (Microfil, Flow
Tech, Inc., Carver, MA) into hepatic and portal
veins. The livers were explanted and subjected to
uCTscanning (TomoScope Duo CT, CT Imaging
GmbH, Erlangen, Germany) and 3D-reconstruction
(Imalytics Preclinical, Philips Research, Aachen,
Gcrmany).("'»"(‘)” An experienced microsurgeon and
an imaging specialist further analyzed the vascular
spatial distribution and corresponding hepatic terri-
tories using software (HepaVision, Fraunhofer ME-
VIS, Bremen, Germany).

Surgical procedures. Stage I. PVL: Occlusion of
70% of the liver mass was achieved via ligation of
the portal vein feeding the left median, left lateral,
and right lobes.

Parenchymal transection: Hepatic transection was
performed via placement of a clamp stepwise
along the transection plane, which was marked
left of the demarcation line on the median lobe
following left PVL. Special attention was paid to
spare the middle median hepatic vein and main-
tain a minimal distance of 5 mm from the vena
cava. A line of 2-3 piercing sutures was placed on



Manuscript 11

Surgery
Volume 159, Number 5

both sides of the clamp before transection of the
median lobe in between both suture lines.

Partial hepatectomy: The ligation of the lobar pedicle
caudate lobe was removed to simulate an atypical
resection in clinical practice. Control group ani-
mals received only PVL and partial hepatectomy
(PHx).

Stage II. Extended liver resection: Animals were
subjected to relaparotomy 2 days after stage 1. A
70% PHx was performed via removal of all
deportalized liver lobes using the parenchyma
preserving piercing suture technique, and only
the right median lobe remained. Animals were
observed for 7 days after stage 1I hepatectomy.

Visualization of the vascular tree. Rats were
subjected to imaging (uCT and 3D-reconstruction)
after injection of a Microfil contrast polymer into
portal and hepatic veins. The portal and hepatic
vascular trees after surgery were identified.

Liver explantation, liver weight determination,
and sampling. One hour before harvest, 5-bromo-
2-deoxyuridine (BrdU, Sigma-Aldrich, St Louis,
MO) was injected intravenously (50 mg/kg body
weight) to reveal hepatocellular proliferation.
Blood was collected into serum tubes (serum
Z/1.2 mL, monovette, SARSTEDT, Numbrecht,
Germany) via puncture of infrahepatic vena cava.
Animals were humanely killed via exsanguination
under anesthesia on postoperative days 1, 2, 3, and
7. Serum was stored at -20°C until measurement of
serum levels of aspartate aminotransferase and
alanine aminotransferase was performed using an
automated chemical analyzer (Bayer Advia 1650,
Leverkusen, Germany). All hepatic vessels and
ligaments were mobilized for whole liver explan-
tation. Individual liver lobes were weighed to
calculate the liver weight/body weight ratio using
the following formula: liver weight of individual
lobe (g)/body weight (g)*100%. Five additional
rats were subjected to laparotomy to obtain normal
values of liver weights and normal range of liver
enzymes.

Histologic staining. Liver tissues from right and
left median lobe were fixed in 4.5% buffered
formalin for 48 hours. Sections (4 um thick)
were cut after paraffin embedding and mounted
on slides. Slides were stained with hematoxylin and
eosin for routine histologic examination. All slides
were digitalized using a slide scanner (Nano-
zoomer, Hamamatsu Electronic Press Co., Ltd,
Lwata, Japan).

Immunohistochemistry. Sections were deparaffi-
nized and rehydrated, and antigen retrieval was
performed. The sections were incubated with a
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1:50 monoclonal anti-BrdU antibody (Dako,
Hamburg, Germany) at 37°C for 1 hour followed
by an alkaline phosphatase-labeled secondary
antimouse antibody (Power Vision, Immunovision
Technologies, Springdale, AZ) for 1 hour at room
temperature. Color reaction was performed using
DAB (Dako, Hamburg, Germany) for 10 minutes.
The sections were counterstained with Mayer’s
hemalaun (Merck, Darmstadt, Germany) for 10 sec-
onds, and cover slipped. Whole slides scanning was
performed using the same Hamamatsu slide scan-
ner. The PI is expressed as the fraction of prolif-
erating hepatocyte nuclei to the total number of
hepatocyte nuclei (accurate to 0.1%) as described
previously.””

Statistical analysis. Quantitative data are ex-
pressed as mean values with standard deviation
and analyzed using Sigmaplot 13.0 (Statcon, Wit-
zenhausen, Germany). Differences between 2
groups were compared using Student’s / test.

RESULTS

Vascular and territorial anatomy of rat median
lobe. The median lobe is supplied by 2 portal veins
and drained by 3 hepatic veins (Fig 1, A and B).
The vascular territories of the right and left me-
dian portal veins and the 3 hepatic veins were
clearly separated without any visible collaterals in
all animals. Notably, the territory of the left me-
dian portal vein was larger in all animals, and the
right portal venous territory was smaller than sug-
gested by the anatomic fissure between the right
and left median lobes (Fig 1, €). We concluded
that the transection plane may only be performed
between the middle median hepatic vein and left
median portal vein (Fig 1, D).

Surgical considerations for the anatomically
oriented parenchyma-preserving technique for
liver partition. The most difficult part of the
ALPPS procedure is the parenchymal transection.
The transection consists of 3 steps: identification
and maintenance of the transection plane, paren-
chymal transection, and determination of the end
point of the resection plane toward the vena cava.

Identification of the transection plane was
achieved by ligating the left portal vein. A demar-
cation would emerge between right and left me-
dian portal vein after ligation of the left portal vein
(Fig 2, A). Examination of the hepatic vein terri-
tories revealed that the demarcation line was also
near the left median and middle median hepatic
veins. The space for transection in between these
branches of portal vein and hepatic veins was
small. Marking the resection plane using an elec-
trocoagulator immediately after ligating the portal
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Fig 1. Vascular anatomy of a native rat and the sche-
matic of the ALPPS model. (A) Portal vascular tree.
(B) Hepatic vascular tree. (C) Territory of RML/LML.
(D) Schematic of ALPPS model. ALPPS, Associating liver
partition with portal vein ligation for staged hepatec-
tomy; LMHYV, left median hepatic vein; LML, left median
lobe; LMPV, left median portal vein; MMHV, middle me-
dian hepatic vein; RMHYV, right median hepatic vein;
RML, right median lobe; RMPV, right median portal
vein; PV, portal vein.

vein in cases where the demarcation line was diffi-
cult to identify during transection greatly facili-
tated maintenance of the transection plane. The
transection plane was marked on the diaphrag-
matic and visceral surfaces of the median lobe
(Fig 2, B).

The transection should be performed in steps
to achieve a precise transection of the hepatic
parenchyma. A mosquito clamp was placed along
the marked transection plane and was moved
stepwise toward the vena cava (Fig 2, C). The he-
patic parenchyma was sectioned carefully after
piercing sutures were placed near the clamp, and
the clamp was released (Fig 2, D).

Defining the end of the resection plane was
more difficult because there is no landmark to
indicate the immediate vicinity of the main hepatic
veins, This decision remains a purely surgical
intraoperative decision supported by solid knowl-
edge of the 3D vascular anatomy obtained from
qualitative analysis of previous 3D reconstructions.
The anatomic study and our experience suggest
the maintenance of a minimal distance of 5 mm
from the vena cava to avoid injury from the
confluence of the left and middle median hepatic
vein and thereby massive hemorrhage.

Surgical stress. The procedure was well-
tolerated without any loss of animals. Relative
body weight loss reached 7.6% + 0.9% 4 days after
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Fig 2. Surgical procedures of ALPPS. (A) Demarcation
emerged after PVL of LLL, LML and RL. (B) The tran-
section plane on ML is slightly left of the demarcation
line. (C) Gradual transection of the ML along the
mark line using clamp. (D) Piercing sutures on both
sides for hemostasis. ALPPS, Associating liver partition
with portal vein ligation for staged hepatectomy; LLL,
left lateral lobe; LML, left median lobe; ML, median
lobe; PVL, portal vein ligation; RL, right lobe.

ALPPS and 7.1% = 1.1% on day 3 in the control
group, which reflects the similar severity of the 2
procedures (Fig 3, A). Hepatocellular damage as
measured by liver enzyme release on the first day
after ALPPS was significantly higher than the con-
trol group (Fig 3, B and C; aspartate aminotrans-
ferase: 23.69 = 8.73 vs 13.23 £ 4.90 ymol/L [P =
.048]; alanine aminotransferase: 15.55 + 5.62 vs
6.95 + 3.81 umol/L [P=.022]).

Effects of ALPPS on intrahepatic size regula-
tion. The intrahepatic size regulation study re-
vealed that the hepatic atrophy of the ligated left
median lobe was significantly more pronounced in
the ALPPS than control group (Fig 4, A, liver
weight reduction up to 4820 + 3.40% vs
65.50 + 4.10% [P < .001]). In contrast, the weight
of the regenerating right median lobe was signifi-
cantly greater in the ALPPS group than the control
group (Fig 4, B; 2.53 + 0.17fold vs 2.31 = 0.11-fold
of original size [P = .04]).

Liver regeneration of the right median lobe was
accelerated in the ALPPS group compared with
the group without transection (Fig 4, C and D).
The PI in the ALPPS group peaked on the first
postoperative day (PI=15.4 +0.9%) and decreased
sharply to 2.5 + 0.4% on the following day. Howev-
er, a significantly lower proliferative response was
observed on the first postoperative day in the con-
trol group (PI = 8.6 + 2.9%; P =.009), and higher
PI was observed on the second day (6.1 £ 1.9%;
P =.004 vs ALPPS).
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Fig 3. Changes in body weight (A) and liver enzymes (B, () after surgery. Hepatic injury was indicated by the release of
liver enzymes, which was more pronounced on the first day after ALPPS compared with the control group (AST:
P = .048, ALT: *P = .022). ALPPS, Associating liver partition with portal vein ligation for staged hepatectomy; ALT,
alanine aminotransferase; AST, aspartate aminotransferase. SI conversion factors: To convert AST and ALT to U/L,

divide values by 0.0167.
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Fig 4. Liver size regulation (A, B) and assessment of liver proliferation after surgery (C, D). ALPPS induced a greater
extent of atrophy in LML (A) and accelerated liver regeneration in RML (B) compared with the control group 7 days
after surgery (¥*P <.001). C, Proliferation index in the ALPPS group was higher on day 1 and lower on day 2 compared
with the control group (*¥P=.009 and .004, respectively). ), Periportal proliferation in the ALPPS group was significant
on the first day and remarkably lower thereafter. In contrast, only moderate proliferation was observed in the control
group on the first and second days after surgery. ALPPS, Associating liver partition with portal vein ligation for staged
hepatectomy; LML, left median lobe; RML, right median lobe. Stain: 5-bromo-2-deoxyuridine (BrdU); original magni-

fication, X100.

Outcome of the survival experiment. The most
attractive advantage of ALPPS is the accelerated
liver regeneration after PVL and liver transection,
which allows the resection of all diseased lobes
after a short interval. We performed the stage 1I
resection on the second day after ALPPS in this
model. The second procedure was well-tolerated.
Resection of all deportalized lobes (70% PHx)

resulted in a l-week survival rate of 100%. The
animals experienced a maximal body weight loss of
10.9%, which occurred on the second day after
stage I. Animals began to regain body weight on
day 4 after stage I (Fig 5). Stage 11 hepatectomy did
further promote regeneration of the remnant liver,
as expected. The weight of the right median lobe
increased 1.75 = 0.16fold after the stage I



Manuscript 11

1304 Wei et al

Body weight recovery

° 2 4 L] L] 10

Surgery
May 2016
B e Size increase of RML
-
i
g stagell
3.
2
e

Fig 5. Body weight and RML recovery during the complete surgery. (A) Loss of body weight occurred after both stages
but began to recover on day 4 after the first surgery. (B) Liver weight of RML by harvest day increased significantly
owing to stage II hepatectomy (*P < .001 vs second day). RML, Right median lobe.

procedure and totally of 2.94 + 0.21-fold after stage
IT hepatectomy (P < .001).

Visualization of the vascular trees. Visualization
of the vascular tree immediately and 7 days after
the procedure revealed the morphologic changes
of hepatic and portal venous trees (Fig 6, Aand D).
A clear separation of right and left median portal
veins was observed after transection (Fig 6, B
and C). In contrast after PVL ligation without tran-
section a dense network of portoportal collaterals
developed and could be visualized in the ex-
planted livers (Fig 6, k and F).

DISCUSSION

ALPPS model: Intrahepatic size regulation is an
attractive issue. An understanding of intrahepatic
size regulation in animal models allows the opti-
mization of clinical surgical strategies to enhance
the size of the future remnant liver. ALPPS is a
complex surgical strategy for the induction of
substantial hypertrophy in the future remnant liver
and pronounced atrophy in the diseased part of
the liver. We developed a delicate surgical tech-
nique for liver partition in a rat ALPPS model and
explored the role of revascularization for intra-
hepatic size regulation.

Anatomically based surgical technique facilitates
the completion of ALPPS in rats safely and easily.
Hepatic transection should aim to minimize dam-
age to the remaining hepatic parenchyma. The
transection plane must be determined precisely to
avoid compromising the middle median hepatic
vein. We achieved this result by inferring the
detailed anatomic knowledge of vascular spatial
distribution on the demarcation line observed
after PVL. The demarcation line is located in the
subtle invisible space between middle median
hepatic vein and left median portal vein. The
transection plane is placed slightly left to the
demarcation line to remain in between the 2

vascular  trees. An  anatomically  based
parenchyma-preserving piercing suture technique
is needed for an atraumatic transection of the
hepatic parenchyma. We achieved this transection
via the placement of 1 Mosquito clamp stepwise
toward the vena cava followed by the placement of
several piercing sutures near the clamp as previ-
ously reported.”” This technique was safe and
effective in causing minimal damage to the
remnant liver and minimal hemorrhage in stages
I and IL

Role of revascularization. We observed for the
first time that the ALPPS procedure enhanced
liver regeneration and augmented the extent of
hepatic atrophy compared with PVL without tran-
section. Two explanations can be envisioned. First,
portal revascularization may explain the delayed
time course of regeneration and lower liver weight
recovery after PVL without transection.”” We visu-
alized the formation of a dense network of vascular
collaterals between the portally deprived left me-
dian lobe and the portally supplied right median
lobe when performing PVL without hepatic tran-
section. In contrast, we did not detect any portal
collateral between the portally supplied lobe and
the portally deprived lobe after transection the me-
dian lobe in the ALPPS procedure. Second, the
lack of portal blood supply caused a more pro-
nounced atrophy, that is, a greater loss of liver
mass, which potentially led to a greater regenera-
tive stimulus in the portally supplied liver lobes.

Novel insights from different variants of ALPPS
model. Four different experimental models of
ALPPS were reported in the last 2 vyears
(Table).”®”!" These models share a common tran-
section of the median lobe, but differ in the selec-
tion of the FLR, the extent of PVL and the extent
of an additional PHx. This diversity resembles the
clinically observed diversity that is needed to
consider the individual clinical needs of a given
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Fig 6. The portal and hepatic vascular trees were visualized immediately and 7 days after surgery. The anterior view of
vascular trees (A, D) confirmed the integrity of the hepatic vein (HV) and properly performed portal vein ligation
(PVL). The top view of vascular trees revealed that there were no vascular collaterals immediately (B) or 7 days after
ALPPS (C) because of parenchymal transection, and the portal collaterals were not demonstrated immediately after sur-
gery (F), but clearly visible on the seventh day in the control group (F). ALPPS, Associating liver partition with portal

vein ligation for staged hepatectomy; PV, portal vein.

patient. The mouse model of Schlegel et al™ con-
sisted of a 55% PVL and a 30% PHx in the first
stage followed by a stage II resection of the ligated
lobes. In contrast, the rat models of Yao et al,"""
Dhar et al,”! and Almau Trenard et al®® consisted
of an 80% PVL via ligation of all lobes, except
the right median lobe. Neither an additional
PHx nor a second stage was performed in their
studies. Our study combined a 70% PVL and
10% PHx in stage 1 and examined the outcome
of the stage 1I resection.

The results achieved using the different
models differ in the regeneration kinetic of the
future remnant liver. The proliferative period in
the mouse model began on the first postoperative
day and extended over 4 days to reach the
maximum late on postoperative day 4. Hepatocyte
proliferation in mice normally begin on post-
operative day 2.”* However, the authors did not
comment on this unusual finding. In contrast,
Yao et al”’ and Dhar et al”’ subjected rats to
PVL with transection but without additional hep-
atectomy and observed a proliferation peak on
the second day, which is observed after classic
PVL.” Although the total liver mass reduction
(80% of liver mass) is similar in our model and
other studies, the peak of PI occurred on postop-
erative day 1, as observed after the classic 70%
PHx. Subsequently, the increase in FLR in the
present study was slightly higher than other rat
models. The differences in proliferative kinetics
suggest that even small differences in the ratio

between the extent of PVL and PHx (55% PVL+
30% PHx vs 80% PVL + 0% PHx vs 70% PVL vs
10% PHx) may produce a substantial effect on
the time course of intrahepatic size regulation.
Whether the additional PHx in the stage I acceler-
ates the initiation of hepatocyte proliferation is
not clear.

Current molecular studies are limited to inves-
tigation of select gene and protein expression in a
given model, but these studies do not yield
conclusive results. Schlegel et al*® suggested that
putative circulating growth factors are crucial for
rapid liver growth. Yao et al”’ investigated the up-
regulated expression of growth factors and cyto-
kines (tumor necrosis factor-o, interlekin-6).
Dhar et al’' examined 29 cytokines/chemokines
and suggested that CINC-1 plays crucial role in
ALPPS.

In conclusion, an improved understanding re-
quires the assessment of size regulation across
different surgical variations. Exploration of the
pathophysiologic mechanisms underlying intrahe-
patic size regulation will improve our understand-
ing of liver regeneration and contribute to the
performance of safer ALPPS.

The authors sincerely thank André Homeyer from
Fraunhofer MEVIS for his outstanding technical assis-
tance and providing the analysis tool (Histokad soft-
ware) during the assessment of proliferation results.
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Technical Note

Intrahepatic Size Regulation in a Surgical
Model: Liver Resection-Induced Liver
Regeneration Counteracts the Local Atrophy
following Simultaneous Portal Vein Ligation

Weiwei Wei? Tianjiao Zhang? Haoshu Fang® ¢  Olaf Dirsch®
Andrea Schenk® André Homeyer® Felix Gremsed Sara Zafarnia®
Utz Settmacher® Uta Dahmen?

?Department of General, Visceral and Vascular Surgery, Jena University Hospital, Jena,
bInstitute of Pathology, Chemnitz Hospital, Chemnitz, “Fraunhofer Institute for Medical
Image Computing MEVIS, Bremen, and 9Department of Experimental Molecular Imaging,
RWTH Aachen University, Aachen, Germany; ¢ Department of Pathophysiology, Anhui
Medical University, Hefei, China

Key Words
Intrahepatic size regulation - Liver regeneration - Partial hepatectomy -
Portal hyperperfusion - Right portal vein ligation

Abstract

Background/Aim: Liver size regulation is based on the balance between hepatic regenera-
tion and atrophy. To achieve a better understanding of intrahepatic size regulation, we ex-
plored the size regulation of a portally deprived liver lobe on a liver subjected to concurrent
portal vein ligation (PVL) and partial hepatectomy (PHx). Materials and Methods: Using a
surgical rat model consisting of right PVL (rPVL) plus 70% PHx, we evaluated the size regula-
tion of liver lobes 1, 2, 3, and 7 days after the operation in terms of liver weight and hepato-
cyte proliferation. Portal hyperperfusion was confirmed by measuring portal flow. The portal
vascular tree was visualized by injection of a contrast agent followed by CT imaging of ex-
planted livers. Control groups consisted of 70% PHx, rPVL, and sham operation. Results: The
size of the ligated right lobe increased to 1.4-fold on postoperative day 7 when subjected to
rPVL + 70% PHx. The right lobe increased to 3-fold when subjected to 70% PHx alone and
decreased to 0.3-fold when subjected to rPVL only. The small but significant increase in liver
weight after the combined procedure was accompanied by a low proliferative response. In
contrast, hepatocyte proliferation was undetectable in the right lobe undergoing atrophy
after PVL only. The caudate lobe in the rPVL + 70% PHx group increased to 4.6-fold, which is
significantly more than in the other groups. This increase in liver weight was paralleled by
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persisting portal hyperperfusion and a prolonged proliferative phase of 3 days. Conclusions:
A discontinued portal blood supply does not always result in atrophy of the ligated lobe. The
concurrent regenerative stimulus induced by 70% PHx seemed to counteract the local atrophy
after a simultaneously performed rPVL, leading to a low but prolonged regenerative response
of the portally deprived liver lobe. This observation supports the conclusion that portal flow
is not necessary for liver regeneration. The persisting portal hyperperfusion may be crucial
for the specific kinetics of prolonged liver regeneration after rPVL + 70% PHx in the portally
supplied caudate lobe. Both observations deserve more attention regarding the underlying
mechanism in further studies. © 2016 S. Karger AG, Basel

Introduction

Liver regeneration is a clinically important phenomenon. Regeneration is needed to
compensate for surgical loss of liver mass after extended resection due to hepatic tumours or
living liver donation. However, the risk of acute liver failure is increased after extended hepa-
tectomy in cases of insufficient volume of the future liver remnant (FLR) [1]. Therefore, the
size of the FLR is the limiting factor when performing major liver resections.

A number of strategies have been developed in order to increase the size of the FLR.
Already in 1920, Rous and Larimore [2] observed that selective occlusion of a branch of the
portal vein resulted in atrophy of the ipsilateral lobe and hyperplasia of the contralateral lobe.
Portal vein ligation (PVL) and portal vein embolization were subsequently applied to enhance
the FLR in patients prior to performing extended critical liver resection.

A normal liver maintains a relatively constant liver size. Previous studies about PVL/
portal vein embolization showed that the relative size of the whole liver is maintained by a
balance between atrophy of portally deprived lobes and hypertrophy of portally supplied
lobes [2-4]. It seems that this intrahepatic size regulation is achieved on the basis of hepatic
regeneration and atrophy. However, itremains unclear how regenerative and atrophic stimuli
govern liver size regulation. Considering that the putative primary change to the remnant
liver lobes is an alteration in portal flow, it appears that portal venous blood flow plays an
important role in the regulation of hepatic regeneration and liver size. It is an argument that
either the quantity or the quality of portal perfusion is a decisive factor. Thus, hemodynamic
and metabolic load hypotheses were proposed to explain the process of liver regeneration
and liver size regulation. The hemodynamic hypothesis refers to the shear stress (portal
hyperperfusion) in the hepatic sinusoids, while the metabolic load hypothesis refers to the
metabolic demands (concentration of metabolites) imposed on the liver [5, 6].

The contralateral lobe regenerates when receiving a regenerative stimulus due to liver
resection or PVL, whereas the ipsilateral lobe undergoes atrophy when receiving an atrophic
stimulus induced by PVL. Current experimental studies are limited to the situation where the
liver lobe is subjected to one manipulation, either leading to regeneration or leading to
atrophy. However, simultaneous PVL and atypical resection of the contralateral lobe is
performed in the clinical setting to meet the clinical needs of a given patient [7]. In this case,
intrahepatic size regulation is an important clinical issue.

We hypothesized that the regenerating stimulus may override the atrophic stimulus to
cover the metabolic demand of the small liver remnant. We developed a surgical model in rats
providing concurrent atrophic and proliferative stimuli to the same liver lobe for investi-
gation of lobar and total liver size regulation. Seventy percent partial hepatectomy (70% PHx)
was performed to induce regeneration, whereas right PVL (rPVL) was performed to induce
atrophy.
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Materials and Methods

Experimental Design

Ninety-six rats were divided randomly into four groups: (1) rPVL + 70% PHx: ligation of the right portal
vein in combination with resection of the left lateral and median lobe for investigating size regulation of the
right lobe, inflicting regenerative and atrophic stimuli on the right lobe; (2) 70% PHx: resection of the left
lateral and median lobe as a positive control to induce regeneration of the right lobe, with only a regenerative
stimulus imposed on the remnant lobe; (3) rPVL: ligation of the right portal vein as a negative control to
induce atrophy of the right lobe, exerting atrophy on the right lobe, and (4) sham: sham operation as a normal
control. Animals from each group were sacrificed at 4 observation time points [postoperative day (POD) 1,
2,3,0r 7;n=6/group/time point] to investigate the kinetics of hepatic size regulation. Group size calculation
was performed following the formula: n = 1 + 2C(s/d)? (n = 5.3 in our case) [8].

Animals

The animal experiments were performed on inbred male Lewis rats (Charles River, Sulzfeld, Germany)
aged 9-10 weeks (body weight 250-300 g). The rats were fed a laboratory diet with water and rat chow
available ad libitum throughout the observation period, and they were kept under constant environmental
conditions with a 12-hour light-dark cycle in a conventional animal facility using environmentally enriched
type IV cages for groups of 2-3 rats.

Ethics Statement

All procedures, experiments, and the housing of the animals adhered to current German regulations and
guidelines for animal welfare and to international principles of laboratory animal care, following the ARRIVE
Guidelines Checklistas well. The Thiiringer Landesamt fiir Verbraucherschutz, Thuringia, Germany, approved
the protocols (approval No. 02-042/10).

Surgical Procedures

All surgical interventions were performed in the daytime under inhalation of 3% isoflurane mixed with
pure oxygen at a flow rate of 0.5 litres/min (isoflurane vaporizer; Sigma Delta, UK) in a dedicated S1 oper-
ating room. All rats were subjected to laparotomy via a transverse upper abdominal incision. To minimize
the proliferative response of ischemic tissue in the stump, the blood supply to the left lateral and median lobe
was ligated before 70% PHx. For liver resection, a precise, vessel-oriented, parenchyma-preserving surgical
technique was used [9]. rPVL was carefully performed using a 7-0 suture (Prolene; Ethicon, Inc., USA) under
an operating microscope (Zeiss, Oberkochen, Germany; magnification x10-25) to avoid damaging the hepatic
artery and bile duct. A colour alteration from light red to dark red was considered as an indicator of portal
deprivation. Sham operation involved laparotomy and gentle manipulation as well as dissection of the hepa-
toduodenal ligament without ligating any vessels. After completing the procedure, the animals were allowed
to recover on a heating pad. All animals received analgesic treatment with buprenorphine (0.05 mg/kg body
weight, Temgesic; Essex Pharma GmbH, Munich, Germany) every 24 h for a maximum of 2 days after surgery.
Daily monitoring was performed and body weights were recorded.

One hour before harvest, 5-bromo-2'-deoxyuridine (BrdU; Sigma-Aldrich, St. Louis, Mo., USA) was
injected intravenously via a penile vein (50 mg/kg body weight) to assess hepatocellular proliferation. Portal
blood flow was monitored prior to and at all the designated observation time points after rPVL + 70% PHx
using a small animal research flowmeter (T106; Transonic Systems, Inc., Ithaca, N.Y., USA). Blood was
collected from the infrahepatic vena cava for analysis of liver enzymes. Animals were sacrificed by exsangui-
nation under anaesthesia on POD 1, 2, 3, or 7. The livers were explanted and photo documented. The remnant
liver as well as each individual liver lobe was weighed for calculating liver lobe weight recovery. All liver
lobes were collected for histological analysis. The four explanted liver lobes [right superior lobe (RSL), right
inferior lobe (RIL), caudate superior lobe (CSL), and caudate inferior lobe (CIL)] were marked with tissue
colour (Seven Color Kit; Polysciences, Inc., Warrington, Pa., USA) for liver lobe-specific assessment of prolif-
eration.

Portal Flow

Portal blood flow was recorded using a specific Doppler ultrasound probe (CM4; Transonic Systems).
The probe was placed gently around the portal vein after having freed the vessel from surrounding tissue.
The portal perfusion rate was calculated to determine the extent of hyperperfusion in the portally perfused
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remnant caudate lobe. It was calculated using the following formula: portal perfusion rate (ml/min/g) =
portal flow (ml/min)/weight of portally perfused remnant liver lobes (g).

Body Weight Recovery

The rats were weighed daily. The data were used for plotting a normalized body weight curve. Body
weight recovery was calculated using the formula: body weight recovery = body weight at present/body
weight at day 0 x 100%.

Liver Enzymes

Blood was taken via puncture of the inferior vena cava using serum tubes (serum Z/1.2 ml, Monovette;
Sarstedt, Niimbrecht, Germany). Serum was stored at -20°C until measuring serum levels of aspartate trans-
aminase (AST) and alanine transaminase (ALT) using an automated chemical analyser (Bayer Advia 1650;
Bayer, Leverkusen, Germany).

Macroscopic Appearance
The explanted livers were cleaned and placed on a finely calibrated paper in the same position. The
primary evaluation was performed by comparison of macroscopic images from all rats.

Liver Weight Adaptation

Liver weight adaptation (hyperplasia or atrophy) was assessed based on the weight of the individual
liver lobes in respect to the body weight on day 0. Results are presented as right liver lobe-to-body weight
ratio (LBWR) and caudate LBWR. The following formula was used: LBWR = weight of total liver (or individual
liver lobe)/body weight on day 0 x 100%.

Relative liver weight adaptation was calculated by dividing the individual LBWR of the experimental
group by the individual LBWR of the sham group at a given observation time point and is expressed as fold
change. The following formula was used: relative liver weight adaptation,,, = LBWR of experimental group/
LBWR of sham group at a given observation time point.

For the sham group, the LBWR at a given POD was divided by the LBWR on day 0. The LBWR on day 0
was obtained from 6 normal animals which were sacrificed and the livers of which were explanted and
dissected into the respective liver lobes (POD 0). The following formula was used: relative liver weight adap-
tationg,,, = LBWR at a given observation time point/LBWR on day 0.

Haematoxylin-Eosin Staining

Liver tissue from each liver lobe was fixed in 4.5% buffered formalin for 48 h. Sections, 4-pm thick, were
cutafter paraffin embedding. Sections from all four liver lobes were placed on one slide. Thereafter, the slides
were stained with haematoxylin-eosin (HE) for routine histological examination. All 4 sections were arranged
on one glass slide, allowing simultaneous staining to ensure the same staining quality. All slides were digi-
talized using a slide scanner (Nanozoomer; Hamamatsu Electronic Press Co., Ltd., Iwata, Japan). Morpho-
logical analysis focussed on the detection of single-cell necrosis, confluent necrosis, and sinusoidal dilatation
as often-reported effects of PVL, as well as on the detection of signs indicative of hepatic outflow obstruction
[5, 6].

Immunohistochemistry (BrdU Staining)

Slides were subjected to BrdU staining for evaluation of hepatocyte proliferation. The staining procedure
was based on a modified protocol by Sigma-Aldrich [10]. Whole-slide scans were performed using the same
Hamamatsu slide scanner as mentioned above.

Assessment of the Proliferation Index

Proliferation was assessed in the portally deprived liver lobes (RSL and RIL) in comparison to the portally
supplied liver lobes (CSL and CIL). The proliferation was separately quantified for all 4 tissue sections on the
slide, using the Histokat software (Fraunhofer MEVIS, Bremen, Germany). The algorithm for nucleus detection
is based on the method described by Homeyer et al. [11]. The software automatically identifies unstained
(negative) hepatocyte nuclei, stained (positive) hepatocyte nuclei, and other non-hepatocyte nuclei based on
colour, roundness, and size features. The resulting proliferation index - that is, the fraction of proliferating
hepatocyte nuclei to the total number of hepatocyte nuclei - is expressed as percentage (accurate to 0.1%; see
online suppl. table S1; for all online suppl. material, see www.karger.com/doi/10.1159/000446875).
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Visualization of Portal Blood Supply

An additional 3 animals were subjected to this imaging study. The portal blood supply to the remnant
liver was visualized, using an imaging approach immediately and 7 days after rPVL + 70% PHx, as well as the
portal vascular tree before operation. Contrasting the vascular tree was achieved by injecting a silicone radi-
opaque contrast agent (Microfil; Flow Tech, Inc., Carver, Mass., USA) into the portal vein. Subsequently, the
explanted livers were subjected to formalin fixation, and the specimens were scanned using the scan protocol
HQD-6565-390-90 with 720 projections (approx. 1,032 x 1,012 pixels) during one full rotation with a
scanning time of 90 s per subscan (TomoScope Duo CT; CT Imaging GmbH, Erlangen, Germany). Three-
dimensional renderings were performed using the Imalytics Preclinical Software [12]. The scans resulted in
voxel image representations of the specimens at an isotropic resolution of 70 um. The LiverAnalyzer
(Fraunhofer MEVIS) was used for further segmentation and visualization.

Statistical Analysis

The data, expressed as means * standard deviations, were analysed using Sigmaplot 10.0 (Statcon,
Witzenhausen, Germany). Differences between paired groups were analysed using the two-tailed paired-
samples Student t test, and multiple groups were compared using one-way independent ANOVA. Differences
were considered significant if a p value of <0.05 was obtained.

Results

The rPVL + 70% PHx Model Is a Stable and Reliable Model for Studying Intrahepatic Liver

Size Regulation

All animals tolerated the procedure well. Surgical stress to the animals, as assessed by
body weight loss and recovery, was similar in the sham and rPVL groups as well as in the two
PHx groups (fig. 1a). As expected, resection was associated with a higher body weight loss,
more severe hepatic damage in terms of liver enzymes, and a prolonged body weight recovery
period compared to the sham and ligation-only groups. Additional rPVL did not exert addi-
tional stress on the liver-resected animals. Body weight recovery started in all groups by POD
3. Animals subjected to rPVL and sham operation reached their starting weight within 5 days,
whereas animals subjected to 70% PHx or rPVL + 70% PHx had delayed body weight recovery
and reached about 95% within the observation time of 1 week (94.7 + 4.9 and 92.5 + 1.8%,
respectively, p > 0.05).

Hepatic damage, as indicated by the release of liver enzymes, was also similar in the two
PHx groups (fig. 1b, ¢). However, as expected, liver resection was associated with higher
hepatic damage compared to rPVL on POD 1 and POD 2 (p < 0.05). The levels of liver enzymes
in all groups decreased to the normal range within 3 days without any difference between
groups on POD 3 (p > 0.05), corresponding to the initiation of body weight recovery.

Liver Resection-Induced Liver Regeneration Counteracts the Local Atrophy following

Simultaneous PVL

Portal vein deprivation leads to liver atrophy. We observed that rPVL caused a substantial
loss of weight in the portally deprived liver lobe (reduction to nearly 30% of the original
weight on POD 7). We did not find any obvious change in hepatic histomorphology in either
of the portally ligated right lobes - neither after rPVL nor after rPVL + 70% PHx. We did not
see any single-cell necrosis, confluent necrosis, or sinusoidal dilatation in the ligated lobes.
However, we observed alow proliferative activity indicated by rarely occurring BrdU-positive
hepatocytes. 70% PHx caused an increase in liver weight (around 3-fold), as expected (fig. 2,
3a). Abundant mitotic figures were seen especially on POD 1, reflecting a high proliferative
activity, as also seen in BrdU staining.
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Fig. 1. a Body weight recovery
curve during the time of observa-
tion. Body weight recovery was
faster in the rPVL and sham
groups than in the rPVL + 70%
PHx and 70% PHx groups. There
was no significant difference be-
tween the 70% PHx and rPVL +
70% PHx groups (n.s., p > 0.05;
n = 6 animals/group/time point).
b, c AST (b) and ALT (c) release
after the different surgical inter-
ventions at all observation time
points. In the rPVL + 70% PHx and
70% PHx groups, surgery caused
significantly more damage than in
the rPVL and sham groups. The
levels of AST and ALT were signif-
icantly higher in the rPVL + 70%
PHx and 70% PHx groups on POD
1and POD 2 (* p < 0.05; n=6
animals/group/time point). n.s. =
Not significant.
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Portal vein deprivation did not prevent liver regeneration, but it altered the kinetics of
hepatocyte proliferation. Interestingly, the right lobe did not undergo atrophy after rPVL +
70% PHx but increased to about 1.4-fold of the original size after 7 days. This increase was
accompanied by a slight and delayed increase in proliferation index of up to 5%, which was
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Fig. 2. Macroscopic appearance of the relevant liver lobes 7 days after surgery. The portally ligated right lobe
(RL) increased slightly and the portally supplied caudate lobe (CL) increased remarkably in the rPVL + 70%
PHx group (@) compared with the normal control group (b). After 70% PHx, all the remnant liver lobes in-
creased remarkably in size (c). The RL decreased remarkably in size in the rPVL group (d). Scale: minimal
grid =1 x 1 x 1 mm. Representative pictures from one of the 6 animals of each group.

noted on POD 2, later and on a lower level than after PHx. Hepatocyte proliferation after 70%
PHx reached nearly 30% on POD 1 and declined thereafter (fig. 3b). These observations
support the conclusion that portal flow is not necessary for liver regeneration but influences
the kinetics of hepatocyte proliferation.

Lack of atrophy or the slight increase in size cannot be attributed to the formation of
portoportal collaterals. The portal venous tree was visualized in normal animals and at 2
time points after rPVL + 70% PHx: immediately and 7 days after the operation (fig. 4). In
normal animals, the right portal vein and the caudate portal vein appeared as expected as
two distinct vessels without any collaterals. Immediately after the combined procedure, the
caudate portal vein was clearly visible, whereas the ligated right portal vein was not
contrasted and did not appear on the CT image or the reconstructed vascular tree. On POD
7, the caudate portal vein appeared elongated, whereas the right portal vein was still
invisible. No collaterals were visualized either between the right lobe and the caudate lobe
or between the rightlobe and the paracaval liver portion. The small portal vessels supplying
the paracaval liver and the stumps also elongated in parallel with the increase in stump
volume.
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Fig. 3. Relative liver weight adaptation and hepatocyte proliferation in the ligated right lobe (RL; a, b) and
the non-ligated caudate lobe (CL; ¢, d). In the rPVL + 70% PHx group, the RL increased slightly but signifi-
cantly in size instead of presenting obvious shrinkage (a). The RL increased significantly in the 70% PHx
group and decreased significantly in case of rPVL (** p < 0.01; n = 6 animals/group/time point). The CL in-
creased significantly only after rPVL + 70% PHx and 70% PHx on POD 7 (** p < 0.01; n = 6 animals/group/
time point), but not after rPVL (c). Both the RL and the CL had a moderate and prolonged regenerative re-
sponse in the rPVL + 70% PHx group. The peak of the proliferation index was delayed in case of rPVL + 70%
PHx (b, d). Immunohistochemistry (e; Brdu staining; magnification x100) presents the proliferation index
at 24 h. Representative pictures from one of the 6 animals of each group. n.s. = Not significant.
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Fig. 4. Visualization of the portal vascular tree before, immediately after, and 7 days after rPVL + 70% PHx.
Before operation, the right portal vein (PV) was well perfused (a, d). Inmediately after rPVL + 70% PHx, the
right PV was not perfused (b, €). There was still no portal perfusion in the right lobe after 7 days (c, f). ML =
Median lobe; LLL = left lateral lobe; RL = right lobe; CL = caudate lobe.
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Regeneration in the Portally Supplied Caudate Lobe Was Increased by a Concurrent

Atrophic Stimulus to the Deportalized Right Lobe

The caudate lobe tripled its mass after 70% PHx by POD 7 (fig. 3c). No obvious alterations
in hepatic morphology were observed - especially no signs of hepatic outflow obstruction
(image not shown) - confirming that the 70% PHx had indeed been performed properly. After
portal deprivation of an additional 20% of the liver mass by ligating the right portal vein, the
liver weight recovery of the caudate lobe increased remarkably to almost 4.6-fold (p < 0.01
vs. control). This increase in liver weight was accompanied by alower butlonger proliferative
response compared to simple 70% PHx. The peak of the proliferation index with 15 + 5% was
reached on POD 2, whereas the peak after 70% PHx reached 25 + 4% and was observed on
POD 1 (fig. 3d, e). The proliferative activity remained high with a proliferation index of 10%
on POD 3 in the rPVL + 70% PHx group, which was significantly higher than the 5% observed
in the 70% PHx group (p < 0.05).

The prolonged proliferative phase during regeneration of the caudate lobe was accom-
panied by aslow recovery from portal hyperperfusion (fig. 5). Portal hyperperfusion persisted
until POD 3, as did hepatocyte proliferation. The maximum of 13.63 * 1.39 ml/min/g was
reached on POD 1; it decreased to 7.79 + 1.42 ml/min/g on POD 2 and remained within the
same range (7.28 + 1.17 ml/min/g) on POD 3 (p < 0.01). Portal flow returned to normal with
a flow rate of about 2 ml/min/g on POD 7 (p > 0.05 vs. before operation).

Discussion

The development of complex surgical strategies in clinical practice, such as two-stage
hepatectomy or ALPPS (associating liver partition and PVL for staged hepatectomy), calls for
a deep understanding of intrahepatic size regulation. Previous studies regarding liver size
regulation were limited to the situation where a given liver lobe was subjected to PVL only,
PHx only, or PVL followed by PHx. Therefore, we extended the existing model of PVL by
adding a concurrent 70% liver resection. Doing so, we subjected the ligated right lobe to two
concurrent signals and the caudate lobe to an augmented regeneration stimulus.

This novel, combined procedure turned out to be suitable to study liver size regulation.
The body weight recovery and the level of serum transaminases implied that the animals
tolerated all procedures well. rPVL did neither affect body weight recovery nor the release of
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serum transaminases compared to the sham operation. This indicates that liver function was
not impaired after rPVL in our study, as was also reported by Mueller et al. [13]. They stated
that the regressive lobe did not lose its functional integrity after portal occlusion. However,
Furrer et al. [14] reported a significant elevation of serum AST after 70% PVL. Apparently,
the impact of portal deprivation on a small liver lobe is not as noticeable as that on a major
liver lobe. Taken together, combining PVL and PHx opens a new avenue to study intrahepatic
size regulation.

A Concurrent Regenerative Stimulus Prevents Atrophy in the Portally Deprived Lobe

Atrophy in the ligated right lobe was prevented by simultaneous 70% PHx. Currently,
two hypotheses regarding the initiation of liver atrophy and regeneration are discussed: (1)
decreased intrahepatic shear stress leads to apoptosis [15], whereas elevated shear stress
due to portal hypertension triggers hepatocyte proliferation [16-20], and (2) a decreased
metabolicdemand imposed on theindividualliverlobe leads to atrophy, whereas an increased
metabolic load imposed on the residual liver triggers hepatocyte proliferation after PHx or
PVL [5, 6].

The novel finding of our study is that hepatic atrophy subsequent to PVL is counteracted.
The deportalized right lobe underwent hyperplasia instead, albeit not as pronounced as after
70% PHx. Proliferation in the deportalized lobe was not due to portal supply via pre-existing
or newly formed collaterals, since we did notidentify any collaterals between the ligated right
lobe and the non-ligated lobe. Hence, portal hyperperfusion as a driving force for regener-
ation of the right lobe could be excluded. This finding suggests that atrophy and hyperplasia
interweave in the same lobe. It seems that the slightly increased size of the right liver lobe
results from balancing a slight atrophic stimulus and a strong regenerative stimulus.

Portal Flow Is Not Necessary for Liver Regeneration

Portal hyperperfusion is important in initiating liver regeneration, but not necessarily
the only and indispensable factor. It was noticeable that the proliferative stimulus induced by
the additional 70% PHx resulted in a prolonged but not drastic proliferative response in the
portally supplied caudate lobe. Similar results were previously observed after an extended
loss of liver mass such as after 90% PHx or 90% PVL [20, 21]. Excessive hyperperfusion of
the portal vein was suggested as probably accounting for the lesser degree of regeneration
[22]. This observation confirmed that portal hyperperfusion is of importance for liver regen-
eration, as well as for the initiation and maintenance of hepatocyte proliferation. This obser-
vation also supports the hypothesis that a prolonged proliferative response might be required
to make up for the extended loss. Even simultaneous division of all hepatocytes in the
remaining 10% oftheliver would notbe sufficientto recover the original liver mass. Therefore,
several cell cycles are possibly needed to restore the original liver mass.

Unexpectedly, additional 70% PHx also resulted in a moderate and prolonged prolifer-
ative response in the portally deprived right lobe. In this case, the moderate proliferation
index in the portally deprived right lobe suggested that portal perfusion cannot be the sole
factor for inducing and maintaining liver regeneration. According to the hepatic arterial
buffer response, a lack of portal supply leads to an increase in hepatic arterial supply [23, 24].
The increased arterial supply reflected the increased shear stress in the sinusoids and might
contribute to the initiation of liver regeneration. Interestingly, the kinetics of regeneration in
the portally deprived right lobe after rPVL + 70% PHx was different from the proliferation
kinetics after standard 70% PHx, with a sharp peak at 24 h after the operation. The prolifer-
ative response of the ligated right lobe followed a different time course, with a delayed
maximum at 48 h. This observation could be attributed to the enhanced energy demand of
proliferating cells, which cannot be fully met when relying solely on arterial perfusion but
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lacking the nutrient-rich portal blood. Portal blood is much richer in dissolved nutrients such
as glucose than arterial blood. A lack of nutrients from portal blood could alter the prolifer-
ative response [25].

Perspective for Future Studies

We hypothesize thatregenerating portally deprived lobes receive signals for both atrophy
and regeneration, and that they undergo both hepatocyte apoptosis and proliferation.
Therefore, we plan to investigate apoptosis using TUNEL and caspase staining in addition to
assessing proliferation. We are also planning on providing further elucidation regarding the
underlying molecular mechanism. We would like to investigate the cytokine and growth
factor network by looking at the balance of gene and protein expression over time in the
differentliver lobes. We would expect a higher expression of apoptosis-relevant factors in the
liver lobes subjected to atrophy only (caspase-2, -3, and -9) and a higher expression of regen-
eration-relevant factors (TNF-q, IL-6, HGF, and c-Met) in the lobes subjected to regeneration
only.

HGF/c-Met signalling is essential for initiating the cell cycle after PHx [26, 27]. The acti-
vated HGF/c-Met signalling pathway stimulates hepatocyte DNA synthesis via an endocrine
or paracrine mechanism. It was reported that the level of plasma HGF was elevated sharply
and reached a peak within 1 h after PHx and stayed at a high level for more than 3 days [28].
In the portally deprived right lobe after rPVL + 70% PVL, which also receives a regeneration
stimulus, we would expect a merged gene and protein expression profile.

Conclusions

Our newly established combination of rPVL and 70% PHx represents a suitable model to
study the interaction between hepatic atrophy and hepatic regeneration. The systemic regen-
erative stimulus induced by liver resection counteracted the local atrophic stimulus from
PVL. It led to hyperplasia in both portally ligated and portally supplied lobes.

Based on these observations, two conclusions are drawn: (1) lack of portal perfusion and
a decreased metabolicload cannot be the key stimulus for hepatic atrophy, since the portally
ligated lobe did not decrease in size, and (2) portal hyperperfusion and shear stress cannot
be the key mechanism of liver regeneration in the rPVL + 70% PHx model either, since the
portally ligated lobe did actually increase in size. Our findings suggest focusing on more
mechanistic studies to better understand intrahepatic size regulation.
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Abstract

Background: Portal vein ligation (PVL) and atypical resection are usually performed as a
first operation of two-stage hepatectomy to cure liver tumors. A large number of patients fail
to undergo sufficient hypertrophy of the unligated regenerating lobe and atrophy of the
deportalized lobe. However, the role of the additional resection in this complex process of
intrahepatic size regulation remains unclear. This study aims for investigating the effects of
the additional partial hepatectomy (PHx) on size regulation of the deportalized liver lobe

when performing simultaneous PVL+PHx.

Methods: Lewis-rats were subjected to either 20%,70% or 90%PHx respectively PVL as
control or to a combined procedure consisting of 20%PVL+70%PHx respectively
70%PVL+20%PHx. Relative weights of liver lobes, proliferation index (PI) and apoptotic
density were assessed. Explanted livers were subjected to computer-tomography to

investigate formation of collaterals.

Results: After the combined procedure, size of non-ligated liver increased 4-fold(maximal
PI>15%). Size of the ligated lobe increased to140% after small ligation+large resection but
decreased to75% after large ligation+small resection, whereas maximal PI was similarly low
(6.3% versus 3.6%). However, apoptotic density in the portally-deprived lobes was related to
the extent of PHx (3cells/mm’ after 20%PVL+70%PHx compared tol4cells/mm” after
70%PVL+20%PHx). Here, size regulation was associated with formation of extrahepatic
collaterals as also observed after 90%PVL, where size reduction and apoptotic density was

less pronounced than after 20% or 70%PVL.

Conclusions: The additional liver resection seemed to counteract the local atrophy in a PHx-
extent-dependent way by suppressing hepatic apoptosis, possibly facilitated by the

reestablishment of extrahepatic porto-portal collaterals.

Keywords: intrahepatic size regulation, portal vein ligation, partial hepatectomy, hepatocyte

proliferation, apoptosis



Manuscript IV -56 -

Summary for surgical relevance

Portal vein ligation (PVL) with simultaneous atypical resection was adopted in selected
patients with primarily non-resectable liver tumors. Better understanding of intrahepatic size
regulation in case of concurrent PVL and liver resection may help to develop clinical

strategies of promoting liver regeneration and avoiding postoperative liver failure.

Our study indicated that interaction of proliferation and apoptosis seemed to regulate the
intrahepatic size adjustment. Simultaneous liver resection is not only inducing hepatocyte
proliferation in the ligated lobe but also suppressing hepatic apoptosis remarkably leading to a
less pronounced atrophy of deportalized lobe. Furthermore, liver regeneration was enhanced

after PVL and simultaneous liver resection compared to an extended PVL only.

These observations support that an atypical resection combined with moderate portal vein
ligation leads to better tolerance of the liver to extended hepatectomy in comparison to a
single major PVL. This could serve as an additional argument of removing more tumor-

bearing liver in the first stage-operation.
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Introduction:

Liver resection is the best curative strategy to treat liver tumors and metastases' 2. Loss of
liver mass due to partial hepatectomy (PHXx) is compensated by the regenerative capacity of
remnant liver to restore liver volume and function. However, extended hepatectomy may
result in insufficient future liver remnant mass, associated with hepatic dysfunction and acute
postoperative liver failure. To reduce the risk of fulminant liver failure, portal vein ligation
(PVL) of the diseased liver has been established as one optional strategy. After PVL, the
portally-supplied future remnant liver lobes undergo compensatory hypertrophy’, which
significantly improves the tolerance to extended hepatectomy®. However, the extent of
hypertrophy seems to be unpredictable. Previous reports™°® demonstrated that about one third
of patients undergoing portal vein occlusion do not proceed to liver resection, mostly due to

insufficient liver regeneration.

Insufficient liver regeneration may have several reasons: insufficient size or impaired tissue
quality of the future remnant liver and collateral formation between the ligated and the non-

8

ligated liver” ®. The formation of interlobe porto-portal neocollaterals after PVL was

postulated to reduce the extent of atrophy in the portally-deprived lobe and to reduce the

9, 10

hypertrophy in the portally-supplied lobe™ . This leads to an interest in the interaction of

liver regeneration and hepatic atrophy.

Recently, some studies focused on liver regeneration not only in terms of proliferation but
also in terms of apoptosis. Zhou'' reported that the balance between hepatocyte proliferation
and apoptosis is critical for liver homeostasis during liver regeneration. Kohler'? investigated
hepatocytes proliferation and apoptosis after PHx to assess liver regeneration. It is not clear
how the contradictory processes govern the intrahepatic size regulation. Further studies are
needed to better understand the regulatory processes. Understanding is not only scientifically

interesting, but also important to better modulate liver regeneration to the need of the patient.

We observed previously that loss of liver mass due to PHx represents a proliferation stimulus
not only to the portally-supplied lobe but also to the portally-deprived lobe'. We questioned
to which extent the additional PHx might exert a regenerative effect on the portally-deprived
lobe. To investigate this question, we extended our previous study of concurrent PVL and
PHx. We designed an experiment to elucidate the effects of two concurrent stimuli of

different extent on the size regulation of the portally-deprived lobe. Furthermore, explanted
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livers injected with contrast polymer were subjected to computer-tomography imaging to

investigate collateral formation.
Methods:

Animals

Animal experiments were performed in inbred male Lewis Rats (Charles River, Sulzfeld,
Germany) aged 9-10 weeks (body weight 250-300g). Rats were fed a laboratory diet with
water and rat chow ad libitum until harvest and were kept under constant environmental

conditions with a 12h light—dark cycle in a conventional animal facility until harvest.
Ethics statement

All procedures and housing of the animals were performed according to current German
regulations and guidelines for animal welfare and the ARRIVE Guidelines for Reporting
Animal Research '*. The Thiiringer Landesamt fiir Verbraucherschutz, Thuringia, Germany

approved the protocols (Approval-Number: 02-024/13).
Experimental design

Seventy-two male Lewis rats were enrolled randomly into 3 groups with partial hepatectomy
(PHx). Liver resections of different extent (20%PHx, 70%PHx and 90%PHx) were performed
to determine the strength of regenerative stimulus on the size regulation of the remnant liver.
Another 72 rats were subjected to 20%PVL, 70%PVL and 90%PVL to determine the
correlation between the extent of ligation and atrophy. Additional 48 rats were allocated into
two groups to further investigate the effect of the two concurrent stimuli on the size regulation:
(i) 20%PVL+70%PHXx: ligation of right portal vein in combination with resection of left lateral
and median lobes; (ii) 70%PVL+20%PHx: ligation of left portal vein in combination with liver

resection of right lobe (Supplemental Figure 1).
Operative procedures and postoperative management

Surgical procedures were performed under inhalation of 3% isoflurane mixed with pure
oxygen at a flow rate of 0.5L/min (isoflurane vaporizer, Sigma Delta, UK). Laparotomy was
carried out via a transverse upper abdominal incision. PHx was performed using a modified
technique from the precise vessel-oriented technique'’. The portal vein, hepatic artery and bile
duct of the respective lobe were ligated before resection to minimize the proliferation of the

ischemic tissue in the stump. Resection of right lobe represented removal of 20% of the liver
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mass, resection of left lateral lobe and median lobe represented 70%PHx. Both together
represented 90%PHx. PVL was performed carefully under an operating microscope (Zeiss,
magnification 10-25%, Germany). Ligation of right portal vein represented 20%PVL; ligation
of left portal vein represented 70%PVL, while ligation of both right and left portal vein
represented 90%PVL. All animals received analgesic treatment with buprenorphine in a dose
of 0.05 mg/kg body weight (Temgesic, Essex Pharma GmbH, Germany). Daily assessment of
activity was carried out. Animals in each group were harvested at four observation time points
(postoperative day (POD) 1, 2, 3 and 7, n=6/group/time points). One hour before harvest, 5-
bromo-2-deoxyuridine (BrdU, SIGMA-ALDRICH, St. Louis, USA) was injected via penile

vein in a dose of 50 mg/kg body weight for revealing hepatocellular proliferation.
Liver enzymes

Blood was collected for measurement of serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) by using the AEROSET System (Abbott Laboratories, Wiesbaden,

Germany) according to the instructions of the manufacturers.
Liver explantation, liver weight determination

Livers were mobilized for liver explantation and photodocumentation (Supplemental Figure
2). Individual liver lobes were weighed to calculate the liver weight/body weight ratio using
the following formula: liver weight of individual lobe (g)/ body weight (g)*100%. Six
additional rats were subjected to laparotomy to obtain normal values of liver weights and

normal range of liver enzymes.
Immunohistochemistry (IHC)

Liver sections were cut after formalin fixation and paraffin embedding. BrdU-staining was
performed using a monoclonal anti-BrdU antibody (Dako, Hamburg, Germany) following the
protocol described previously'®. The terminal deoxynucleotidyltransferase-mediated UTP end
labeling (TUNEL) staining was performed using an Apoptag peroxidase in-situ apoptosis-

detection kit (Intergen, Purchase, NY) according to the manufacturer’s instructions.
Assessment of proliferation and apoptosis

The analysis of proliferation index (PI) was performed with a histological image analysis tool
“Histokat” ( Fraunhofer MEVIS, Bremen, Germany) as described previously'. The result was

expressed as the fraction of proliferating hepatocyte nuclei to the total number of hepatocyte
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nuclei (accurate to 0.1%). In contrast , apoptosis density was assessed manually by counting
the number of TUNEL-positive cells per observation area (magnification 400-fold) in 10
fields per animal (given as cells/mm?)'’. PI was defined as high when it was more than 20%;
PI was defined as moderate when it was less than 20% but more than 10%; PI was defined as

low when it was less than 10%.
Visualization of portal blood supply

Additional 11 rats were subjected to portal vascular anatomy study using imaging technique.
The portal blood supply of the remnant liver was visualized using an imaging approach before
(n=1) as well as immediately and 7 days after operation (N=10). The imaging work flow
followed the same protocol as described before'®. Briefly, contrasting the vascular tree was
achieved by injecting a silicone radiopaque contrast agent (Microfil; Flow Tech, Inc., Carver,
Mass., USA) into the portal vein. Subsequently, the explanted liver were subjected to
formalin fixation, and the specimens were scanned using the scan protocol HQD-6565-390-90
during one full rotation with a scanning time of 90s per subscan (TomoScope Duo CT; CT
Imaging GmbH, Erlangen, Germany). Three-dimensional reconstruction of the vascular tree

was performed using “Imalytics Preclinical” (Philips Research, Aachen, Germany).
Statistical analysis

The data, expressed as mean +standard deviation (SD), were analyzed using SigmaPlot 13.0
(Statcon, Witzenhausen, Germany). Differences between paired groups were analyzed using
the two-tailed paired samples Student’s t-test and multiple groups were compared using the
one way independent ANOVA test. Differences were considered statistically significant if p-

values were less than 0.050.
Results:

Combination of small and moderate PVL and PHx caused less liver damage than

extended 90% PHx.

All animals tolerated the surgical procedure well in respect to the severity of surgical stress
(See Supplemental Table 1, displaying the levels of liver enzymes in relation to the surgical
procedure). As expected, a small 20% PVL caused minor hepatic injury defined as ALT<250
IU/L and AST<500IU/L. In contrast, removal of 20% of the liver mass respectively ligating
70% or 90% of the liver mass caused moderate liver injury (250IU/L<ALT<750IU/L and
500IU/L<AST<1000IU/L). Removing 70% or 90% of the liver mass caused major hepatic
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injury (ALT>750IU/L, AST>1000IU/L). In the combination groups the extent of resection
determined the severity of the procedure. Irrespectively of the surgical procedure, animals

experienced maximal hepatic damage on POD 1 which recovered within 7 days.
Total liver weight recovery time correlated to the extent of PHx.

Partial hepatectomy: Total remnant liver weight and its recovery time correlated with the
extent of PHx (Figure 1A). The total liver/body weight ratio was 3.3% in unresected control
animals. The remnant liver started to regain its weight from POD 1. Total liver weight
recovered fully within 7 days after 20%PHx (vs. control, p=0.390) and almost fully after
70%PHXx (vs. control, p =0.019). In contrast 90%PHX, total liver weight did not recover fully

comparing with the control liver weight after 7 days (vs. control, p<0.001).

Portal vein ligation: Total liver weight was maintained after 20% and 70%PVL by the timely
balance of hepatic atrophy and hypertrophy, but not after 90%PVL. After 90%PVL, the total
liver weight to body weight ratio decreased during the first 3 postoperative days, but
recovered within 7 days (Figure 1B). In this case, the ligated liver mass underwent severe
atrophy at a faster pace than the regeneration of the small non-ligated lobe, leading to a

decrease of relative total liver weight during three postoperative days.

Combination group: Total liver weight and its recovery correlated to the extent of PHx
(Figure 1C). The recovery was slower comparing with the recovery after PHx only. This

finding is in line with the transient loss of liver mass observed after 90%PVL.
The ligated liver lobes adjusted their size according to extent of PHx.

Portal vein ligation: The relative weight of ligated lobes decreased comparably to about 1/3
of the original liver weight after 20%PVL and 70%PVL only (see Figure 2A). In contrast,
after 90%PVL atrophy was less pronounced. Atrophy of the left and median lobe reached 46%
of the original liver whereas the right liver lobe only lost very little of its mass reaching 95%

of the original liver weight (p<0.001).

Combination group: In contrast, the ligated right lobe in 20%PVL+70%PHx group did not
decrease in weight, but increased steadily to almost 140% of the starting weight on POD 7
(see also previous study'®) , which was significantly higher than the 95% relative liver weight
observed after 90%PVL (p<0.001) (Figure 2A). In contrast, in case of 70%PVL+20%PHx,
the relative weight of ligated left lateral lobe (LLL) and median lobe (ML) only decreased
to 75% of the original value on POD 7, which was significantly less than the decrease to 46%
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observed in the 90%PVL (p<0.001) (Figure 2B). Therefore it seems that the weight
adaptation of the ligated lobes may be related to the extent of resection: with a large resection
leading to an overall increase in liver weight and a small resection leading to an overall

decrease in liver weight, but less pronounced than after ligation only.
Hepatocyte proliferation in the ligated lobe was induced in case of additional PHx.

Partial hepatectomy: Hepatocyte proliferation occurred after hepatectomy and was related to
the extent of liver resection (Figure 3A). The PI reached its peak on POD 1 with a maximum

of 3%, 25% and 28% after 20%PHx, 70%PHx and 90%PHx respectively.

Portal vein ligation: As expected, the PI of the non-ligated caudate lobe was related to the
extent of ligation (Figure 3B). 20%PVL only induced a maximal PI of 2%, whereas 70%PVL
induced a maximal PI of 8% and 90%PVL induced an even higher PI of 12.2%. Only few
proliferating hepatocyte were observed in the ligated lobe after PVL only, irrespectively of
the extent of ligation (Figure 3D).

Combination group: In the non-ligated caudate lobe, moderate PI (about15%) without a
defined peak was observed on POD 1 and POD 2 (Figure 3C). There was no significant
difference of PI in the non-ligated lobes between the two combination groups (p>0.050).
However, the PI was significantly higher on POD 2 and POD 3 after additional PHx than after
90%PVL only (p<0.001), accompanied by an enhanced liver weight recovery of the non-
ligated caudate lobe on POD 7 (p=0.001and p=0.035) (Supplemental Figure 3).

Hepatocyte proliferation did occur also in the ligated lobes after additional liver resection
with the peak on POD 2 (PI of 6.3% and 3.6% respectively) (Figure 3D, F). Notably, the PI
of ligated lobes in both combination groups were more than 10-fold higher comparing with PI
in PVL only groups (PI of 0.3%, p<0.001). Both observations together confirmed the

induction of a proliferative response in the ligated lobes in case of the additional resection.
Apoptosis density in the ligated lobe was remarkably reduced in case of additional PHx.
Partial hepatectomy: Apoptosis was not observed after hepatectomy only (data not shown).

Portal vein ligation: Apoptosis was observed in the deportalized lobes after PVL only and
reached a maximum on POD3. The apoptotic density was not clearly related to the extent of
ligation. High apoptotic density (>26 cells/mm?) was observed in the right lobe after 20%PVL
and on LLL after 70%PVL. However, 90%PVL resulted in a significantly lower apoptotic
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density (3cells/mm® in RL and 14 cells/mm? in LLL, p<0.001) (Figure 4A, B, C). Rare single

apoptotic cells were also observed in the non-ligated lobes (data not shown).

Combination group: Interestingly, we observed a reduced apoptotic density with a maximum
on POD 3 on the ligated liver lobes. Reduction of apoptosis was very pronounced in right
lobe after 20%PVL+70%PHx and reached only a maximum of 3 cells/mm?, significantly
lower comparing with 20%PVL group (27 cells/mm? p<0.001) (Figure 4A, C).Similarly,
reduction of apoptosis was also observed, but less pronounced in LLL after
70%PVL+20%PHx (14 cells/mm?), significantly lower comparing with 70%PVL group (31
cells/mm?; p<0.001) (Figure 4B, C).

Taken together, the size increase or decrease of the portally-ligated lobe after the combined
procedure seemed to be related to the extent of the additional liver resection. This was
apparently not due to an induction of hepatocyte proliferation but rather a reduction of
apoptosis in the ligated lobes. Since apoptosis is strongly influenced by the formation of
porto-portal collaterals, we wanted to investigate collateral formation as reason for the
reduced suppression of apoptosis, in other words the higher apoptosis rate, in case of the

20%PHx+70%PVL.

Formation of extrahepatic porto-portal collaterals was associated with prevention of

atrophy of deportalized liver.

The visualization of the portal perfusion immediately after operation indicated that the portal
vein ligation was well-performed, since no portal perfusion in the portally-ligated lobes was
visible (data not shown). As expected, the visualization of portal perfusion on POD7 revealed
that no obvious portal revascularization did occur in the normal liver and between the portal
stem and the ligated portal branches after 20%PVL and 70%PVL (Figure 5A, B, C).
Interestingly, 90%PVL seemed to induce extra-hepatic revascularization as indicated by a
dense network of small collaterals (Figure SD) and the clearly visible right portal vein tree
respectively left portal vein tree supplying the LLL and the ML. However, formation of this
dense network did not occur after performing a 20%PVL and simultaneous 70%PHx, leaving
the right portal vein invisible (Figure SE). However, collaterals between the stem of the
portal vein and the LLL and the ML with the subsequent perfusion of the respective lobar
portal vein became clearly visible after performing a 70%PVL and simultaneous 20%PHx

(Figure SF).
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These findings suggest that on the one hand a large PVL can induce formation of collaterals
and subsequent suppression of hepatic apoptosis. On the other hand, we observed that
apoptosis can also be suppressed in case of an additional large resection even without

formation of collaterals.
Discussion:

Intrahepatic liver size regulation is gaining attention from basic scientists as well as
clinicians.

PHx and PVL have been adopted to treat liver tumors and metastases in clinic. Thus,
understanding intrahepatic size regulation after liver resection and PVL is of high clinical
relevance. Techniques to selectively control liver and liver lobe size could provide new

. . 1
chances for extended resection operations'”.

This study explores intrahepatic size regulation using a newly developed surgical model.
We asked the question how a given liver lobe may regulate its size when subjected to two
concurrent stimuli of two different strength: Strong regeneration stimulus induced by
performing a 70% PHx combined with weak atrophy stimulus induced by 20% PVL,
respectively weak regeneration stimulus induced by 20% PHx combined with strong atrophy

stimulus induced by 70% PVL.

We hypothesized that hepatocytes in the liver lobe receiving both signals may undergo either
proliferation or apoptosis. The net balance would determine liver size in a stimulus dependent
manner, since the control of proliferation and the regulation of cell death seems to be tightly

20
connected™".

Our results were in support of the hypotheses. We observed three phenomena: (1) The strong
systemic regeneration stimulus counteracting the weak local atrophy stimulus caused an
increase in liver lobe size. (2) In contrast, the weak regeneration stimulus counteracting the
strong local atrophy stimulus resulted in a lower extent of liver size decrease. (3) Furthermore,
the reduced atrophy of the deportalized lobe seemed to be related to the formation of

extrahepatic collaterals.

Proliferation: These observations prompted speculations regarding an unknown sensing
mechanism in the liver governing intrahepatic size regulation. After PHx the portal inflow to
the remnant liver increases, accompanied by an increased metabolic load imposed on the

remnant liver. We speculate that hepatocytes may possibly “sense” the metabolic overload,
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resulting consequently in increased energy demand of the remnant liver. Nakatani described
already in 1981 that PHx greatly increases demand for energy’’. A similar study was
performed by Ngala Kenda and colleagues . In their study, the decrease in hepatic ATP
energy charge, reflecting the increased energy demand, has been suggested to account for the

early events involved in the initiation of DNA synthesis after PHx.

Apoptosis: Similarly we speculate that lack of nutrients and hormones from portal blood may
be sensed as atrophy stimulus triggering hepatic apoptosis. It has been reported that the lack
of insulin from the portal blood may contribute to hepatic apoptosis. The anti-apoptotic
effects of insulin on normal hepatocytes were shown in vitro and in vivo by Bilodeau and
colleagues™. In their in-vitro experiment, they applied insulin to transforming growth factor-
beta-treated hepatocyte cultures and observed a decrease in apoptosis by 43%. In their in-
vivo experiment, they applied insulin to the deportalized liver lobe and observed a five-fold
decrease in the apoptotic index resulting in a higher liver weight of the atrophying liver lobe

in comparison to control animals.

Collaterals: In consequence, the prevention of apoptosis indicated by the reduced apoptosis
density may be related to formation of collaterals. The presence of extrahepatic collateral
formation may explain the moderately reduced apoptosis density observed after 90%PVL and
20%PHx+70%PVL compared to the high apoptosis density observed after 20% and 70%PVL.
Here apoptosis may have been prevented by the incomplete lack of nutrients. Our results
demonstrated that extrahepatic collateral formation resembled collateral formation in case of
extrahepatic portal hypertension™*. Extrahepatic collateral formation was accompanied by a
lower level of atrophy in deportalized liver. This indicated that collateral formation is not only

reducing liver regeneration but also reducing hepatic atrophy.

Autophagy: However, in the absence of collateral formation, another mechanism must cause
the suppression of apoptosis. In case of concurrent signals induced by large PHx and small
PVL, the sustained proliferation in non-ligated as well as the low proliferation in the ligated
lobe may not be sufficient to meet the metabolic need. We speculated that in this case a
“rescue”’-mechanism might kick in, which reduced hepatic apoptosis. It is well known that
nutrient deprivation, in other words starvation, is inducing autophagyzs. Therefore we
wondered whether nutrient deprivation in the ligated lobe is inducing autophagy thereby

preventing apoptosis.
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The liver is essential for the maintenance of nutrients metabolism and energy homeostasis.
After extended simultaneous PVL+PHx, the small remnant liver may not meet the energy
demand. Particularly the portally-deprived liver lobe suffering from nutrient deprivation may
have a reduced metabolic capacity due to starvation. Lack of nutrients may cause amino acid
deprivation, adenosine triphosphate depletion and endoplasmic reticulum stress and may lead
to starvation-induced autophagy in the ligated liver lobe®®.

Autophagy is a cellular protein degradation process that enables cells to recycle cytoplasmic
components through degradation within lysosomes”’. Autophagy protects tissues and cells
against various types of cytotoxic stresses by inhibition of cellular apoptosis. Evidence is
increasing that autophagy can cross-inhibit apoptosis™. Apoptosis is suggested to account for
the atrophy of the portal blood-deprived liver lobes by activation of the mitochondrial and
death receptor-mediated pathwayszQ. Autophagy can also attenuate apoptosis inhibition by the

extrinsic pathway of apoptosis™.

Perspectives

Although sound and novel findings were observed in the present study, our study calls for

consequent investigations of the underlying mechanism.

For further elucidation whether collateral formation is decisive for intrahepatic liver lobe size
regulation, we propose a complementary experiment of 70%PV-embolization +20%PHx and
90% PV-embolization. PV-embolization will prevent formation of collaterals, observed in the
present study, so that it can be used to investigate the role of collateral formation in balancing

different signals as a controlled study.

For further elucidation regarding the role of autophagy in intrahepatic size regulation, we
propose to investigate the autophagic activity in the regenerating and the atrophying lobe as a

next step.

In conclusion, in case of concurrent PVL and PHX, the liver adjusted the size of the portally
deprived lobe by the balance of liver regeneration and liver atrophy stimulus. The size of
portally-deprived lobes was dependent on the extent of the additional regenerative stimulus.
However, the additional hepatectomy induced a similar proliferative response of the portally

ligated lobe, irrespectively of the extent of resection, but modulated apoptosis differently.

In case of minor PHx, apoptosis was suppressed to a lower extent thereby not leading to

hypertrophy but to a mild atrophy of the portally deprived lobe. In case of additional major
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PHx apoptosis was strongly suppressed causing mild hypertrophy of deportalized lobes, even

in the absence of collateral formation.
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Figure 1
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Figure 3
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Supplemental Figure 1
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Supplemental Table 1

Supplemental Table 1. Level of surgical stress as indicated by the release of transaminases

Severit  Surgery ALT (IU/L) AST (IU/L)
POD POD POD POD [POD POD POD POD
1 2 3 7 1 2 3 7
Minor 20%PVL 68.8 520 428 |4294 1294 100.6 90.6
Moderat 70%PVL 611.6 499.6 243.0 62.2 |823.8 609.6 3005 932
e
90%PVL 745.0 164.0 2574 85.6 |963.1 2747 330.0 1144
20%PHx 499.8 131.2 574 658 [692.6 1859 106.6 69.2
Major 70%PHx 1225. 260.6 60.8 42.1 |1360. 377.6 102.0 73.8
8 3
90%PHx 1422, 896.7 260.2 72 2565. 1310. 484.0 102.0
9 2 2
20%PVL+70%P | 1383. 3340 112.6 40.1 |1723. 4950 192.6 &3.0
Hx 4 7
70%PVL+20%P | 934.6 5229 123.1 49.2 | 1505. 580.6 167.2 77.6
Hx 9

AST: alanine aminotransferase; AST: aspartate aminotransferase; Minor: ALT<250 IU/L and AST<500IU/L;
Moderate: 250IU/L<ALT<750IU/L and 500IU/L<AST<1000IU/L; Major: ALT>750IU/L, AST>10001U/L;
Values: mean values.
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Legends

Figure 1: Regulation of total liver/body weight ratio after partial hepatectomy (PHx)
only, portal vein ligation (PVL) only and combined PVL+PHx. (A) The recovery
time of total liver /body weight ratio was related to the extent of PHx. It was restored
on POD 2 after 20%PHx, whereas it was not fully recovered on POD 7 after 70%PHx
and 90%PHx (p<0.001). (B) The total liver /body weight ratio did not change after
20%PVL and 70%PVL. In contrast, it significantly decreased during the first 3
postoperative days after 90%PVL and recovered thereafter. There was no significant
difference between 90%PVL and control value on POD 7 (p=0.627). (C) The recovery
time of total liver /body weight ratio was also related to the extent of PHx. After
70%PVL+20%PHx the relative total liver weight was fully recovered on POD 3
(p=0.217). In contrast, the total liver weight after 20%PVL+70%PHx was not fully
recovered even on POD 7 (p<0.001).

Figure 2: Liver size regulation of ligated liver lobes after portal vein ligation (PVL) only
and combined PVL+PHXx. The extent of atrophy on POD 7 was related to the extent
of ligation and the extent of additional resection. (A) The ligated right lobe decreased
to 34% after 20%PVL, whereas it increased to 140% after 20%PVL+70%PHx
(p<0.001). (B) The ligated left lateral and median lobes decreased to 26%, and 46% of
the original volume after 70%PVL and 90%PVL respectively. However, after the
combined 70%PVL+20%PHx size of LLL+MLdecreased only to 75% of the original
liver mass (p<0.001). (*:p<0.001, #:p<0.05)

Figure 3: Proliferation index (PI) after partial hepatectomy (PHXx) only, portal vein
ligation (PVL) only and combined PVL+PHXx. (A) PI of non-ligated lobes after
PHx only: After PHx, PI of the remnant liver peaked on POD 1 and reached a
maximum of 3%, 25% and 28% after 20%PHx, 70%PHx and 90%PHx respectively;
(B) PI of non-ligated lobe after PVL only: After 20%PVL the PI remained low
(<2%) without a defined peak throughout the first three postoperative days. In
contrast, after 70%PVL the peak of proliferation occured on POD 2 and reached a
considerable maximal level of about 8%. Furthermore, after 90%PVL, the kinetic of
proliferation was again different; the peak of proliferation occurred on POD 1 and
reached a maximum of 12.2%; (C) PI of non-ligated lobes in combination groups:
In both combination groups, there were no defined peaks of proliferation, but maximal
PI ranging between 10% and 16% were observed on the first two postoperative days.

(D) PI of the ligated liver lobes after PVL only respectively in the combination
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groups: After PVL only, proliferation was absent after small 20% PVL and very low
after 70% and 90%PVL (maximum PI of 0.3% on POD 2). In contrast, in both
combination groups where an additional resection was performed, the PI of ligated
lobe was more than 10-fold higher (4%-6% on POD 2) comparing with PI after PVL
only. (*:p<0.001, #:p<0.050, NS: not significant). (E) BrdU-staining of ligated right
or left lateral lobe (RL or LLL) on POD 2 after 90%PVL, 20%PVL+70%PHx and
70%PVL+20%PHx (scale marker:100pum, magnification:200x). Despite portal
deprivation, proliferating cells were clearly visible in the ligated RL after
20%PVL+70%PHx respectively the LLL after 70%PVL+20%PHx.

Figure 4: Density of apoptotic cells in deportalized lobe on POD3. After small to
moderate PVL only, density of apoptotic cells was high and ranged between 25-35
cells/mm? in left lateral (20%PVL, A) and right lobe (70% PVL, B). In contrast, after
large 90% PVL only, density of apoptotic cells was significantly lower in the ligated
lobes with 5 cells/mm?” in RL respectively 14 cells/mm” in LLL (p<0.001); possibly
due to the formation of collaterals as shown in Figure 5D. In both combination
groups, density of apoptotic cells was as low as after 90%PVL, and seemed to be
related to the extent of the additional resection. Density of apoptotic cells was very
low in the ligated RL with 3 cells/mm® after small ligation and large resection
(20%PVL+70%PHx). However, in this case no collaterals were abserved, see Figure
5E. Density of apoptotic cells was significantly higher and reached 14 cells/mm? in the
LLL+ML after large ligation and small resection (70%PVL+20%PHx) (p<0.001).
Here, collateral formation was clearly visible, see Figure SF. (C) TUNEL-staining of
deportalized right lobe (RL, upper panel) after 20%PVL, 20%PVL+70%PHx and
90%PVL, and TUNEL-staining of deportalized left lateral lobe (LLL, lower panel)
after 70%PVL, 70%PVL+20%PHx and 90%PVL. After PVL only (left panel),
abundant apoptotic cells were clearly visible, whereas after the combined procedure,
only signal TUNEL-positive cells were visible (middle and right panel) (scale
marker:100pum, magnification:200x)

Figure 5: Visualization of portal venous tree on POD7. (A) Normal portal venous tree. (B,
C) After 20%PVL and 70%PVL no collaterals between portal stem and ligated lobar
portal veins were observed. (D) However, after 90%PVL the ligated liver lobes were
portally-perfused and extrahepatic portal collateral formation between portal stem and
lobar portal veins was observed; (E) After 20%PVL+70%PHx the ligated right lobes

were not portally-perfused indicating there was no formation of collaterals; (F) In
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contrast, after 70%PVL+20%PHx obvious collateral formation was noticed and the
ligated liver lobes were portally-perfused. (red arrow indicates collateral; red circle

indicates portally-ligated lobe; orange rectangle indicates resected liver lobes)

Legends for Supplemental Figures

Supplemental Figure 1: Sketches of experimental groups. (red cross: portal vein ligation; grey
colored lobes: deportalized lobes; orange colored lobes: portalized lobes)

Supplemental Figure 2: Intraoperative images after combined portal vein ligation (PVL)
and partial hepatectomy (PHXx) of different extent (A, C) and images of explanted
livers on POD 7 to illustrate liver lobe size adjustment (B, D). (A) Intraoperative
situs after 20%PVL+70%PHx: depicting portally deprived right lobes (black
arrows) with darker red color after PVL (black cross) and stumps of left lateral and
median lobes (white circle) after resection, and remnant caudate lobes with fresh red
color (white arrow);(B) Explanted liver after 20%PVL+70%PH on POD7:
demonstrating the discrete hypertrophy of the deportalized right lobe (black arrows)
and the substantial 4-fold increase in size of the regenerating caudate lobes (white
arrows); (C) Intraoperative situs after 70%PVL+20%PHx: depicting portally
deprived left lateral and median lobes (black arrows) with darker red color after PVL
(black cross) and stumps of right lobes (white circle), and remnant caudate lobes with
fresh red color (white arrow); (D) Explanted liver after 70%PVL+20%PHx on
POD7: demonstrating discrete atrophy of left lateral and median lobes (black
arrows) and the substantial 4-fold increase in size of the regenerating caudate lobes
(white arrows)

Supplemental Figure 3: Size regulation of portalized caudate lobe (A) At all observation
time points the relative weight of portalized lobe was significantly higher after both
combined procedures compared to 90%PVL only. (B) Proliferation index (PI)
ranging between 13% and16% was observed on POD 1 in all three groups (p>0.050).
Thereafter (POD 2 and 3), the PI in both combination groups remained significantly
higher as after 90%PVL only, (p<0.001). Both observations together suggest an
increased regenerative response in case of the additional resection. (*:p<0.001,
#:p<0.05). (C) BrdU-staining of non-ligated caudate lobe (CL) on POD2 after
20%PVL+70%PHx, 70%PVL+20%PHx and 90%PVL. Density of Brdu-marked
proliferating cells in both combination groups (left and middle image) much higher

than after 90%PVL only (right image). (scale marker:100um, magnification:200x%).
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Discussion

Liver regeneration has been and is being studied using various experimental models.
Partial hepatectomy (PHx) is the most frequently used surgical model to study liver
regeneration. The small liver remnant undergoes full volume and functional regeneration
within 7-14 days. However, in clinical routine, extended liver resection is not always
possible due to a presumingly insufficient size of the future liver remnant. Therefore, PVL

was developed to enhance regeneration prior to extended resection.

However, this concept does not always lead to success; the future liver remnant does not
always undergo sufficient volume and functional regeneration. Up to now, it is not well
explored how liver regeneration is regulated, especially not how the individual liver lobes
adjust their size after resection or portal vein ligation. Further research is needed to better

understand this process of intrahepatic size regulation.

We investigated two interrelated factors influencing intrahepatic size regulation: the effect
of vascular remodeling in terms of collateral formation and the effect of simultaneously

applied concurrent signals.

First we gained an overview about current techniques to explore liver regeneration,
especially the imaging techniques to demonstrate the hepatic vascular system (Manuscript
I, published). We generated an ALPPS model and confirmed that prevention of collateral
formation by parenchymal transection accelerated liver regeneration (Manuscript II,
published). We observed that the PHx induced regeneration stimulus prevented hepatic
atrophy of deportalized liver lobe by inducing hepatocyte proliferation (Manuscript 11,
published). We learned that inhibition of atrophy in the deportalized liver lobe was
associated with down-regulation of hepatic apoptosis, which was inversely correlated to

the strength of the regenerative stimulus induced by PHx (Manuscript IV, submitted).
Modern technologies enable visualization of collaterals

Contrasting the vascular tree was achieved by injecting a silicone radiopaque contrast
agent (Microfil; Flow Tech, Inc.) into the portal vein. The explanted liver was subjected to
Micro-CT (TomoScope Duo CT; CT Imaging GmbH). The data from micro-CT was
subjected to 3D reconstruction using “Imalytics preclinic” (Philips Research) and

“HepaVison” (Fraunhofer Institute for Medical Image Computing MEVIS).
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Both programs allow the visualization of the topographic vascular anatomy of the liver.
Imalytics preclinic and HepaVision enable free rotation of the vascular tree and optimal
demonstration of the intrahepatic and extrahepatic collateral formation after PVL. In
addition, HepaVison allows determination of hepatic volume and volume of territories of
lobes, visualization of collaterals and determination of vascular parameter and therefore

vascular growth in liver regeneration (Xie et al. 2016).

However, there are still limitations when using the imaging technologies: one being the
low resolution of the uCT imaging device (70um) which renders visualization of very
small vessels like the sinusoidal network of the remnant liver impossible; the other being
the need for applying the silicone polymer for contrasting the vessels. This contrast
medium crystallizes in the vessels and can only be used in explanted livers, rendering the

repetitive imaging of the vascular tree within the same animal impossible.

Development of novel contrast media allowing in-vivo imaging of the rat liver at high

resolution is needed to overcome these limitations.

Role of collaterals in size regulation: Prevention of collateral formation accelerates

liver regeneration

Formation of interlobe porto-portal neocollaterals after PVL is considered to be one of
major factors reducing the extent of hypertrophy in the FLR (Riehle et al. 2011). This
prompted the development of the ALPPS-procedure to prevent the formation of porto-
portal collaterals. The key step of this procedure is the trans-section of hepatic
parenchyma after ligating the portal vein. Prevention of PV-collateralization is achieved
by placing a mechanical barrier between the transected liver lobes (Tanaka et al. 2015).

In addition to preventing formation of collaterals, liver transection also causes a traumatic
stimulus, which may contribute to the accelerated hypertrophy of FLR (Gall et al. 2015).
Schlegel came up with the speculation of a circulating growth factor induced by surgical
injury. In their study, surgical injuries to spleen, kidney or lung induced comparable liver
regeneration after PVL like ALPPS (Schlegel et al. 2014). The authors therefore
concluded that a systemic growth factor rather than preventing the formation of porto-
portal collaterals was essential for the observed accelerated liver regeneration after
ALPPS. Unfortunately, they did not investigate size development of the deportalized lobe
after ALPPS procedure.
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Our study questioned this point of view. It seems unlikely that the postulated systemic
growth factor induces accelerated hypertrophy of the portalized lobe and augmented
atrophy of deportalized lobe at the same time. In our study, prevention of porto-portal
collateral formation after ALPPS led to enhanced hypertrophy of FLR and enhanced
atrophy of the ligated lobe compared to that after PVL without liver transection. Our study
did not address the role of eventual systemic growth factors. However, the key role of

preventing collateral formation cannot be denied.

It is also tempting to consider the controversially discussed role of hypoxia for accelerated
regeneration. On the one hand, hypoxia after PVL is considered to act as stimulus for
regeneration. On the other hand, increasing oxygen supply via arterialization of PV after
hepatectomy is apparently enhancing regeneration.

In ALPPS model with 70%PVL, the parenchymal transection prevents collateral
formation between portalized lobe and deportalized lobe leading to hyperperfusion of the
regenerating lobe. In response to portal hyperperfusion, hepatic arterial flow to the
regenerating lobe should decrease accordingly to maintain the constant hepatic sinusoidal
inflow (Lautt 2007, Lautt 1985). Schadde observed that the decreased arterial flow was
causing hypoxia (indicated by pimonidazole staining) in the regenerating liver; the
hypoxia subsequently accelerated liver regeneration after portal deprivation (Schadde et al.
2016). The observation of Kron supported this view (Kron et al. 2016). He observed
significant hypoxia during liver regeneration, also indicated by Pimonidazol staining.
They further demonstrated that hypoxia-driven Hif2a activation promoted hepatocytes
mitosis.

In contrast to these observations, other studies suggest that the reduced oxygen supply
would be detrimental to liver regeneration, albeit after 70%PHx (Eipel et al. 2010). Nardo
reported that portal vein arterialization increased O2 partial pressure and oxygen
saturation in the portal vein and enhanced the BrdU-proliferation rate by 3-fold. (Nardo et
al. 2006). Li also demonstrated that portal vein arterialization promoted liver regeneration
after extended hepatectomy in a rat model (Li et al. 2015).

This debate requires further experiments to define the role of oxygen and hypoxia for
accelerating or decreasing live regeneration, possibly by exploring the role of portal vein
arterialization in intrahepatic size regulation after the ALPPS procedure. These
experiments would improve our understanding of liver regeneration and contribute to the

optimized performance of ALPPS.



Discussion -85 -

Regeneration stimulus prevents the hepatic atrophy of deportalized liver lobe by

inducing hepatocyte proliferation.

Portal vein blood is considered to be essential for liver regeneration (van Lienden et al.
2013). Currently two mechanisms regarding the relevance of portal vein blood are
discussed. The hemodynamic theory suggests that the increased portal blood flow
resulting in an elevated shear stress is the driving force for liver regeneration after PHx
and PVL (Um et al. 1994, Schoen et al. 2001). Furthermore, PHx and portal vein
occlusion results to metabolic overload as well as an increased hormonal supply from the
gut to the non-deprived remnant liver lobe, both leading to the hypertrophy of the
portalized lobe (Wilms et al. 2008). However, our study regarding intrahepatic size
regulation rejects the essential role of portal inflow for liver regeneration.

Our results demonstrated that liver regeneration can be induced in portally-deprived liver
lobes within the first week, albeit following a different kinetics. This was in line with
Kollmar’s finding. He also observed cell proliferation in the portal blood-deprived liver
tissue, but only in the late phase. In his study the expression of PCNA was detected on day
14 after PVL (Kollmar et al. 2007).

Without any evidence of porto-portal collateral formation, we could speculate about the
role of arterial flow to the deprived lobe in priming hepatocyte proliferation.

Portal hypertension after PHx is considered to reduce hepatic arterial inflow to the
remnant liver because of the hepatic arterial buffer response (HABR), described by Lautt
in 1985 (Lautt 1985). A controversial finding has been reported by Dold who observed
that portal hyperperfusion after PHx (30%, 70% and 90%PHx) did not induce an adaptive
hepatic arterial constriction because of nitric oxide release (Dold et al. 2015). However,
the author also emphasized that “the lack of HABR after major hepatectomy despite portal
hyperperfusion may not necessarily disprove the HABR theory”. The nitric oxide release
may counteract the HABR by dilating the hepatic artery (Macedo und Lautt 1998).

The HABR was also investigated after 70%PVL (Gock et al. 2011). Gock reported an
unchanged sinusoidal blood flow in the sinusoids, although the liver underwent portal
deprivation. This observation implied an elevated arterial inflow to the deportalized lobes.
Applying those studies to the analysis of our observations, one might speculate that
arterial inflow to the deprived right lobes may increase massively because of the

additional liver resection. However, we did not yet provide experimental evidence. The
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increased arterial flow due to the additional resection may cause a substantially elevated
shear stress, possibly triggering liver regeneration, even in the deportalized lobe.
However, liver regeneration followed a different time course with a delayed peak
occurring only at 48h. The prolonged course of regeneration in the portally deprived liver
lobe is possibly related to the lack of nutrients normally supplied by the portal blood,
needed to meet the energy demand of the proliferating hepatocytes.

Further elucidation of the underlying mechanism would call for additional experiments
with a detailed examination if hepatic hemodynamics on the level of the remnant liver, but
also on the level of the lobar vessels. However, this is technically currently unfeasible due
to the lack of required very small sensors to measure lobar inflow directly (Schadde et al.

2016).

The regenerative stimulus governs the size regulation of the deportalized liver by

determining hepatic apoptosis.

PHx induces hepatocyte proliferation leading to hypertrophy the liver remnant, whereas
PVL-induced apoptosis leads to atrophy of the deportalized liver (Zhou et al. 2015). The
control of cell proliferation and the regulation of cell death are tightly connected
(Lauschke et al. 2016). We wondered how size regulation was affected when applying the
two concurrent stimuli of varying strength.

Our study results revealed that the net balance of the two stimuli determined liver lobe
size and directed the lobe to undergo either hypertrophy or atrophy or to keep its size. The
strong systemic regeneration stimulus counteracted the local atrophy stimulus strongly
leading to an increase in liver lobe size. In contrast, the moderate regeneration stimulus
counteracted against the local atrophy stimulus only moderately leading to a lower

decrease of liver size compared to PVL only.

We reported as key finding that hepatic apoptosis was dramatically reduced in the
deportalized lobe, when it was subjected to an additional liver resection representing a
regeneration stimulus. Extent of reduction was related to the resected liver mass, in other
words to the “strength” of the regeneration stimulus. This may be essential for the size
regulation of the deportalized lobes and important for intrahepatic size regulation of the

whole liver.
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Our study revealed that the hepatic apoptosis seemed to be counteracted by extrahepatic
collateral formation. Our results demonstrated that the extrahepatic collateral formation
was similar to collateral formation during portal hypertension (Sharma und Rameshbabu
2012, Kamel et al. 2004). It was noteworthy that the formation of collaterals was
accompanied by a lower level of atrophy in deportalized liver when compared to the
situation without collateral formation. This indicated that collateral formation was
determining hepatic atrophy also in this situation, possibly due to suppression of hepatic
apoptosis. Collateral formation could contribute to redistribution of hepatic inflow blood
after PVL. Redistribution of blood flow may normalize the nutrient distribution and
oxidative homeostasis in the deprived lobe leading to a partial restoration of metabolic
capacity and modulating apoptosis related pathway (mitochondrial and death receptor-
mediated pathways) (Lee et al. 1999).

For further elucidation whether the extrahepatic collateral formation is decisive for
intrahepatic liver lobe size regulation, we propose a complementary experiment of 70%
portal vein embolization (PVE) combined with 20%PHXx, respectively a 90% PVE. PVE
will prevent formation of intra- and extrahepatic collateral formation, so that it can be
used to investigate the role of collateral formation in balancing different signals as a

controlled study.

However, when performing small ligation together with a large resection, we did not
observe collateral formation. In this case we speculated that another mechanism must be
responsible for the observed reduction in apoptosis. In the case of concurrent signals
induced by large PHx and small PVL, the sustained proliferation in non-ligated as well as
the low proliferation in the ligated lobe may not be sufficient to meet the metabolic need.
Particularly the portally-deprived liver lobe suffering from nutrient deprivation may have
a reduced metabolic capacity, partly due to the lack of nutrients provided by the portal
blood leading to starvation. Nutrient starvation may cause amino acid deprivation, ATP
depletion and endoplasmic reticulum stress and may lead to starvation-induced autophagy
in the deprived liver lobe. Evidence is increasing that autophagy influences recycling of
mitochondria and can thus modulate hepatic apoptosis in mitochondrial pathway (Wang
2014). Autophagy can also attenuate apoptosis by selectively reducing cytoplasmic pro-
apoptotic proteins in death receptor-mediated pathways (Marino et al. 2014).
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For further elucidation regarding the role of autophagy in intrahepatic size regulation, we
propose to investigate the autophagic activity in the regenerating and the atrophying lobe

as a next step.

In conclusion, our studies provide novel and interesting surgical findings regarding
intrahepatic size regulation. Our results challenge the widely assumed paradigm that
portal deprivation leads to hepatic atrophy and prevents liver regeneration. Further work is

needed to understand the underlying molecular mechanisms.
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