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Abstract 
 

The mammalian liver is the largest organ in the body and is responsible for numerous functions 

that impact all systems in the body. Unlike any other internal organ, the liver can completely 

regenerate itself after injury. This regeneration is not driven by a stem cell population but by 

the proliferation of differentiated hepatocytes. The liver shows a high regenerative capacity, 

being capable of repairing up to 70% of lost tissue within a few weeks. Following moderate to 

severe injury, different hepatocytes re-enter the cell cycle, proliferate and restore the lost tis-

sue. It is the hepatocytes themselves that proliferate to regenerate the liver. Although this 

property of the liver has been known for decades, it is still not clear how hepatocytes in home-

ostasis are able to regenerate the liver after severe injury. Some studies suggest that select 

hepatocytes distributed throughout the liver lobule have heightened proliferative capacity, oth-

ers indicate that hepatocytes located in the pericentral zone are the source of all new hepato-

cytes and yet others suggest that all hepatocytes have equivalent proliferative capacity. 

 

With this project, we want to try to understand the behaviors and pathways that different 

hepatocytes engage to regenerate the liver. For this, tissue processing, immunofluorescence 

and imaging were performed, and it was determined that there is not a specific location for the 

proliferation of hepatocytes but that they appear to proliferate at random locations. This led to 

the early conclusion that there is not one specific zone where proliferation takes places and 

follows the conclusion drawn by other studies that it is unlikely that there is one specific zone 

were proliferation occurs. However, it remains possible that some hepatocytes are still more 

proliferative than others but that they are distributed across the concentric zones of the liver.  

 

Another experiment was performed to locate the fate of proliferative hepatocytes. For this, 

Ki67CreER;tdTomato mice were pulsed 2mg tamoxifen injections every other day for one 

month. After one month, the mice were kept alive for two more weeks with no tamoxifen injec-

tions just to let all tamoxifen wash out from the system to prevent the labelling of new prolifer-

ative hepatocytes. If it is true that there are some hepatocytes that are more likely to proliferate, 

then the cells that are actively proliferating at the time of harvest should be more likely to have 

proliferated in the month of labelling. It was shown that this double positive hepatocytes 

(Ki67+tdTomato+) were located no more than 4 cells away from the central vein which sug-

gests that these double-positive hepatocytes are spatially restricted to the central vein zone as 

also mentioned in other studies. 
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1 Introduction 
Adult tissues depend on endocrine, secretory and metabolic functions to maintain function 

and mass. In tissues with high turnover such as skin, intestine, and blood, there are distinct 

compartments of stem cells that sustain regular turnover. The liver is the only internal organ 

able to regenerate itself- however, in quiescent tissues such as liver and pancreas, the ex-

istence of specialized stem cells and cell niches is questionable [1]. The liver shows a high 

regenerative capacity, being capable of repairing up to 70% of lost tissue within a few weeks. 

Following moderate to severe injury, different hepatocytes re-enter the cell cycle, proliferate 

and restore the lost tissue [2]. 

 
 
 

1.1 The mammalian liver 
 
The mammalian liver is the largest organ in the body and is responsible for numerous func-

tions that impact all systems in the body. These functions can be classified into three funda-

mental roles, (i) Vascular function, including formation of the hepatic phagocytic and lymph 

system; (ii) secretory and excretory, especially with reference to the synthesis of bile secre-

tion; (iii) metabolic achievements in control of utilization and synthesis of proteins, lipids and 

carbohydrates [3]. A major consequence of these fundamental roles is that hepatic disease 

has widespread effects on all other organ systems. 

 

1.1.1 Architecture of the Liver and Biliary Tract 
 
Human liver does not reach mature architecture until 15 years of age. The liver is about a 

2% of the total body weight of an adult. The liver lies in the abdominal cavity and its mass is 

divided into different lobes. The size and number of liver lobes vary among species. In most 

mammals the gallbladder is seen attached to the liver (Figure 1). The common bile duct 

(Figure 1), delivers bile from both the gallbladder and the liver into the duodenum [4]. 
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Figure 1. Anatomy of the liver [5]. 

 
 
The major aspects of the hepatic structure are the, (i) hepatic vascular system; (ii) biliary 

tree, and (iii) the three-dimensional arrangements of the liver cells.  

 

1.1.1.1 Hepatic vascular system 
 
The majority of the liver´s blood, roughly 75%, is supplied by the portal vein. All the venous 

blood returning from the stomach, pancreas, spleen, and small intestine converges into this 

portal vein. The remaining 25% of the supplied blood is from the hepatic artery. (Figure 2). 

[2] 
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Figure 2. Blood flow showing the supplied blood to the liver from the hepatic artery and portal vein. 

 
The liver is located strategically, downstream of the blood flow from the intestine, to receive 

absorbed nutrients and harmful absorbed molecules like bacterial toxins or drugs [6]. The 

liver extracts the toxic metabolic products that have been produced elsewhere in the body 

by converting them to chemical forms so they can be excreted. 

 

Terminal branches of the hepatic artery and portal vein empty together and mix as they enter 

the liver sinusoids. These are distensible vascular channels coated with fenestrated endo-

thelial cells and surrounded circumferentially by hepatocytes. As the blood flows through 

these sinusoids, plasma is filtered into the space of Disse, space between the hepatocytes 

and endothelial cells, providing a considerable fraction of the body´s lymph [7]. Blood flows 

through the sinusoids emptying into each lobules central vein [3]. (Figure 3) 
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Figure 3. Architecture of the liver and biliary tract. Blood flows through the liver sinusoids emptying into the 

central vein of each lobule. (Image created with Biorender application). 

There are different types of cells in the hepatic sinusoids. These cells are non-parenchymal 

cells (NPCs). The main cell found in the hepatic sinusoid is the liver sinusoidal endothelial 

cell (LSEC). The other cells found in the hepatic sinusoids are resident cells, cells that can 

be found in the liver as well as in many other sites of the body [8][9]. 

 

LSECs have gaps between them. They do not have a basement membrane and they have 

many fenestrations on their surface [10]. This structure allows rapid exchange of macromol-

ecules from plasma in passage to hepatocytes [11]. Red blood cells remain in the sinusoids 

but other plasma cells as big as albumin pass through this barrier [12].  

 

Kupffer cells (KCs) are the main residence cells of the sinusoids. They can be found in the 

cell membrane of the LSECs, but bulge into the sinusoid’s lumen [13]. There are also mac-

rophages which are responsible for phagocytosis and of the secretion of a number of sub-

stances such as cytokines [10].   

 

The space between the hepatocytes and the LSECs is the space of Disse or perisinusoidal 

space (Figure 4). This space is composed by many proteins found in the extracellular matrix 

of different tissues of the body. The perisinusoidal space provides physical support to the 

hepatocyte plates as they do not have a basement membrane [14]. Stellate cells are the 

main NPCs in the space of Disse and its main function is vitamin A storage [11] [15]. In a 

healthy liver, stellate cells are quiescent. When the liver becomes injured by a virus infection 

or by toxins, immune cells and hepatocytes release factors that force stellate cells to undergo 

a transformation known as the activated state. When they are activated, they start to secrete 

extracellular matrix proteins like glycoproteins, proteoglycans, and collagens. This process 

of activation is associated with loss of vitamin A storage. This response protects and facili-

tates healing of a damaged liver. However, when the source of injury is chronic, stellate cells 
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stay activated and secrete collagen to a point in which the liver becomes fibrotic and thus 

hepatic function declines. [16][17][18]  

 

 
Figure 4. Structure of the liver. Hepatic sinusoids are formed by Kupffer cells and sinusoidal endothelial 

cells. Hepatocytes are localized in the space of Disse, outside of the sinusoid. (Image created using Biorender 

application). 

 

 

1.1.1.2 Biliary system 
 

 

The biliary system is a series of ducts and channels that carry bile, an excretory and secre-

tory product of hepatocytes, from the liver to the small intestine lumen. Hepatocytes are 

arranged in plates with their apical surfaces surrounding and facing the sinusoids. The basal 

faces of contiguous hepatocytes are linked together by junctional complexes to form the 

canaliculi, the first canal of the biliary system. A bile canaliculus is not a duct, but the inter-

cellular space enclosed by adjacent hepatocytes [19] [20]. 

 

 

Hepatocytes secrete bile in the canaliculi, and these secretions flow in parallel to the sinus-

oids, but opposite to blood flow direction. At the ends of the canaliculi, bile flows into the bile 

ducts, coated with epithelial cells. Therefore, the bile ducts begin very close to the terminal 

branches of the hepatic artery and portal vein, and this group of structures is an important 
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and easily recognizable landmark seen in liver histological sections: the bile duct group (Fig-

ure 5). The portal triad is the grouping of the portal venule, bile duct and hepatic arteriole 

[14] [15] [21]. 

 

 
 

Figure 5. Histological view of the portal triad. Hepatic artery, Bile duct and portal vein [21]. 

 
Both bile ductules and bile ducts have specialized epithelial cells known as cholangiocytes. 

They modify and process the bile as it flows through the ducts [15].  
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1.1.1.3 Architecture of hepatic tissue 
 
The liver is composed of smaller structures known as lobules. Each of the lobules is sur-

rounded by branches of the portal vein and the hepatic artery. These vessels drain into the 

sinusoids, to exchange materials with the hepatocytes. The sinusoids drain into the central 

vein which responsible to feed deoxygenated blood to the hepatic vein. Hepatocytes produce 

bile, transported then by the canaliculi to the bile ducts located surrounding the lobule. [22] 

 

The lobule is the hepatic structural unit. It consists of a hexagonal arrangement of hepatocyte 

plates radiating from a central vein. At each of the vertices of the lobule there are portal triads 

distributed regularly. These portal triads contain a portal vein, an hepatic artery terminal 

branch and a bile duct [2] [22]. (Figure 6). 

 
 
 
 

 
 

Figure 6. Structure of the functional units, lobules, of the liver. Adapted from [23]. 
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1.1.2 Hepatocytes  
 

Hepatocytes are the liver parenchymal cells. They are the cells responsible for most of the 

liver functions. Hepatocytes constitute between 60% and 80% of the mass of the liver [24] 

[25]. They are arranged in sheets of one cell in thickness. These sheets connect to each 

other forming a spongy-like structure (Figure 7). Hepatocytes renew every five months, how-

ever under regenerative processes this may change, hepatocytes will then show a high abil-

ity for regeneration and proliferation [26].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7. Arrangement of hepatocytes in sheets of one cell in thickness. [27] 

 

From a metabolic perspective, hepatocytes located in the periportal zone (zone 1) are spe-

cialized in β-oxidation and gluconeogenesis, while hepatocytes that are in zone 3, around 

the central vein are more important for detoxification, lipogenesis, and glycolysis. Therefore, 

hepatocytes are heterogeneous regarding their functions. Depending on their location 

across the hepatic lobule, they express different genes. This metabolic zonation allows the 

liver to respond to different hepatotoxins or nutritional requirements. [28]. Halpern et al. ob-

tained in 2018 the zonation profiles with high spatial resolution of all liver genes. They found 

out that around 50% of the liver genes uncover abundant non-monotonic profiles peaking at 

the mid-lobule layers, and are significantly zonated [29].  
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1.1.2.1 Morphology 
 

Hepatocytes are polyhedral cells, usually showing 6 faces. These faces are always in contact 

with either a sinusoid or another hepatocyte [26]. These cells may either be mono or binu-

cleated (Figure 8). The majority of hepatocyte nuclei are tetraploid, containing double the 

amount the DNA than a normal cell. The nuclei are usually round and big. The characteristics 

of the cytoplasm vary depending on the cells physiological state which will be influenced by 

glycogen and fat depots. Hepatocytes contain many small mitochondria, about 50 Golgi ap-

paratuses organized in stacks of 3-5 cisterns, many peroxisomes and many lysosomes near 

the biliary canaliculi (Figure 8). [30] 

 
 

 
 

Figure 8. Ultrastructure of hepatocyte cells. [23] 

 

Abundant lipid and glycogen depots are found in the cytoplasm of hepatocytes. Residual 

bodies containing lipofuscin can also be found in the cytoplasm of these cells [31].  

 

Hepatocytes have lateral, apical and basal domains, like epithelial cells in general, which 

determine cell alignment in the lobule plates, as well as the bile flow [32]. 
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Each cell has 2 matching basal surfaces at opposite ends of the cell. These domains face 

the sinusoids allowing substances to enter the cell from the blood [33] [34]. 

 

The lateral or side face of each joins to the cell directly adjacent to that domain. Halfway 

between the two basal domains there is a surface that allows the bile produced by a cell to 

exit the cell. This surface is known as the apical domain [35]. 

 
  

1.1.2.2 Function  
 

The main function of hepatocytes is to metabolize substances absorbed from the digestive 

tract. These cells are also involved in the detoxification of harmful molecules. Additionally, 

hepatocytes synthesize bile which is released in the intestine and helps with digestion. For 

both of these functions, hepatocytes are placed in contact with sinusoids, which form the bile 

canaliculi to drain the bile from the liver lobules [36]. 

 

Hepatocytes take up the glucose molecules originally absorbed by the digestive tract and 

store them as glycogen which is mobilized when the body needs energy [26].  

 

Bile salts are one of the substances that are synthesized by hepatocytes. In the smooth 

endoplasmic reticulum (SER), many enzymes are involved in cholesterol and other lipids 

synthesis. Additionally, hepatocytes produce lipoproteins which are needed for lipid transport 

in the blood stream. Plasma albumins and fibrinogen, for blood clotting, are also synthesized 

in hepatocytes. Hepatocytes store heparin and vitamins A and B [37].  

 

Hepatocytes are also the first to receive toxic and harmful substances. Ethanol of alcoholic 

drinks is degraded in the peroxisomes found in the hepatocytes. There are enzymes in the 

SER involved in the inactivation or degradation of drugs and toxins. During periods of con-

tinuous alcohol drinking or medicine treatments, the endoplasmic reticulum becomes the 

bulkiest organelle of hepatocytes [31].  

 

The liver is the second major center for production of heme groups pro after the bone mar-

row. Heme group is a non peptidic group found in different proteins for oxygen transportation, 

in enzymes like peroxidases and catalases that protect against oxidative substances. Addi-

tionally, it is part of the peroxisomal and mitochondrial cytochromes [23] [38].  

 

Hepatocytes regulate the systemic body concentration of iron by releasing the hepcidin hor-

mone. Hepcidin controls the plasma iron by favoring the degradation and internalization of 

ferroportin, an iron transporter found in macrophages, hapatocytes and enterocytes. Ferro-

portin removal inhibits the iron release from these cells. This hormone synthesis is regulated 
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by the concentration of transferrin-iron in the plasma, by inflammation and by iron deposits 

in hepatocytes [38] [39].  

 
 

 

1.1.3 Regenerative potential 
 
The liver has a remarkable capacity to regenerate after damage or injury. In skin and intes-

tines, epithelial tissues with a high turnover, tissue homeostasis and cellular renewal is car-

ried out by a pool of stem cells. Liver has slow turnover and there is not believed to be a 

stem cell population, rather all hepatocytes are derived from pre-existing hepatocytes [40]. 

Hepatocytes are clearly not terminally differentiated cells as they appear to have unlimited 

proliferative capacity [11].  

 

1.1.3.1  Natural causes of liver injury 
 
The liver is the main site for alcohol metabolism and therefore susceptible to injury following 

excessive alcohol consumption. Livers susceptibility to alcohol-induced toxicity is due to both 

the metabolic consequences of ethanol metabolism, as well as the high concentration of 

alcohol in the portal blood. Alcoholic Liver Disease (ALD) is a spectrum of different diseases 

that include fatty liver (steatosis), fibrosis, cirrhosis, and steatohepatitis. Steatosis is charac-

terized by the accumulation of fat in hepatocytes and develops in 90% of individuals who 

drink large doses of alcohol, however, it can resolve upon cessation of alcohol intake 

[41][42]. Only in a minority of individuals who drink heavily, steatosis can progress to stea-

tohepatitis, which is a combination of persistent steatosis accompanied by inflammation. Al-

cohol consumption alone does not cause ALD progression from steatosis to steatohepatitis, 

fibrosis or, cirrhosis; rather, a second insult or risk factor is required for the development of 

the later stages of disease. Such second risk factors could include hypoxia, reactive oxygen 

species or inflammatory responses, among others. Acute ethanol exposure, for example, is 

known to enhance liver pathology induced by bacterial cell wall products such as lipopoly-

saccharides (LPS) [43]. 

Ethanol pre-exposure causes inflammatory cells of the liver, such as Kupffer cells, to release 

pro-inflammatory cytokines more robustly in response to a second stimulus like LPS [42]. 

Ethanol can also sensitize cells, causing a more robust response of cell populations down-

stream of cytokine inflammatory signaling. Individuals with fatty liver are LPS-induced liver 

injury sensitive [44]. 

Even in absence of infection, alcohol can alter the response to different inflammatory stimuli. 

Increased LPS circulation in response to alcohol consumption is due to an increase in the 

permeability of the gut, allowing thereby the translocation of LPS into the portal blood [45]. 

Experimental models showed that alcohol increased LPS permeation in both chronic and 

acute models [46] [47].  
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Another natural cause of liver injury is acetaminophen (APAP) overdose. APAP is one of the 

most used drugs and it is used as an analgesic or anti-pyretic drug [48]. It has been reported 

to be one of the most common drugs to cause drug-induced liver injury (DILI) [49]. High 

doses of APAP can cause acute liver injury and liver failure [50].  

APAP hepatotoxicity occurs through the formation of N-acetyl-para-benzo-quinone imine 

(NAPQI), a highly reactive toxic metabolite, which is present in high quantities, as augmented 

by features of mitochondrial dysfunction, oxidative stress and glutathione (GSH) depletion 

leading to depletion in the store of adenosine triphosphate (ATP) [51][52][53]. Metabolic ac-

tivation of APAP generates NAPQI which binds to mitochondrial proteins. Adherence to mi-

tochondrial proteins, is important because it depletes antioxidant functions and alters the 

mitochondrial ATP-synthase alpha-subunit which leads to an ineffective production of ATP.  

 

Other hepatotoxic mechanisms include toxic free radicals’ formation like peroxynitrite from 

the reaction of nitric acid and superoxide, forming nitrotyrosine inside the mitochondria. GSH 

provides surplus cysteine as energy substrate for Krebs cycle. GSH also scavenges free 

peroxynitrite and free radicals. Mitochondria suffer damage to their own DNA by the actions 

of peroxynitrite compounds and reactive oxygen species [54].  

 

APAP induces therefore cell death of hepatocytes taking on necrotic characteristic changes 

[55].   

 

 

1.1.3.2 Experimental systems to causes liver injury 
 
Liver regeneration induction by two-third hepatectomy is the most common rodent experi-

mental model used to study liver regeneration. It was reported by Higgins et al. in 1931 and 

studied for decades [56]. As depicted in Figure 9, the partial hepatectomy (PHx) in rodent 

models involves the removal of the right and left medial, and left lateral lobes leaving the 

caudate and the right lateral lobes, resulting in a 66% decrease in liver size. After resection, 

the remaining liver tissue expands in size and proliferates to retain the original size within 5 

to 7 days. In mice, the peak proliferation time is between 36 and 48 hours after PHx [57]. 
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Figure 9. Partial hepatectomy in a mice liver [57]. 

This model is the classic and preferred model due to: (i) simple operation that does not 

require advanced surgical techniques, (ii) ability of the researcher to resect with a high level 

of accuracy because of the uniform anatomy of mouse liver, (iii) well tolerated in mice with 

no significant perioperative mortality, (iv) not associated with histological damage to the re-

sidual tissue, and (v) timing and accuracy of the next sequence of events that can be seen 

from the first minutes to 5 to 7 days. This allows PHx models to be the best choice [58].  

 

Besides the PHx model, the liver can regenerate after a chemical-induced injury. These 

models are easier than PHx and has a greater clinical relevance because it induces necrotic 

injury as occurs in natural liver injury and disease. However, the local and systemic effects 

of the toxin depend on the dosage, animal species, mode of administration, nutritional status 

and age of the species [59].  

 

Carbon tetrachloride (CCl4) is one of the hepatotoxic compounds used in liver regeneration 

models. It induces acute liver injury after it has been broken down by cytochrome P450 2E1 

(CYP2E1) leading to the formation of trichloromethylperoxy and trichloromethyl radicals, 

toxic and highly reactive radicals. These trigger an oxidative damage to proteins, DNA, car-

bohydrates, and lipids in hepatocytes causing their necrosis. It is also accompanied by KCs 

stimulation that produce more cytokines, free radicals, and oxygen, contributing more to cell 

damage. These series of events induce an acute inflammatory response represented by 

macrophages and leukocytes to remove hepatocytes necrotic debris. This type of injury is 

reversible, and it is followed by liver regeneration. It is characterized by centrilobular necrosis 

mainly in Zone 3 (pericentral area) where CYP2E1 is highly expressed [57] [58]. 

 

Another strong hepatotoxic compound is D-galactosamine. This compound disturbs the met-

abolic system in the liver causing an acute liver failure and leading to the depletion of uridine 

triphosphate and therefore, inhibition of protein and RNA synthesis. D-galactosamine con-

tributes as well to the necrosis and inflammation of the liver by promoting the degranulation 

of the intestinal mast cell that represents the intestinal barrier, thus allowing endotoxins to 
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reach the livers portal circulation. The capacity of liver regeneration in this model is weaker 

than that of the CCl4 model [56] [57] [59].  

 
 

1.1.3.3 Pathways of liver regeneration after PHx 
 
The processes leading to liver regeneration following partial hepatectomy are enlargement 

of hepatocytes (compensatory hypertrophy) followed by proliferation of hepatocytes (hyper-

plasia). 

 

PHx leads to the proliferation of all cell populations within the liver, including biliary epithelial 

cells, endothelial cells, and hepatocytes. Within 10 to 12 hours after a surgery DNA synthesis 

is initiated and ceases in about three days. Cellular proliferation begins around the portal 

triads (periportal region) and continues towards the center of the lobules. Hepatocytes pro-

liferating form clumps soon transformed to classical plates. Proliferating endothelial cells 

develop to fenestrated cells like the ones found in the sinusoids [60].  

 

Changes in gene expression due to regeneration can be observed within minutes after an 

hepatic resection. A number of transcription factors are induced and participate in orches-

trating the expression of a group of hepatic mitogens. Hepatocytes proliferating appear to 

revert, partially, to a fetal phenotype and to express markers like alpha-fetoprotein. Regen-

erating hepatocytes continue to conduct normal metabolic functions like support of glucose 

metabolism [60]. 

 

Three phases have been described in the process of liver regeneration: (i) Priming or initia-

tion phase, (ii) proliferation phase, (iii) terminal phase. Figure 10 shows the sequence of 

events following partial hepatectomy. 
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Figure 10. Temporal sequence of events after a partial hepatectomy [56]. 

 

1.1.3.3.1 Priming or initiation phase 
 
Priming or initiation phase occurs in the first 0-5 hours after PHx [58]. These events are 

mediated by growth factors and cytokines and modify multiple genes expression to prepare 

the re-entry of the liver cells into the cell cycle. After a PHx, more than 100 genes become 

activated during this priming phase. Hemodynamic changes after PHx have been shown to 

be necessary for starting liver regeneration after PHx [58]. These changes have been ob-

served to be restricted to portal blood flow with no effect on the arterial part. PHx causes an 

increase in the contribution of portal blood flow resulting in an increase in growth factors and 

cytokines from the pancreas and intestine per hepatocyte [58]. Additionally, there is a me-

chanical stress on endothelial cells caused by a rise in portal blood pressure. This is due to 

the portal blood flow having to pass through capillary beds which have a cross sectional area 

that is around one-third smaller than normal liver. Sokabe et al. documented in 2004 that 

these endothelial cells express an increased activity of urokinase plasminogen activator 

(uPA) following mechanical stress [61].  

 

The rise of uPA can be observed 5 minutes after PHx. Within 10 minutes, it converts plas-

minogen into plasma which breaks down fibrinogen into fibrinogen degradation products 

(FDPs). At 30 minutes and until 24-48 hours after PHx, plasmin increases the transformation 
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of pro-matrix metalloproteinases (pro-MMPs) into MMPs. Both plasmin and MMPs are in-

volved in the turnover and remodeling of many extracellular matrix (ECM) proteins [62]. Dur-

ing matrix remodeling, an hepatic growth factor (HGF) in its inactive form its attached to the 

ECM and it is activated by uPA and excreted systemically and locally causing the activation 

of the HGF receptor (HGFR or c-Met) 30 minutes to 1 hour after PHx. At the same time, an 

epidermal growth factor (EGF) produced by the duodenum, stimulates an EGF receptor 

(EGFR) [63]. Several studies have proven that there is a cross interaction between EGFR in 

which the activation of c-Met increases EGFR activity [64]. 

 

1.1.3.3.2 NF-KB signaling pathway 
 

Role of innate immunity components 

 

Innate immunity is the main stimulation for liver regeneration initiation [65]. After PHx, innate 

immunity is activated and the production of its components such as complements (C3a and 

C5a) and lipopoly-saccharides (LPS) is initiated. Complement proteins (C3a and C5a) and 

LPS bind to their respective receptor, complement receptors and Toll-like receptor 4, on KCs 

surface [65]. These interactions lead to the activation of a signaling pathway known as the 

nuclear factor kappa B (NF-KB) pathway. The most common NF-KB is made by the combi-

nation of P65 and P50. Under normal conditions, NF-KB is inside the cytoplasm of KCs by 

inhibitory KB protein (IKB). When extracellular signals like C5a, C3a and LPS stimulate KCs, 

IKB undergoes degradation and phosphorylation by IKB kinase, allowing NF-KB to become 

free and therefore move into the nucleus where it will excite the transcription of cyclin D1, 

tumor necrosis factor (TNF) and interleukin 6 (IL6) [58]. This process occurs within the first 

hour after PHx.  

 

IL6 is responsible for the activation of about 40% of the genes, not expressed in normal liver, 

that are expressed and triggered in the remaining tissue after PHx [66].  

 

Role of tumor necrosis factor alpha (TNFa) 

 
TNFa has a vital role in the priming phase through two important functons: (i) activation of 

NF-KB signaling pathway by binding to KCs TNF receptor 1 creating a cycle, and through 

the indirect induction of the inhibitory KB kinase (IKK) [67] [68], (ii) stimulation of stress-

activated protein kinase (SAPK), also known as c-Jun N-terminal kinase (JNK), in hepato-

cytes.  

 

JNKs are special kinase proteins that enhance liver regeneration. They are activated by 

mitogen-activated protein kinase kinases or SAPK/extracellular signal-regulated kinase ki-

nases, SEK2/MKK7 and SEK1/MKK4 [67]. These kinases are triggered as a response to 

PHx leading to the activation of JNK which phosphorylates c-Jun TF in the nucleus to induce 
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cyclin-dependent kinase 1 (CDK-1) transcription, resulting in the proliferation of hepatocytes 

[65] [67][68].  

 

1.1.3.3.3 Wnt/beta cantenin signaling pathway 
 

Within 1 to 3 hours after PHx, Wnt/beta cantenin signaling pathway starts to operate. This 

pathway is launched by the binding of the secreted TNFa to its specific receptors on HSCs, 

sinusoidal endothelial cells and KCs, releasing Wnt ligands, specific glycoproteins [69]. Fur-

thermore, neither hepatocytes nor biliary epithelial cells secrete Wnt ligands after PHx, thus 

Wnt proteins have to undergo palmitoylation and glycosylation by the porcupine enzyme 

which is found in the endoplasmic reticulum [69]. Following this, the cargo receptor protein 

Wntless (WIs) transfers Wnt proteins to the cell membrane from the Golgi apparatus, for 

extracellular secretion [70]. The active Wnt protein that has been released binds to its Friz-

zled receptor associated with a co-receptor on hepatocytes in order to mediate the activation 

of Wnt/beta cantenin signaling pathway by sending an inactivating signal to beta-cantenin 

degradation complex (B-CDC) that consists of casein kinase 1 (CK1), adenomatous polypo-

sis coli gene product, axin and glycogen synthesase kinase 3β to top the phosphorylation of 

WNt proteins [71]. This interaction allows Wnt proteins to be released from B-CDC and trans-

located to the nucleus to be able to combine with the lymphoid and T-cell enhancing tran-

scription factors that induce target genes, like cyclin D1, transcription that play a role in the 

proliferation of hepatocytes [69][72].  

 

1.1.3.3.4 Notch signaling pathway 
 

The notch signaling pathway is one of the first pathways to be turned on after PHx (within 

15-30 minutes). This pathway is dependent on two proteins, NOTCH-1 receptor and 

NOTCH-1 ligand, also known as JAGGED-1, proteins which are upregulated 1 to 5 days 

following PHx [73][74]. In normal liver there are four different NOTCH receptors expressed 

on cholangiocytes, hepatocytes, endothelial cells lining the sinusoids and portal vessels, and 

hepatic progenitor cells (HPC). They are stimulated by the interaction with their specific 

membrane-bound ligand proteins:(i) Delta-like 1, 3, and 4 (DLL 1,3,4), and (ii) Jagged-1 and 

-2 [75][76]. However, DLL4 and Jag-1 are the only NOTCH ligands present in human liver. 

Jag-1 is expressed in smooth muscle cells in the mesenchyme of the portal vein, and in 

biliary cells, HPCs [73]. After liver injury, a cell-cell interaction between cells that express 

JAG ligands and cells that carry NOTCH receptors causes NOTCH receptors activation by 

JAG ligands, which leads to a Notch intracellular domain formation in the cytoplasm. The 

Notch signaling pathway is important for the regeneration of the vasculature of the liver [77]. 
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1.1.3.3.5 Proliferation phase 
 
This phase is divided into 2 main periods: 
 

(i) Induction phase: proliferation of hepatocytes and cholangiocytes. Hepatocytes 

regenerative response precedes and triggers cholangiocytes expansion. This 

step initiates at the end of the initial or priming phase and lasts for 72 hours 

reaching its peak at 24-36 hours after PHx [58]. 

(ii) Angiogenic phase: nonparenchymal cells such as KCs, hepatic endothelial cells 

and HSCs undergo proliferation in response to proliferating hepatocytes signals. 

This phase occurs after the inductive phase and continues for 2 or 3 days [58]. 

 
All the cells undergo firstly cellular hypertrophy followed then by cellular proliferation.  

 

1.1.3.3.6 Termination phase 
 

Following the proliferation phase, remnant tissue expands and retrieves original size corre-

spondent to the normal liver. The primary mechanism of this process is represented by the 

autonomic hepatocyte proliferative capacity. Still, this characteristic can continue working 

and giving liver cells which in severe cases can lead to carcinogenesis. This is why the liver 

must undergo a termination phase controlled by proliferative inhibiting factors that act as 

brakes to constrain liver cell proliferation, correct a regenerative response overshooting and 

prevent carcinogenesis of the excess proliferating cells [78].  

 
 

Transforming growth factor β (TGF-β) 

 
Transforming growth factor β (TFG-β) most popular anti-proliferative factor that can stop the 

liver regeneration process. TFG-β is secreted, mainly, by nonparenchymal cells such as 

KCs, platelets, and HSCs [78]. 

 

Pericellular hepatic ECM is formed by 2 important components called decorin, attached to 

pro-TFGβ and glycosaminoglycan, bound to HGF. As already described, urokinase is acti-

vated early after PHx leading to the degradation of the ECM and the release of certain GF 

through integrin signaling pathway. TFG-β levels increase at 3 hours reaching its peak at 72 

hours after PHx. Urokinase activity transforms HGF to its active form, while pro-TFGβ is 

neutralized by α-2-macroglubulin in blood plasma blocking its activity and hanging the net 

balance of HGF from the priming phase [79].  

 

Halfway through the proliferation phase, an indirect inhibitor of hepatocyte growth, cation-

independent mannose 6-phosphate receptor (CIMPR) is induced causing the conversion of 

pro-TFGβ into the active form of TFG-β. It also mediates the interaction between the active 
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form of TGF-β and its specific receptors on hepatocytes, terminating this way the mitotic 

response after the complete expansion of liver cells [80]. 

 

Several mechanisms have been proposed to describe how liver regeneration is stopped by 

TGF-β. 

 

Firstly, the binding of TGF-β to TGFR results in the receptor-regulated cytoplasmic phos-

phorylation against decapentaplegic (R-Smad) proteins that are later translocated into the 

nucleus. Once in the nucleus, they stimulate the expression of CDK inhibitors, cell cycle 

inhibitors, and suppress the production of cyclins D and E, and CDKs 2 and 4 (cell cycle 

inducers), leading to cell cycle arrest at G1/S transition [80]. 

 

Secondly, TGF-β 1 starts the remodeling of the hepatic lobes and corrects the proliferation 

overshooting by inducing apoptosis of excess hepatocytes releasing reactive oxygen spe-

cies (ROS) through the c-Jun-independent mechanism [81]. 

 
 
 

1.2 Actual regenerative theories 
 
Although the turnover of parenchymal cells from the liver is slow, this organ displays a high 

regenerative capacity being able to restore 70% of the lost tissue within a few weeks [2]. The 

ability of the liver to be capable of maintaining a constant mass is critical for the survival of 

organisms. For liver injuries ranging from mild to extreme, differentiated hepatocytes re-enter 

the cell cycle, proliferate and replenish the lost tissue.  

 

In 2015, it was stated by Wang et al. that a population of proliferating and self-renewing 

pericentral hepatocytes, adjacent to the central vein in the lobule, was identified by lineage 

tracing unsing Axin2 (Wnt-responsive gene) in mice. These cells expressed the progenitor 

marker Tbx3 and were diploid, thereby differing from mature hepatocytes which tend to be 

polyploid. Pericentral cells descendants differentiated into polyploid hepatocytes (Tbx3-neg-

ative) and could replace all hepatocytes along the liver lobule during homeostasis. Lastly, 

endothelial cells adjacent to the central vein provided Wnt signals that maintain the pericen-

tral cells constituting this way the niche [28]. However, it has been demonstrated by Sun et 

al. in 2020 that there is an equitable reparative and homeostatic potential of all hepatocytes, 

regardless of their ploidy status or lobular location. Sun et al. stated that Axin2+ pericentral 

hepatocytes have limited contribution to liver regeneration and homeostasis [82]. 

 

Chow et al. demonstrated in 2019 that Lgr5+ expression in the liver was restricted to a unique 

hepatocyte subset adjacent to central veins. By genetic lineage tracing, they were able to 

see that Lgr5+ pericentral hepatocytes contribute, mainly, to their own lineage preservation 



 

24 

during postnatal liver homeostasis and development. These hepatocytes also sustain their 

own lineage regeneration during the rapid and massive regeneration process after a two-

thirds PHx. Additionally, Lgr5+ hepatocytes were found to be the principal cellular genesis 

of diethylnitrosamine (DEN)-induced hepatocellular carcinoma (HCC). These findings estab-

lished an unexpected self-maintaining model for a specific subset of hepatocytes during re-

generation and homeostasis of the liver, and identified Lgr5+ pericentral hepatocytes as the 

major cells of genesis in HCC development [83]. 

 
 

1.3 Workflow 
1.3.1 Characterizing the location of hepatocyte proliferation and 

death 
 

In order to understand the extent and location of hepatocyte turnover in terms of both cell 

death and cell proliferation, we will analyze uninjured livers from both humans and mice. To 

improve this understanding, we will immunostain thick slices to identify the proliferative 

hepatocytes, using (i) an antibody for Ki-67, (ii) antibody for glutamine synthetase to identify 

pericentral hepatocytes, and (iii) an antibody for cytokeratin 19 to identify the portal tracts. 

This combination of stains will help us identify dying and proliferating hepatocytes as well as 

the location of these cells with respect to the portal and central veins. We will image the 

slices by confocal microscopy and then quantify the percent of apoptotic and proliferative 

hepatocytes in each liver lobule zone.  

 

 
Figure 11. simplified overview of the experiment that will be conducted.  
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1.3.2 Trace the fate of proliferative hepatocytes 
  

To see how proliferative hepatocytes contribute to hepatocyte turnover, we will employ an 

unbiased lineage tracing strategy. We will mate a mouse harboring a tdTomato reporter to a 

Ki67CreER mice, so that in the presence of tamoxifen, proliferative cells will become 

tdTomato-positive. A single dose of tamoxifen will be injected into the Ki67CreER;tdTomato 

mice to label all proliferating hepatocytes within a day of the tamoxifen injection. We will then 

keep these mice alive for 1 month at which we will harvest their livers, stain them, and image 

them by confocal microscopy. This way, we will determine how proliferative hepatocytes 

contribute to hepatocytes along the liver lobule. 

 

 

 
Figure 12. Simplified overview of the experiment that will be conducted. 

 

1.4 Aim of the project 
 
The main goal of this project is to be able to understand the behaviors and pathways that 

hepatocytes engage to be able to regenerate the liver. This project will study two different 

steps. Firstly, immunofluorescence, tissue processing and imaging will be used to study if 

there is any subset of hepatocytes with an increased proliferative capacity by using specific 

antibodies like Ki-67. Secondly, lineage tracing will be performed to determine how the dif-

ferent proliferative hepatocytes contribute to the liver hepatocyte population. 
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2 Methodological considerations 
 

2.1 Used antibodies 
 

Ki-67 is expressed by cells that are actively progressing through the cell cycle and not by 

quiescent cells [84]. The expression of Ki-67 is associated with tumor cell proliferation and 

growth and it is used as a proliferation marker as well as in immunohistochemistry [85]. Dur-

ing interphase, the Ki-67 antigen is detected exclusively within the nucleus, while during 

mitosis most of Ki-67 is relocated to the surface of the chromosome [86]. Ki-67 is an excellent 

marker to identify proliferative cells in a large cell population. In this project, the Ki-67 anti-

body will be used to identify proliferative hepatocytes in uninjured livers from both humans 

and mice. 

 

Glutamine synthetase (GS) is an antibody that marks pericentral hepatocytes and thereby 

reveals the location of the central veins (Figure 11). 

 

 
Figure 13. Staining of pericentral hepatocytes revealing the central veins [87]. 

Cytokeratin 19 (CK-19) is an antibody that marks bile ducts and thereby reveals the location 

of the portal tracts (Figure 12). 
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Figure 14. Staining of bile ducts revealing the location of the portal tracts. 

 

2.2 Lineage tracing 
 
Lineage tracing encompasses various methods that enable tracking the fate of individual 

cells and their progeny with minimal disturbance of their physiological function. It has been 

used to define complex biological processes involving cell types with different lineage hier-

archies.  

 

Lineage tracing also allows specificity of labeling. For example, Cre-lox recombination is a 

site-specific recombinase technology used for lineage tracing. It involves the targeting of a 

DNA specific sequence and the splicing of it using the Cre recombinase. This system in used 

as a genetic tool to control recombination events in genomic DNA. It has allowed researchers 

to manipulate several genetically modified organisms to be able to control gene expression, 

modify the architecture of desired chromosomes and delete undesired DNA sequences 

[88][89]. The Cre-loxP site-specific recombination system has risen as an important tool for 

conditional somatic mouse mutant’s generation. This method allows the control of gene ac-

tivity in time and space in almost every tissue of the mouse used in the study of gene function 

and establishing animal models for human disease. The temporal regulation of Cre in the 

cell population can be obtained by a small molecule inducer through the fusion of Cre and a 

ligand-binding domain of steroid receptors. One of these ligand-dependent receptors is the 

CreER recombinase which is inactive but can be activated by using tamoxifen, a synthetic 

estrogen receptor ligand [90]. 

 

 

Following tamoxifen administration, the CreER recombinase is able to remove LoxP-STOP-

LoxP cassette to allow expression of a colorimetric or fluorescent protein to label the cell and 

its progeny at the genetic level [91].  
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3 Methods  

3.1 Previous findings methods 
 

3.1.1 Self-renewing diploid Axin2+ cells fuel homeostatic renewal 
of the liver 

 

 

3.1.1.1 Animals 
 

Axin2-CreERT2;Rosa26-mTmGflox mice were obtained from the Jackson Laboratory.  

 

3.1.1.2 Lineage tracing 
 

For lineage tracing experiments, Axin2-CreERT2;Rosa26-mTmGflox mice (8-12 weeks old) 

received intraperitoneal tamoxifen injections. The concentration of tamoxifen per injection 

was of 4mg per 25g mouse weight dissolved in 10% corn oil/ethanol on five consecutive 

days.  

 

3.1.1.3 Liver immunofluorescence and histology 
 

Mouse livers were fixed overnight at 4°C in 4% PFA, cryoprotected in 30% sucrose at 4°C 

for 24 hours then embedded I OCT and snap frozen. Cryosections were 10 µm thick and 

were incubated in blocking buffer at room temperature. They were then stained with primary 

and secondary antibodies and the slides were mounted using Prolong Gold with DAPI 

mounting medium.  

 

3.1.1.4 Hepatocyte proliferation assay 
 

Hepatocyte proliferation was measured in vivo by 5-ethynyl-2’-deoxyuridine (EdU) uptake. 

For this, mice received a dose of EdU intraperitoneally (50 mg per kg) daily for seven days 

and harvested half a day after the last EdU injection. For the detection of EdU, cryosections 

were stained with primary and secondary antibodies and then incubated.  

 

3.1.1.5 Hepatocyte ploidy measurement 
 

FVB mice were used for hepatocyte ploidy measurements. For the measurement of ploisy 

of Axin2+ hepatocytes, Axin2-CreERT2;Rosa26-mTmGflox mice were injected five daily 

doses of tamoxifen, 4mg per 25 g of body weight, and cells were then isolated either two 

days or one year after the last pulse of tamoxifen and were then stained with Hoechst 33342. 

After this, cells were analyzed using the FACS ARIA II machine and data was processed 

with FlowJo v10 FACS plots and FACSDiva 8.0 software. 
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3.1.2 Lgr5+ pericentral hepatocytes are self-maintained in liver ho-
meostasis 

 

3.1.2.1 Animals 
 

Lgr5-rtTA/TetO-Cre/R26-tdTomato mice was generated in the Walter and Eliza Hall Institute 

of Medical Research animal facility in Australia.  

 

Only male mice were used for the DEN-induced liver tumor experiment. A mix of both fe-

males and males were used in the rest of the experiments and no gender-bias was observed. 

 

3.1.2.2 Liver injury models 
 

A PHx was performed to induce injury. Eight to twelve weeks old Lgr5-rtTA/TetO-Cre/R26-

tdTomato mice were pulsed with doxycycline feed for seven days and back to normal food 

for seven more days before surgery. Mice were anesthetized with oxygen and 2% isoflurane 

flow in a Plexiglas chamber and then were transferred to a Styrofoam pad. Anesthesia was 

maintained throughout the entire procedure through inhalation using a mouthpiece. Ab-

dominal fur was removed, and the abdominal skin was disinfected with ethanol 70%. A mid-

line skin and muscle incision was then performed to expose the internal abdominal cavity 

and therefore the liver. For the ligation of the left lateral liver lobe and middle lobe, a 4-0 silk 

thread was used and the lobes were resected just above the knots. After the PHx, the peri-

toneum and skin were closed with 5-0 suture and the mouse was placed in an individual 

cage under a warming pad for recovery. Regenerating livers were then harvested two weeks 

after the PHx surgery was performed.  

 

For the DEN-induced liver injury, male mice at 12 days postnatal were injected intraperito-

neally with a single dose of DEN, 25mg per kg of mouse weight, in sterile PBS. Mice were 

raised after the DEN injection and were euthanized once tumors started to be detected. 

 

 

3.2 Actual project methods 
 

3.2.1 Creating liver tissue samples 
 

In order to create new samples to be able to proceed with the next experiments, the mouse 

breed has to be decided. In this case, C57BL/6J mice were used.  

 

Different parameters should be taken into consideration such as age, and gender. In this 

case, 4 mice were used. These mice were 8 weeks old and two of them were females and 

two were males.  
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To be able to harvest their livers, they will first have to be anesthetized. At the Whitehead 

Institute for Biomedical Research the anesthesia that is used for this purpose is isoflurane. 

 

The set up and perfusion system used is depict in Figure 15 and Figure 16. The mouse is 

first anesthetized by introducing it in the glass box (Figure 15, (1)) which is infused with the 

anesthetic (Figure 15 (2)). Once the mouse is anesthetized, it is transferred to the surgical 

table (Figure 16 (1)) were it will get more anesthesia, until the end of the procedure, through 

a nose cone Figure 16 (2)). An incision will be made through the abdominal cavity Figure 16 

(3) to expose the liver and other vital organs. Once the liver is exposed, a needle, connected 

to the perfusion system Figure 16 (4)), will be introduced into the hepatic vein to perfuse the 

mouse liver with firstly 30 mL of PBS to clear blood from the organ, and secondly with 30 mL 

of 4% para formaldehyde (PFA) in PBS with 0.1% Tween-20 to fix the organ. The perfusion 

system and pump used is depict in Figure 15 (3). Once this is completed, the liver will be 

harvested and submerged in 4% PFA in PBS with 0.1% Tween-20 and stored at 4°C over-

night to let it fix further. After harvesting their liver, the mice are kept in trash bags and taken 

to the animal facility to be taken care of. Table 1 shows a summary of the mice used, their 

age, gender, treatment, fixation, and label.  

 

Figure 15. setup of the perfusion system used during the experiment.  
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Figure 16. Surgical procedure performed to perfuse and harvest liver tissue. 

 
 
 

Table 1. Summary of the different characteristics of the mice used for this experiment. 

Label given Age Gender Treatment Fixation 

ED2T 8 weeks Male None PBS Perfusion, 
PFA + 0.1% 
Tween-20 Per-
fusion, PFA + 
0.1% Tween-20 
overnight 

ED3T 8 weeks Male None PBS Perfusion, 
PFA + 0.1% 
Tween-20 Per-
fusion, PFA + 
0.1% Tween-20 
overnight 

ED4T 8 weeks Female None PBS Perfusion, 
PFA + 0.1% 
Tween-20 Per-
fusion, PFA + 
0.1% Tween-20 
overnight 

ED5T 8 weeks Female None PBS Perfusion, 
PFA + 0.1% 
Tween-20 Per-
fusion, PFA + 
0.1% Tween-20 
overnight 
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3.2.2 Locating proliferative hepatocytes in thick liver tissue 
 

After the liver samples had been fixed overnight, the tissue was washed with PBS for 5 

minutes three times in total. Two slices of 1 mm thickness, from each liver that was har-

vested, were taken. The rest of the tissue was stored in 10 mL PBS with 40 µL 5% NaN3 at 

4°C.  

 

After the 1mm tissue samples were cut, sodium citrate antigen retrieval was performed for 

20 minutes using a pressure cooker. The need for antigen retrieval depends on several var-

iables including the type of tissue, duration and method of fixation and the target antigen. 

Performing the antigen retrieval technique in the pressure cooker, reverses some of the 

chemical cross-links caused by fixation and allows the restoration of tertiary or secondary 

structures of the epitote. The sodium citrate antigen retrieval buffer was prepared following 

the recipe from the protocol “Immunostaining and clearing tissue slices” found in the appen-

dix. 

 

The samples were then washed with PBS and placed in a 24 well plate as depict in Figure 

17. The slices were then permeabilized with 0.5% Triton X-100 in PBS at room temperature 

for 1 hour. After this, the primary antibodies listed in table 2 were diluted in Tx buffer, added 

to the tissue, and incubated at 37°C with shaking for 48 hours. After those 48 hours, the 

tissue slices were washed with Tx buffer at room temperature 3 times for 30 minutes each. 

After that, the secondary antibodies listed in table 2 were diluted in Tx buffer, added to the 

tissue, and incubated at 37°C with shaking for 48 hours. The slices were then washed with 

Tx buffer three times for 30 minutes each and they were then incubated overnight with shak-

ing in clearing-enhanced 3D (Ce3D) solution and then were imaged using the Zeiss 710 

confocal microscope.  

 

This tissue slices were stained for Actin FITC, glutamine synthetase-568, Ki67 and CK-19 

(Table 2). 
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Figure 17. Display of the tissue samples in a 24 well plate. 

 
 
 

Table 2. Primary and secondary antibodies used to immunostain tissue samples. 

Primary Antibodies Secondary Antibodies 

Actin FITC 1 µL Anti-Rb 568 0.5 µL 

Ms anti-GS-568 1 µL Anti-Rt 647 0.5 µL 

Rb anti-CK19 5 µL Block 500 µL 

Rt anti-Ki67 2.5 µL   

Block 500 µL   

 

 

3.2.3 Lineage tracing of proliferative hepatocytes 
 
To test whether some hepatocytes tend to proliferate more than others, the following exper-

iment was conducted: a male and female Ki67CreER;tdTomato mouse were given 2mg ta-

moxifen injections every other day for one month. These mice continue to live for another 

two weeks, to let all tamoxifen wash out of the system and prevent any new proliferative cells 

from being labeled. After those two weeks, the livers were harvested and fixed. If it is true 

that there are some hepatocytes that are more likely to proliferate, then the cells that are 

actively proliferating at the time of harvest should be more likely to have proliferated in that 

prior month of labeling.  

 

Tissue samples were cryoembedded, using an optimal cutting temperature (OCT) com-

pound, in two different blocks. Once the tissues were cryoembbeded, two 12µm thick slices 

of each sample were cut using a LEICA CM3050 S cryostat and placed in a Fisherbrand 

Superfrost plus microscope slide (precleaned) from Fisher scientific, as shown in Figure 18.  

 



 

34 

 
 
Figure 18. display of the cryosectioned liver tissue from both liver samples. Sample 1 corresponds to the 

liver tissue from the male Ki67CreER;tdTomato mouse and sample 2 corresponds to the female 

Ki67CreER;tdTomato mouse. 

 

Once the samples were cryosectioned, the sections were immunostained following the “im-

munostaining cryosections” protocol, found in the appendix section, staining for different an-

tibodies as listed in Table 3 and Table 4 and finally, imaged using the Zeiss 710 confocal 

microscope.  

 
Table 3. List of primary and secondary antibodies used to immunostain samples ED1.1 and ED2.1. 

Primary Antibodies Secondary Antibodies 

Gt tdTomato 1 µL Anti-Gt 488 0.5 µL 

Rt anti-Ki67 2.5 µL Anti-Rt 647 0.5 µL 

Actin-405 2 µL Block 500 µL 

Ms anti-GS-568 1 µL   

Block 500 µL   

 
Table 4. list of primary and secondary antibodies used to immunostain samples ED1.2 and ED2.2. 

Primary Antibodies Secondary Antibodies 

Gt tdTomato 1 µL Anti-Gt 568 0.5 µL 

Rt anti-Ki67 2.5 µL Anti-Rt 647 0.5 µL 

Actin-405 2 µL Anti-Rb 488 0.5 µL 

Rb anti-CK-19 5 µL Block 500 µL 

Block 500 µL   
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4 Results  
 

4.1 Previous findings 
 

4.1.1 Self-renewing diploid Axin2+ cells fuel homeostatic renewal 
of the liver 

 

4.1.1.1 Axin2+ cells self-renew 
 

One of the defining properties of stem cells is their ability to self-renew. To test of Axin2+ 

cells self-renew, Wang et al. administered mice with tamoxifen in five consecutive doses 

(Figure 19a). Over time, labelled cells expanded concentrically from the central vein and all 

pericentral cells remained labelled (Figure 19b, c). Figure 19c also shows that while Axin2+ 

cells can produce all hepatocytes along the lobule (Figure 19c), they are not replaced by 

Axin2- unlabeled cells showing then that pericentral Axin2+ cells conform a self-renewing 

cell population. 

 

 

Figure 19. Axin 2+ cells self-renew. A) Pericentral hepatocypes labelled in Axin2-CreERT2;Rosa26-

mTmGflox mice after the administration of  five consecutive doses of tamoxifen. Traced for 7 days. B) After 90 

days of tracing. And C) after 365 days of tracing, show that all pericentral hepatocytes remined labelled. (Fig-

ure edited from [28]) 

 

4.1.1.2 Axin2+ cells proliferate faster than other hepatocytes 
 

The fact that Axin2+ cells repopulate most of the liver lobule means that the rate of prolifer-

ation of Axin2+ cells is greater than the rate of proliferation of Axin2- cells. To demonstrate 

this, Wang et al. quantified the DNA synthesis rate of both cell populations. Five Axin2-

CreERT2;R26-mTmGflox mice were labelled with tamoxifen and after that they were given 

seven daily doses of EdU (Figure 20). 
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Figure 20. Axin2+ cells proliferate faster than other hepatocytes. The image shows the quatinfication od 

EdU+ cells within Axin+ and Axin- hepatocyte populations. N=5 mice. (Figure edited from [28])  

 

4.1.1.3 Axin2+ cells are mostly diploid 
 

Most of mature hepatocytes are polyploid , characteristic that is associated with an increase 

senescence and a decreased proliferative potential [92][93]. Generally, stem cells are dip-

loid, a necessary property for unlimited duplication [94][95]. To be able to isolate the Axin2+ 

cells and evaluate whether they are polyploid cells, Wang et al. used FACS sorting with 

Hoechst 33342 staining. As depict in Figure 21a and c (left bar), the majority of unsorted 

hepatocytes are polyploid cells. In comparison, the majority of Axin2+ turned out to be diploid 

(Figure 21 b and c (middle bar)). To confirm whether diploid Axin2+ cells give rise to polyploid 

cells, they labelled Axin2+ cells with tamoxifen and traced them for one year. After that year 

of tracing, they isolated GFP+ cells for ploidy analysis. They found out that after a year of 

tracing the ploidy distribution of GFP+ cells were the same as that of unsorted hepatocytes, 

suggesting this way that after leaving the pericentral zone, Axin2+ descendant cells mature 

into polyploid cells. This is shown in Figure 21 c (right bar). 

Figure 21. Axin2+ cells are mostly diploid. A) FACS plot of all hepatocytes stained with Hoechst 33342. 

Gated for 2N (diploid), 4N (tetraploid) and 8N+ (octaploid or more) cells. B) FACS plot of Axin2+ cells 

stained with Hoechst 33342. Gated the same way as in A. C) Ploid distribution: unsorted hepatocyte popula-

tion on the left, Axin2+ hepatocyte population on the middle and laballed hepatocytes after lineage tracing for 

1 year on the right. N=3 mice per group. (Figure edited from [28]) 
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4.1.2 Lgr5+ pericentral hepatocytes are self-maintained in liver ho-
meostasis 

 

4.1.2.1 Lgr5+ hepatocytes generate their own lineage during liver regeneration upon PHx 
 

As shown in Figure 22, the harvested liver lobules of Lgr5-rtTA/TetO-Cre/R26-tdTomato 

mice 14 days postsurgery, showed similar tdTomato patterns in unoperated and regenerated 

liver lobes of age-matched mice while the size increase of the lobe showed a significant liver 

growth. 

 

 

Figure 22. experimental strategy for PHx experiments performed on Lgr5-rtTA/TetO-Cre/R26-tdTomato 

mice. Images represent the right liver lobe adult control and Lgr5-rtTA/TetO-Cre/R26-tdTomato mice har-

vested 14 days after PHx. N=5 mice. (Figure edited from [83]). 

 

Immunostaining on sections of the regenerated liver lobes with Ecad, RFP, GFP and Cyp2e1 

antibodies depicted that tdTomato+ hepatocytes stayed around the central veins in the entire 

lobule, including the new portions after regeneration (Figure 23). Furthermore, there was a 

lack of detection of GFP+RFP- hepatocytes which indicates that the newly regenerated pe-

ricentral Lgr5-GFP+ cells were derived exclusively from other preexisting Lgr5+ hepatocytes 

in the original lobes. No tdTomato+ cells were found in Sox9+ and Ecad+ cells, which sug-

gests that Lgr5+ cells did not give rise to periportal hepatocytes or cholangiocytes during 

regeneration of the liver after PHx. (Figure 23). 

 

 

Figure 23. confocal images showing a similar immunofluorescence pattern of Lgr5-GFP+tdTomato+ popu-

lation in the resected lobe compared to the regenerated lobe. Lgr5-GFP+tdTomato+ population remained 
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surrounding the central veins after PHx. N=5. (Edited from [83]). 

Figure 24 depicts the similarity in the ratios between GFP+ and RFP+ in resected and re-

generated lobes. This suggests that there is not a significant expansion of Lgr5 hepatocytes 

to others after PHx.  

 

 
 
Figure 24. Quantification of the percentage of RFP+ in relation to GFP+ hepatocytes on regenerated and 

resected lobes. 200 cells per site were counted. (Image edited from [83]). 

 

 

4.1.2.2 Lgr5+ hepatocytes are susceptible to neoplastic transformation 
 

Figure 25 depicts the confocal images taken after the induction of DEN and doxycycline 

(DOX). These images show the distribution of Lgr5-GFP+tdTomato+ around the central 

veins at P15 without DEN injection, and at P15 and P21 (corresponding to 3 and 9 days after 

DEN injection). 

 

 
 
Figure 25. Experimental strategy for DEN and DOX induction for Lgr5-rtTA/TetO-Cre/R26-tdTomato mice. 

Distribution of Lgr5-GFP+tdTomato+ around the central veins at P15 without DEN injection, and at P15 and 

P21 (corresponding to 3 and 9 days after DEN injection). (Edited from [83]). 

 

 

Livers harvested 8 months after DEN injection showed multiple tumors. While Lgr5+ cells 

only contributed to about 2% of total hepatocytes, approximately 40% of DEN-induced 
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tumors comprised tdTomato+ cells. This indicated that these tumors derived from Lgr5+ 

hepatocyte subsets. (Figure 26) 

 

 

 
Figure 26. Fluorescent view of a tumorous liver lobe of Lgr5-rtTA/TetO-Cre/R26-tdTomato mouse 8 

months after DEN induction. tdTomato+ are depicted in white and tdTomato- are depicted in blue. Approxi-

mately a 40% of the tumors detected showed RFP+ (native tdTomato+) fluorescence. (Edited from [83]).  

 

 

4.2 Actual project results 
 

4.2.1 Hepatocyte proliferation does not follow a specific pattern 
 

With t locating proliferative hepatocytes experiment we saw there were low numbers of pro-

liferative hepatocytes (as expected) but we also wanted to know whether these hepatocytes 

were proliferating randomly or if they were following a pattern. The number of positive Ki67 

cells, in pink (Figure 27), was counted for each image and tissue sample. This was done by 

counting how many cells away from the central vein each of the Ki67 positive cells were. 

The data from samples 1-4 was collected in Figure 28. 

 

It turned out that these proliferating hepatocytes tend to just proliferate at random locations, 

there was not a clear pattern. Leading to the early conclusion that there is not one specific 

zone where proliferation takes place. However, it remains possible that some hepatocytes 

are still more proliferative than others. 
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Figure 27. Location of Ki67 positive hepatocytes (in pink) with respect to the central vein (in 
red). (A) Image corresponding to sample 1, (B) image corresponding to sample 2, (C) image corre-
sponding to sample 3 and (D) image corresponding to sample 4. All images were taken in a 20x 
magnification and using the Zeiss 710 confocal microscope.  
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Figure 28. Graph showing the number of cells away from the central vein where the Ki67 pos-
itive hepatocytes were located.  

 
 
 

 

4.2.2 Fate of proliferative hepatocytes 
 

As described in section 4.3, to test whether some hepatocytes tend to proliferate more than 

others, a male and a female Ki67CreER;tdTomato mice were pulsed 2mg tamoxifen injec-

tions every other day for one month. This should have labelled the hepatocytes that prolifer-

ated during that month. After one month, the mice were kept alive for 2 more weeks with no 

tamoxifen injections just to let all the tamoxifen wash out from the system to prevent the 

labelling of new proliferative cells. 

 

 

Figure 29 shows tdTomato positive cells in yellow and Ki67 positive hepatocytes in pink. 

Figure 30 depicts the tdTomato positive cells in green, glutamine synthetase in red and Ki67 

positive cells in pink. As shown in both figures, there were few Ki67 positive cells but all the 

Ki67 positive cells were also positive for tdTomato. To study the distribution of these double-

positive cells, the distance from the central vein was measured by counting how many cells 

away from the central vein (in red) these double-positives were. As depicted in Figure 31, 

these double-positives were located no more than 4 cells away from a central vein which 

suggests that these double-positive hepatocytes are spatially restricted. 
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Figure 29. Figure showing Ki67 positive and tdTomato positive hepatocytes. (A) image corre-
sponding to sample 1, (B) image corresponding to sample 2. All images were taken in a 40x magni-
fication using an RPI microscope. 

 

 

 

 

 
Figure 30. Figure showing Ki67 positive (in pink) and tdTomato positive hepatocytes (in 
green) in respect to the central vein (in red). (A) image corresponding to sample 1, (B) image 
corresponding to sample 2. All images were taken in a 10x magnification using the Zeiss 710 confo-
cal microscope. 
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Figure 31. Graph showing the number of cells away from the central vein where the double-positive 
hepatocytes (Ki67 positive and tdTomato positive cells) were located. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

44 

5 Discussion 
The liver, unlike any other internal organ, can completely regenerate itself after injury. This 

regeneration is not driven by a stem cell population but by the proliferation of differentiated 

hepatocytes. Although this regenerative capacity has been known for more than a few years, 

it is not yet clearly understood how hepatocytes in homeostasis are able to regenerate the 

liver after a severe injury. Some studies suggest that select hepatocytes distributed through-

out the liver lobule have heightened proliferative capacity, others indicate that hepatocytes 

located in the pericentral zone are the source of all new hepatocytes and yet others suggest 

that all hepatocytes have equivalent proliferative capacity [96][82].  

 

Clarifying the mechanism and source of hepatocyte turnover in injury and homeostasis is a 

crucial first step towards a better understanding of liver regeneration and the ability of 

hepatocytes to retain proliferative capacity unlike other differentiated cell types. With this 

project then, we will be able to find out more about these properties making hepatocytes so 

special in order to see if they can be transmitted to different cell types with the main objective 

of conferring regeneration properties to other vital organs. 

 

Even though hepatocytes in different zones around the liver lobule have morphological sim-

ilarities, they have heterogeneous regenerative capacity and metabolic functions. It was pro-

posed that hepatocytes were maintained by a liver model where new hepatocytes are gen-

erated constantly at the portal vein domain and move away from the portal vein to replace 

the hepatocytes all over the liver lobule [97].  

 

In 2015, Wang et al. presented a view of hepatocyte homeostasis in uninjured livers. They 

found a Wnt-responsive cell population residing in a held niche around the central vein. Ac-

cording to their study, these cells can self-renew, and they contribute to the maintenance of 

hepatocytes by replacing and differentiating into other hepatocytes. The presence of this 

pericentral hepatocyte population suggests that the mechanisms that regulate liver renewal 

are like other organs in which homeostatic renewal involves small stem cells populations 

that maintain the tissue. However, they also showed that hepatocytes are not made up of 

just one cell type and that they are inequivalent in replicative ability during homeostasis [28].  

They proved that pericentral hepatocytes are unique and proliferate at a higher rate, an ob-

servation that was already made by Magami, Y. et al. in 2002 [93]. They concluded that 

pericentral cells present a diploid genome, unlike most hepatocytes, which are polyploid. By 

maintaining this diploid nature pericentral cells retain unlimited replicative potential just like 

stem cells. Finally, they stated that it is diploid Axin2+ cells the ones that fuel homeostatic 

liver renewal.  

However, in 2020, Sun et al. proved that there is an equitable reparative and homeostatic 

potential of all hepatocytes, regardless of their ploidy status or lobular location. They stated 

that hepatocytes located throughout the liver can upregulate both LGR5 and Axin2 after 
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injury and contribute to liver regrowth on demand and not by a pericentral stem cell popula-

tion. Sun et al. stated that Axin2+ pericentral hepatocytes have limited contribution to liver 

regeneration and homeostasis [82].  

 

In 2018, Lin et al. reported that Tert+ hepatocytes distributed randomly in the liver lobule are 

responsible for the replenishment of hepatocytes during injury and liver homeostasis [98].  

In 2019, Chow et al. stated that Lgr5+ expression in the liver was restricted to a unique 

hepatocyte subset adjacent to central veins. By genetic lineage tracing, they were able to 

see that Lgr5+ pericentral hepatocytes contribute, mainly, to their own lineage preservation 

during postnatal liver homeostasis and development. These hepatocytes also sustain their 

own lineage regeneration during the rapid and massive regeneration process after a two-

thirds PHx. Additionally, Lgr5+ hepatocytes were found to be the principal cellular genesis 

of diethylnitrosamine (DEN)-induced hepatocellular carcinoma (HCC). These findings estab-

lished an unexpected self-maintaining model for a specific subset of hepatocytes during re-

generation and homeostasis of the liver and identified Lgr5+ pericentral hepatocytes as the 

major cells of genesis in HCC development [99] [83].  A future experiment will be to perform 

lineage tracing to determine whether there are Tert+ cells within the Lgr5+ population. 

 

With this project, we determined that there is not a specific location for the proliferation of 

hepatocytes but that they appear to proliferate at random locations. This leads to the early 

conclusion that there is not one specific zone where proliferation takes place. This follows 

the conclusion shown in other studies were it is unlikely that there is one specific zone were 

proliferation occurs. However, it remains possible that some hepatocytes are still more pro-

liferative than others, but they are distributed across the concentric zones of the liver. 

 

With the fate of proliferative hepatocytes experiment, Ki67CreER;tdTomato mice were 

pulsed 2mg tamoxifen injections every other day for one month. This should have labelled 

the hepatocytes that proliferated during that month. After one month, the mice were kept 

alive for two more weeks with no tamoxifen injections just to let all tamoxifen wash out from 

the system to prevent the labelling of new proliferative hepatocytes. If it is true that there are 

some hepatocytes that are more likely to proliferate, then the cells that are actively prolifer-

ating at the time of harvest, Ki67+ cells, should be more likely to have proliferates, 

tdTomato+, in the month of labelling. It was shown that this double positive hepatocytes 

(Ki67+tdTomato+) were located no more than 4 cells away from the central vein which sug-

gests that these double-positive hepatocytes are spatially restricted to the central vein zone 

as also mentioned in other studies [83] [28]. 

 

Further experiments will consist on identifying the molecular mechanism that enables their 

proliferative capacity. For this, we will pulse Ki67CreER;tdTomato mice with a dose of ta-

moxifen in order to label all proliferating hepatocytes in a day of tamoxifen pulse. After one 

week of the pulse, hepatocytes will be isolated using FACS to purify the tdTomato+ and 
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therefore proliferative hepatocytes. After this is done, RNA sequencing will be performed to 

compare the transcriptome of proliferative hepatocytes to other hepatocytes in the liver. This 

analysis will then provide the foundations for further insight into the unique proliferative ability 

of hepatocytes.  
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A: Preparation of the reagents used in this study   
 

A.1 Immunostaining and clearing tissue slices 
 

N-methylacetamide is toxic and should be handled in a fume hood with waste col-

lected for proper disposal 

 

● Sodium citrate antigen retrieval buffer 
o For 1 L 

▪ 2.94 g Tri-sodium citrate dihydrate (10 mM) 

▪ 500 L Tween 20 (0.05%) 
▪ 1000 mL Water 
▪ pH to 6.0 with 1 M HCl 

o Store at room temperature for up to 3 months, store at 4°C indefinitely 
 

● Tx buffer 
o Prepare fresh 
o For 40 mL 

▪ 80 mg Gelatin (0.2%) 
▪ 2.5 mL 5M NaCl (300 mM) 
▪ 120 µL Triton X-100 (0.3%) 
▪ 37.5 mL PBS 

o Incubate at 42°C for 30 minutes to disolve gelatin and store at 4°C in-
definitely between steps 
 

● 40% N-methylacetamide 

o Melt N-methylacetamide in 37C water bath prior to dilution 
o For 100 mL 

▪ 40 mL N-methylacetamide 
▪ 60 mL PBS 

o Store at room temperature 
 

● Ce3D clearing solution 
o For 40 mL 

▪ 16 mL 40% N-methylacetamide 

▪ 32 g Histodenz 
▪ 6 mL 40% N-methylacetamide 

▪ 40 L Triton X-100 (0.1%) 

▪ 200 L 1-thioglycerol (0.5%) 

o Add reagents in order and mix at 37C with shaking to facilitate disso-
lution 

▪ Will require at least 1 hour to dissolve 
o Can store excess at room temperature for up to several months 
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A.2 Immunostaining  
 

Reagents  
 

Extraction buffer 

o Prepare fresh 
o For 1 mL 

▪ 10 µL Triton X-100 (1%) 
▪ 990 µL PBS 

Blocking buffer 

o Prepare fresh 
o For 25 mL 

▪ 750 mg Bovine serum albumin (BSA) fraction V (3%) 
▪ 75 µL Triton X-100 (0.3%) 
▪ 25 mL PBS 

 

1. Cryosection 
2. Leave slices at room temperature overnight 
3. Rinse slides in PBS for 5 minutes 
4. Antigen retrieval 
5. Remove coplin jar from pressure cooker, allow slide to cool in coplin jar, 

and rinse slide in PBS for 5 minutes 
6. Outline sections in hydrophobic pen 
7. Incubate sections with extraction buffer at room temperature for 15 

minutes 
8. Incubate sections with blocking buffer at room temperature for 1 hour 
9. Incubate sections with primary antibodies at room temperature overnight 
10. Wash sections with blocking buffer at room temperature for 5-10 minutes 

3x 
11. Incubate sections with secondary antibodies at room temperature for 1-2 

hours 
12. Wash sections with blocking buffer at room temperature for 5-10 minutes 

2x 
13. Wash sections with PBS at room temperature for 5-10 minutes 
14. Mount slides with antifade reagent and seal with nail polish. Let dry. 
15. Image  
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