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Preamble

Every line starts somewhere and an investigation line is no exception. In this case, the

starting point was located twenty years ago at the Laboratory of Histology and Embryology

of the Institute of Biomedical Sciences Abel Salazar. By that time Professor Rogério

Monteiro and Professor Eduardo Rocha headed a research in liver quantitative

morphology, first devoted to fishes. In the past ten years a bifurcation has emerged, with a

branch devoted to mammals (rat model). It continues to evolve in, not giant, but consistent

steps that produced results that have been published in scientific journals (ever since

2003) and presented in specialised meetings dedicated to the study of liver sinusoids (as

organised by the International Society of the Hepatic Sinusoidal Research). This Thesis

includes material that was already published in the following publications:

Marcos R, Monteiro RAF, Rocha E (2004) Estimation of the number of stellate
cells in a liver with the smooth fractionator. Journal of Microscopy 215, 174-182.
Marcos R, Monteiro RAF, Rocha E (2006) Design-based stereological estimation
of hepatocyte number, by combining the smooth optical fractionator and
immunocytochemistry with anticarcinoembryonic antigen polyclonal antibodies.
Liver International 26, 116-124.

Marcos R, Rocha E, Monteiro RAF (2007) Determination of hepatocellularity.
Toxicology in Vitro 21, 1692-1693.

Santos M*, Marcos R*, Santos N, Malhdo F, Monteiro RAF, Rocha E (2009) An
unbiased stereological study on subpopulations of rat liver macrophages and on
their numerical relation with the hepatocytes and stellate cells. Journal of Anatomy
214, 744-751 (*joint first authors).

Marcos R, Malhdo F, Monteiro RAF, Rocha E (2009) Gender and aging in the
liver: preliminary data using design-based stereological methods. Microscopy &
Microanalysis 15 (S3), 45-46.

Marcos R, Monteiro RAF, Rocha E  (2012) The use of design-based stereology to
evaluate volumes and numbers in the liver: a review with practical guidelines.
Journal of Anatomy 220, 303-317.

In addition to those listed above, other unpublished results contained in the Thesis will be

organised as new manuscripts and submitted for publication in international journals

devoted to ageing. The first manuscript of the series is under preparation, as follows:

Marcos R, Malh&o F, Lopes C, Gomes C, Monteiro RAF, Rocha E (2013) Male
or female? Liver gender dimorphism revealed by design-based stereology (in

preparation).
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LSEC ..o, Liver sinusoidal endothelial cell
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OCV i Observed relative variance
P e Point
PSl e, Point sampled intercepts
PBS .o Phosphate buffered saline
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SD Standard deviation
SUR oo, Systematic uniform random
TBARS.....cccooe e, Thiobarbituric acid reactive species
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USA e United States of America
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Resumo

O envelhecimento da populacédo é uma realidade dos nossos dias. O figado € visto como
um orgéo pouco afetado pelo envelhecimento, ainda que seja reconhecido que é mais
sensivel a hepatotéxicos e a cirrose no individuo idoso, e particularmente no sexo
masculino. Esta mesma tendéncia também é constatada no figado do rato. A diferenca
na fisiopatologia de machos versus fémeas é conhecida como dimorfismo sexual. Apesar
de se saber ha muito que a actividade enzimatica é diferente em figados de machos e
fémeas, e mais recentemente, se ter mostrado que a expressdo de genes varia com 0
sexo, ndo se sabe ainda se o dimorfismo sexual tem uma traducdo morfolégica. A
literatura existente sobre dimorfismo e o processo de envelhecimento do figado é
relativamente escassa e por vezes contraditoria. Os métodos estereoldgicos modernos,
pela sua natureza ndo enviesada, sdo as ferramentas ideais para estudar diferencas
guantitativas a nivel microanatomico.

Assim, neste trabalho estudou-se um triunvirato de células (hepatdcitos, células de
Kupffer e células estreladas hepéticas) do figado do rato, procurando diferencas
numeéricas e de ratios celulares que justificassem a tendéncia para a fibrose em machos.
Foram usados ratos machos e fémeas da estirpe Wistar com 2 meses (jovens), 6 meses
(adultos), 12 meses (meia-idade) e 18 meses (velhos). Para garantir o reconhecimento
adequado das células em estudo, foram empregues anticorpos contra a proteina acido
fibrilhar da glia, para marcar as células estreladas hepéticas, e contra o ED1 e ED2, para
destacar as células de Kupffer. Adicionalmente, usaram-se anticorpos contra a E-
caderina e o antigénio carcinoembrionario, para assegurar a diferenciagcdo entre
hepatdcitos mono e binucleados. Primeiramente, as estratégias de quantificacdo foram
testadas e otimizadas, em estudos preliminares. Seguidamente, o numero total (do
triunvirato de células) foi estimado através do fracionador ético. O volume celular médio
também foi estimado, quer através de técnicas indiretas (no caso das células estreladas
hepéaticas), quer através do “nucleator” (no caso dos hepatdécitos); nestes ultimos também
se determinou o volume nuclear médio. Adicionalmente, a deposicdo de colagénio,
lobular e intralobular, também foi quantificada, através de uma estratégia classica de
contagem de pontos. Finalmente, foram ainda realizados dois outros estudos: de
citometria de fluxo (para avaliar diferencas de ploidia) e de stress oxidativo (uma vez que
a fibrose é muitas vezes desencadeada pelos radicais livres de oxigénio).

Globalmente, a estrutura do figado € mantida ao longo da idade em ambos os sexos (0
didmetro dos I6bulos mantém-se estavel com a idade, uma vez que a distancia entre o0s
espacos porta e as vénulas centrolobulares ndo sofre alteragdes com a idade e com o
sexo). De acordo com 0s nossos dados, o numero total e o volume médio das células

estreladas hepaticas sdo também mantidos ao longo da idade, em ambos 0s sexos,
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ainda que existam diferengas a nivel do corpo celular destas células (pelo aumento do
contetdo lipidico), na deposicdo de colagénio (neste caso apenas em machos) e na
localizacdo lobular das células. As células estreladas hepéticas (positivas para a proteina
acido fibrilhar da glia) predominam nas &reas periportais dos ratos velhos (machos e
fémeas). No caso dos hepatdcitos, mostraram-se diferencas estatisticamente
significativas em animais jovens (as fémeas tinham um maior nimero de hepatdécitos, de
menores dimensdes e menor ploidia, existindo um maior nimero de formas binucleadas).
Estas diferencas foram-se esbatendo com a idade. A peroxidacéo lipidica aumentou com
a idade, mas, em termos genéricos, as defesas antioxidantes de animais velhos eram
comparaveis as dos novos. Ja no que respeita as células de Kupffer, também foram
encontradas diferencas entre sexos (maior nimero em fémeas), que se atenuaram com a
idade. Curiosamente, um terco das células estreladas hepéticas encontrava-se justaposta
a células de Kupffer.

Esta tese mostrou que as trés populacdes celulares estudadas se encontram
correlacionadas ao longo da idade, em ambos os sexos (e.g., 0 numero total de células
estreladas hepéticas correlaciona-se com o de hepatocitos). Isto corrobora a
complexidade do érgao e favorece a existéncia de l6bulos funcionais no figado. Uma das
nossas hipéteses iniciais (de que os machos e os animais mais velhos teriam maior
namero de células estreladas) foi negada. No entanto, foram destacadas diferencas a
nivel dos hepatécitos, em machos e fémeas jovens, que podem justificar a maior
capacidade regenerativa, normalmente atribuida as fémeas. Adicionalmente, as
diferencas entre sexos a nivel das células de Kupffer podem justificar a maior
suscetibilidade & hepatite alcodlica por parte das fémeas. De acordo com 0O n0sso
trabalho, o dimorfismo sexual estd patente no figado, devendo ser tomado em
consideracdo em investigagbes de ambito biomédico e farmacéutico (e.g.,
desenvolvimento de medicamentos). Esta tese aumentou o conhecimento sobre o
envelhecimento do figado e sobre o dimorfismo sexual neste 6rgdo, gerando novas
hipéteses e caminhos que serdo seguidos em estudos no futuro (estes recorrerdo a

técnicas estereoldgicas e de biologia molecular).
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Summary

It is recognised that the human population is getting aged while being generally assumed
that the liver endures time fairly well. Nevertheless, the aged liver is much more sensitive
to hepatotoxicants and liver fibrosis/cirrhosis is typically a disease of the elders, being
much more prevalent in the male gender; the same occurs in the rat. This inequality of
pathophysiology is often called gender dimorphism. Despite it is known for long that the
livers of male and female rats differ in enzyme activity, and more recently, also in gene
expression, it is still unclear whether gender dimorphism may be traduced
morphologically. The existing literature on this issue, as well as that on ageing effects in
the liver, is scarce and often contradictory. At microanatomical level, design-based
stereological methods, by their inherent unbiased nature, are the adequate tools to
quantitatively disclose such structural differences.

In view of the above, a triumvirate of cells [hepatocytes (HEP), Kupffer cells (KC) and
hepatic stellate cells (HSC)] were studied in the rat, seeking for differences in numbers or
cell ratios that could underlie the fibrotic trend of males in the pathological setting. Male
and female Wistar rats of 2 months (young), 6 months (adults), 12 months (middle-aged)
and 18 months (old) were used. In order to guarantee that every cell would be properly
recognised, we used immunohistochemistry tagging with antibodies against glial fibrillary
acidic protein (GFAP), for HSC, and against ED1 and ED2, for KC. For assuring that
mononucleated HEP could be separated from binucleated HEP (BnHEP), we used
immunomarking against carcinoembryonic antigen and E-cadherin. Firstly, the
quantification strategy was designed and tested, in baseline studies, and afterwards total
numbers (N) were estimated throughout ageing, using the optical fractionator. The mean
cell volume was also determined by an indirect technique (in the case of HSC) or directly
by the use of the nucleator (in HEP); for HEP, the nuclear volume was also estimated.
Lobular and interlobular collagen deposition was quantified by a classical point counting
method. Finally, we conducted a flow cytometry study (to assess ploidy differences) and
evaluated oxidative stress (as fibrosis is often triggered by reactive oxygen species).
Overall, the liver structure was preserved throughout ageing and gender (the diameter of
lobules was maintained, since the distance from portal tracts to central venules did not
vary with ageing, either in males or in females). According to our data, both the nhumber
and the mean volume of HSC were maintained throughout ageing in males and females,
even if differences existed in the volume of the perikaryon (due to increase content of
lipids), in the collagen deposition (only in males) and in the lobular location of cells; HSC
(positive to GFAP) predominated in periportal areas in aged rats (both male and female).
Regarding HEP, we showed that statistically significant gender differences existed in

young rats (females had smaller but more numerous HEP, with more diploid nuclei, and
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more binuclear cells); these gender differences were attenuated with ageing. The lipid
peroxidation of liver homogenates increased with ageing, but, overall, antioxidant
defences of old animals were comparable to that of young ones. Regarding KC, we also
noted significant gender differences (higher number of KC in females), that were
abolished in older animals. Interestingly, we found a co-localisation of cells types: indeed,
one third of HSC had KC as their neighbours.

We showed in this Thesis that the three cell types studied were significantly correlated
throughout ageing and gender (e.g., the N of HSC and of HEP) O this substantiates the
complexity of the liver and favours the existence of functional liver lobules. One of our
initial hypotheses (that males and older animals could have more HSC under normal
conditions) was not proved. However, we found previously undisclosed gender differences
for HEP in young animals, that may well justify the greater regenerative potential generally
attributed to females. Additionally, the gender differences in KC may underlie the
increased sensitivity of females to alcoholic liver disease. According to our data, gender
dimorphism exists in the rat liver and this should be considering in biomedical and drug
development research. This study markedly enhances the (still meagre) knowledge on
ageing and gender influences in the liver and points towards new research paths that will

be followed with complementary stereological and molecular biology approaches.



Chapter 1 - Introduction







1 - Introduction

1.1- General introduction to the liver

The liver is located in the right side of the abdominal cavity being the largest gland of
mammals. Ever since Hippocrates, several functions have been described in this organ. In
all species of mammals, the liver is hematopoietic during embryonic development, and
this capacity can be evoked later in life, in cases of chronic bone marrow disease. As to
the liver of adults, it is comparable to a high-tech factory, specialised distribution centre
and to an up-to-date sewage treatment plant. Indeed, the organ is the primary regulatory
site for energy metabolism, taking up and processing ingested nutrients, for controlled
distribution to extra-hepatic tissues. Moreover, it synthesises vital proteins, enzymes, and
cofactors required for normal body function, and, like an up-to-date sewage treatment
plant, the liver is responsible for the detoxification and elimination of a variety of
compounds. Anatomically, the number of liver lobes diverges between species of
mammals. In the rat four lobes can be considered: 1) the middle or median lobe (lobus
medialis), which is the largest, accounting for 38% of the liver weight, being fixed to the
diaphragm and abdominal wall by the falciform ligament; 2) the right lobe (lobus lateralis
dexter), which comprises around one fourth of the liver weight and is located in the
posterior hypochondrium; 3) the left lobe (lobus lateralis sinister), accounting for about
one third of the liver weight, located in the epigastric and left hypochondriac regions; 4)
the caudate lobe (lobus caudatus), recognised by their smaller size (8 to 10% of the liver
weight) and the two processes, papilaris and caudatus, also known as Spiegel lobe and
paracaval portion, respectively (Martins and Neuhaus, 2007). Except for the left one, all
those lobes are subdivided in two or more parts, since a considerable individual variation
exists (Kongure et al, 1999; Martins and Neuhaus, 2007). In contrast to most mammals, a
quadrate lobe (lobus quadratus) is not present in the rat and the liver has no gallbladder,
meaning that the organ is directly connected to the duodenum by the common bile duct
(ductus choleducus); despite this anatomical feature is not exclusive of the rat, its
functional implications are still unknown (Martins and Neuhaus, 2007). In rats, the liver
mass can represent up to 5% of total body weight in young animals, standing for = 3% in
adults (Martins and Neuhaus, 2007). This feature is fairly similar to humans: in adults the
organ weight is 1.3-1.7 kg depending on the sex and body size and it stands for 2-2.5% of
the total human body weight (Grisham, 2009). Interestingly, the liver lobes of the rat are
equivalent to the liver segments of humans defined by Couinaud (the median lobe, for
instance, corresponds to segments lll, 1V, V and VIII) (Kongure et al, 1999).

Regarding the vascular organisation, it was first described by Babylonians during

hepatoscopy practices, as far back as 2000-3000 before the common era (BCE) (Veiga,



2011)! The organisation of the liver is well adapted to all its functions, as the organ
receives 25% of the cardiac output. Around 70% of blood goes through the portal vein,
bringing blood with low oxygen content but highly enriched with nutrients. The remaining
30% of blood is oxygen-rich blood, brought by the hepatic artery (Roskams et al, 2007).
Blood from these two sources joins in the organ, but the mixture actually differs between
lobes and this underlies the lobar heterogeneity of the liver. In fact, blood from stomach
and spleen tends to go for the left side of the liver, and this pattern is seen in liver
metastasis from those organs (Roskams et al, 2007). This heterogeneity has been
observed in normal as well as in pathological conditions, such as acetaminophen
hepatotoxicity, chemical carcinogenesis and cirrhosis (Matsuzaki et al, 1997; Malarkey et
al, 2005). Even the regenerative potential differs between lobes, since 5-fold differences in
the number of proliferating hepatocytes (HEP) were recently reported (Deng et al, 2009)

Like in all other glands, the liver can be subdivided in parenchyma and stroma. The latter
is relatively scarce, when compared with most glands, but it includes many components:
the dense connective tissue of the Glisson’s capsule, the smooth connective tissue of
portal tracts, as well as reticular fibres that support all the parenchymal cells. In addition,
the stroma also includes blood vessels and biliary tracts present in the connective tissue.
The parenchyma represents = 95% of the hepatic volume (Weibel et al, 1969; Hashimoto
and Watanabe, 2000), being composed of cells with different, but complementary,
functions. HEP, often called parenchymal cells, are the most abundant occupying = 80%
of the hepatic volume (Blouin et al, 1977; Grisham, 2009). In all adult mammals those
cells are aligned in hepatic cords of one-cell thickness (Beresford and Henninger, 1986).
The parenchyma also comprises the littoral or non-parenchymal or sinusoidal cells. Whilst
the former terms are more frequent in biochemical studies (Bouwens et al, 1992), the
latter designation is the most common, and it has even been used to name a society
entirely devoted to their study (International Society of the Hepatic Sinusoidal Research).
These cells stand for = 6% of the hepatic volume (Blouin et al, 1977; Grisham, 2009) and
include (Figure 1.1): 1) pit cells, which are liver specific natural killer lymphocytes that
circulate within the sinusoids; 2) Kupffer cells (KC) that are liver specific macrophages,
attached to the sinusoidal walls; 3) liver sinusoidal endothelial cells (LSEC), known for

their typical fenestrae; and 4) hepatic stellate cells (HSC), with characteristic lipid droplets.



Figure 1.1 - Light micrograph of the liver parenchyma, with hepatic cords and sinusoids.
Their microanatomy is represented in the schematic drawing. LSEC: liver sinusoidal
endothelial cells; HEP: hepatocytes; KC: Kupffer cells; S: sinusoid; arrowhead: hepatic
stellate cells.

1.2- Microanatomical organisation of the liver

The liver has lobules like many other glands, but, except for the pig and few other species
of mammals (Ekataksin and Wake, 1991), their morphological recognition is feeble and
their functional organisation has generated controversy for more than 400 years (Malarkey
et al, 2005; Teutsch, 2005; Grisham 2009). The current conception is that the liver has a
continuous network of parenchymal and non-parenchymal cells, lacking true lobules even
in swine (Grisham, 2009). The first lobular concept to be proposed was defined by
Kiernan, after studies with pig livers (Kiernan, 1833). The classical hepatic lobule was
characterised by central venules, at the centre, and portal tracts at the periphery (Figure
1.2). Despite being often described as hexagonal (Fawcett, 1994), Kiernan originally
referred his lobule as polygonal and, in the case of the pig, pentagonal lobules
predominate (Ekataksin and Wake, 1991). In contrast, in humans, rats, and other species

of mammals, the shape of lobules is hardly definable, since interlobular connective tissue



(that connects portal tracts) is scarce or absent (Kmiec, 2001). The second concept to be
described was based in studies with the liver of rabbits and dogs O the portal lobule of
Mall (1906) was triangular, bearing central venules at the corners and the portal tract in
the centre. In contrast with this interpretation, Rappaport et al (1954) described a third
lobular concept after studying the vascular perfusion and the biliary secretion in the liver of
rabbits, rats and humans. The liver acinus is diamond-shaped, with a central line that
connects two portal tracts and having peripheral terminal hepatic venules (the central
venules of the classic lobules) (Rappaport et al, 1954). Meanwhile, other concepts
continued to be added, like the primary lobule (Matsumoto and Kawakami, 1982). This
latter is a cone-shaped unit, which extends the classical lobule to a three dimensional
perspective. Matsumoto and Kawakami (1982) additionally defined a vascular septum,
caused by blood flow adjacent terminal portal venules into sinusoids of two neighbouring
classical lobules (Matsumoto and Kawakami, 1982; Grisham, 2009). All these concepts
have been debated in the rat and most studies support that the primary lobule exists in
this species (Teutsch et al, 1999; Malarkey et al, 2005; Teutsch, 2005; McCuskey, 2008).
After studies with India ink injections and pig-serum induced fibrosis, Bhunchet and Wake
(1998) concluded the rat liver has central venules located at the periphery of the liver,
whilst portal venules and their branches are always located inside the organ. Those
authors proposed the portal lobule for the rat (Bhunchet and Wake, 1998), but it did not
gain much acceptance, as well as the liver acinus, which is considered unsuited for this
species (Teutsch et al, 1999; Malarkey et al, 2005). It is noteworthy that in recent years,
instead of morphological units, many authors have proposed functional organisations,
which are gaining some acceptance (Roskams et al, 2007). Such concepts include: 1) the
hepatic microcirculatory unit (McCuskey, 1993; 2008), which consists of a group of
sinusoids supplied by a single inlet venule; 2) the choleohepaton (Ekataksin and Wake,
1997), defined as a group of liver cells that drain bile to a single Hering canal and share
the same blood supply; and more recently 3) the stellate cell unit or stellon (Wake, 2006),
consisting of overlapping groups of HEP and LSEC that have cell-to-cell contacts with
HSC.

In geometrical terms, the classical lobule (as well as the primary lobule) can be
characterised by a porto-central distance (or radius), which has been determined in
different species (Ruijter et al, 2004). After sophisticated graphical reconstructions, such
distance has been estimated as 350 to 420 um in humans, encompassing 16 to 18 HEP,
whereas in rats this measures from 300 to 450 um (Wagenaar et al, 1993; Lamers et al,
1997; Ruijter et al, 2004).



Figure 1.2 - Light micrograph of the liver parenchyma immunostained against glutamine
synthetase, a marker of centrilobular hepatocytes (details of the immunostaining
procedure will be given in Chapter 2). The different lobular concepts are highlighted:
classical lobule (yellow), portal lobule (blue), acinus (red), primary lobule (green).

1.3- Chronic liver diseases and fibrosis

The first record of fibrosis dates back to 260 BCE, when Erasistratos, the founder of the
Alexandrian School of Medicine, recognised that ascites was caused by induration of the
liver due to fibrosis (Desmet, 1992). Obviously, science has evolved extensively and
nowadays liver fibrosis is defined as a wound healing response, in which an excessive
accumulation of extracellular matrix (ECM) takes place [0 especially collagen type |
(Moreira, 2007). Chronic liver disease (i.e., a disease with persistent symptoms and/or
laboratory signs for more than 6 months) often has liver fibrosis as their terminal end-
point. It is expected to occur in 25-30% of human patients (Povero et al, 2010). The scar
tissue disrupts the blood flow and compromises the free passage of substances from
blood to HEP, and fibrotic bands can be seen between different parts of the liver. Living
cells try to regenerate within these fibrotic bands, through an erratic and disorganised
response, forming small nodules that further disturb the blood flow in the organ. The
coexistence of widespread nodules and fibrosis are the hallmarks of cirrhosis. This term
comes from the Greek kirrhos, meaning tawny yellow, and it was coined by Laénnec, the
inventor of the stethoscope and a recognised pneumologist (Desmet, 1992). The
importance of liver fibrosis and cirrhosis is rising: nowadays, over 21 million people in the
world are estimated to live with chronic liver disease and about 800000 die each year. In
fact, cirrhosis is the most common non-neoplastic cause of death in Europe and United
States of America (USA), being the 7" most common cause of death in western countries
(World Health Organization, 2008). In Portugal, around 2000 people die per year due to
liver cirrhosis, meaning that it is the 10" cause of death in adults (although it may rank to



the 4™ cause of premature death, before the age of 70) (World Health Organization,
2008). The mortality is further increased via malignant transformation to hepatocellular
carcinoma, which is strictly associated. Indeed, the risk of developing hepatocellular
carcinoma in cirrhotic patients is 1 to 4% per year, meaning that this carcinoma is one of
the most rapidly increasing neoplasms in the USA and Western Europe (Bruix et al,
2004).

Chronic liver disease can be due to different causes, which can be grouped in: viral,
alcoholic, metabolic, hepatotoxic, autoimmune, genetic, and, finally, vascular causes. In
developed countries more than half of the cases are due to chronic hepatitis C virus
(HCV) and alcoholic liver disease. In Portugal, the latter is the leading cause, immediately
followed by HCV and hepatitis B virus (HBV) (World Health Organization, 2008). Among
metabolic causes of liver disease, the non-alcoholic steatohepatitis (NASH) is increasingly
recognised as another major cause of fibrosis, which is gaining importance in more recent
years, due to the current epidemics of obesity in more developed countries (Bataller and
Brenner, 2009).

As mentioned above, viruses are common causes of liver fibrosis. HCV was first defined
in 1989 as a single-stranded RNA virus that can be subdivided into groups depending
upon the virus genotype. It has been estimated that more than 170 million people
worldwide are chronically affected by HCV (Bataller and Brenner, 2009). It is transmitted
via blood and blood products and so the use of unscreened blood in transfusions and re-
use of needles have been major routes of transmission. Although much less common,
transmission can also occur sexually, vertically, via tattooing and ear-piercing or
acupuncture (Featherstone, 2008). The natural history of HCV differs from HBV because:
1) most cases of acute infection are clinically undetectable; 2) up to 85% of those will
become chronically infected; 3) cirrhosis may develop after an average of 20-30 years
(Featherstone, 2008; Bataller and Brenner, 2009). It should be noted that the peak for
HCV associated liver disease has been predicted for the first decades of this century (Lim
and Kim, 2008). This may have devastating consequences because a reduction of livers
available for transplantation (which is the most effective treatment option) has been also
forecasted (Povero et al, 2010).

Distinct patterns of fibrosis can be described, depending on the underlying cause of
chronic liver disease. The bridging fibrosis has septa, that in most cases connects portal
and central areas, and is typical of HCV and HBV-related hepatitis, whereas the
perisinusoidal fibrosis corresponds to ECM deposition in the space of Disse, being related
to alcohol abuse or NASH (Moreira, 2007). Fibrotic septa can also be seen in centrilobular
fibrosis, but in this case they develop between central venules and occur in patients

affected by chronic heart failure and liver stasis (Roskams et al, 2007).



Hence, the liver is characterised by a slow progression of liver fibrosis, in contrast with
other organs. Fibrosis may progress more rapidly, over weeks to months, in a few
conditions, but in most cases it progresses over years (Bataller and Brenner, 2009). This
progression is influenced by a number of clinical features, like the hepatic iron content,
daily alcohol intake, obesity, diabetes mellitus, as well as individual factors, like age and
male gender. In fact, older age at the time of infection is particularly relevant for HCV-
related fibrosis progression. Patients aged over 50 years have a progression of fibrosis
twice as high as people under that age (Kage et al, 1997). This applies for both genders,
since after menopause the progression of fibrosis in man and women is virtually identical
(Di Martino et al, 2004). In fact, as it was recently reviewed by Hoare et al (2010), studies
over the last 20 years have linked age with the clinical outcome of a variety of liver
diseases besides HCV, like HBV, primary biliary cirrhosis, alcoholic liver disease,
autoimmune hepatitis, NASH, alpha-1 anti-trypsin deficiency, hemochromatosis and
Budd-Chiari syndrome.

Regarding gender, females not only have a slower progression of fibrosis, but also a lower
evolution towards hepatocellular carcinoma; this results in two thirds reduction of risk for
women comparing to men (Shimizu et al, 2007). This slower progression of fibrosis
applies for HCV and HBV-related disease, as well as for NASH. Except for autoimmune
liver diseases, cirrhosis is largely a disease of men (Harrison et al, 2002; Shimizu et al,
2007). This stands for most countries in Europe O in Portugal, deaths from chronic liver
diseases and cirrhosis are 3.4 times more frequent in men than in women (World Health
Organization, 2008).

In the rat, the same progressive trends appear to exist (Pinzani, 2004). Although some
contradictory data has been reported (Zivna et al, 2001), classical studies by Reuber and
Glover (1968) with hepatic fibrosis induced by subcutaneous CCl, injection described less
severe cirrhosis in females. While Blain et al (1999) argued that females were more
susceptible to the fibrotic drive produced by this substance another group confirmed the
stronger fibrosis in males using the CCl,; model (Xu et al, 2002). Additionally, this was also
showed in fibrosis induced by dimethylnitrosamine (Yasuda et al, 1999) and by pig-serum
(Shimizu et al, 1999). Sex steroids play some role, as exogenous and endogenous
oestradiol has been shown to suppress the induction of both fibrosis and chemical

hepatocarcinogenesis in the rat (Shimizu et al, 1998).

1.4- The study of liver fibrosis
The understanding of liver fibrosis has progressed markedly in the last decades.
Obviously, most of the studies were performed in animal models, in order to overcome the

issues involved in studying the human liver (like ethical constrains and scarcity of
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material). Hepatic fibrosis has been induced by several methods that can be categorised
by their aetiology: (1) hepatotoxins, which includes the CCl, administration or the injection
of thioacetamide or dimethylnitrosamine; (2) nutritional, like the use of a choline deficient
diet; (3) immunologic, in which heterologous serum, usually from pig, is injected; (4)
biliary, by ligating the bile duct. All these methods have their advantages and
disadvantages and it should be noted that no model replicates exactly the human fibrosis
(Tsukamoto et al, 1990; Wasser and Tan, 1999; Li et al, 2002). The most used methods
have been the CCl, and thioacetamide administration (Natarajan et al, 2006). The former
depends on the conversion of CCl, into trichloromethyl free radical (CClse). This occurs by
the cytochrome P450 (CYP) of HEP, which leads to lipid peroxidation and membrane
damage (Natarajan et al, 2006). After fatty change and central necrosis, fibrotic septa
develop, linking two central venules and crossing a mid-point between portal-portal
connecting lines (Roskams et al, 2007). Regarding other hepatocarcinogens, the most
used have been dimethylnitrosamine and thioacetamide (Natarajan et al, 2006). They do
not cause fatty change, and cirrhosis is stable several months after the discontinuation of
drugs (Wasser and Tan, 1999). It is considered that those models best replicate human
cirrhosis and the associated liver cancer (Wasser and Tan, 1999; Passos et al, 2010).

The knowledge about the mechanisms underlying fibrosis has also increased substantially
over the last 40 years: it was initially thought to be a passive process of hepatocellular
damage with condensation of the pre-existing stroma, but nowadays it is viewed as a
dynamic process of continuous ECM remodelling. The eighties had an important
milestone in the study of liver fibrosis, since it was then established that HSC were the
main collagen producing cells, regardless of the underlying aetiology (Martinez-
Hernandez, 1985; Friedman et al, 1985). These cells are pivotal, but it should be stressed
that, except for pit cells, all liver cells produce one or more components of ECM (Moreira,
2007). After a liver injury, HSC are firstly stimulated by damaged HEP that release
reactive oxygen species (ROS) (Gressner et al, 1995) and afterwards by KC (and also
leucocytes) that accumulate locally (Geerts, 2001). All these cells produce a number of
factors that drive to the activation of HSC and to the deposition of ECM, typical of liver
fibrosis (Greenwell et al, 1994). It should be noted that liver fibrosis can occur unrelated
with HSC activation; indeed, biliary fibrosis is characterised by proliferative bile ductules

and ECM production by portal fibroblasts (Povero et al, 2010).

1.5- The study of ageing, gender and the liver
Gerontology research involves the study of normal ageing processes and age related
diseases. This research has increased in the last decades and several journals are strictly

devoted to the subject (e.g., Mechanisms of Ageing and Development, Journal of
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Gerontology, and the more recent Current Gerontology and Geriatrics Research); this is
certainly driven by the fact that the human population is getting aged. It is estimated that
the number of persons aged over 85 years will increase by 40% in the next decades
(Schmucker and Sanchez, 2011). It has been established for long that normal ageing
presents a loss of cells and/or functions in many organs, including bone, muscle and
brain.

The laboratory rat has been the main species used in gerontology research. The short
lifespan, moderate size, low maintenance costs of this species allied to a good
temperament, permitting easy handling, and a wealth of published physiological and
biochemical data (at least in young animals) makes the rat a good model to study the
changes of ageing (Sharp and La Regina, 1998; Nadon, 2006). Some countries even
have specialised facilities that support gerontology research, either by grants, or by
providing a constant number of aged rodents throughout the year. The National Institute
on Ageing in USA, for instance, supplies three strains for ageing studies: the Fischer 344,
the Brown-Norway rat and the Fischer 344-Brown-Norway F1 hybrid. The Fischer 344 (or
simply named Fischer) is the most popular strain in ageing studies in that country (Nadon,
2006). However, Long Evans, Sprague-Dawley and Wistar rats are also frequently used in
ageing studies in Europe and also in USA (Sharp and LaRegina, 1998). Whatever the rat
strain chosen, the animals must be free of infectious diseases, the water and food should
be given ad-libitum, using a nutritionally complete rodent chow. Regarding husbandry, the
animals should remain active and environmental stresses (such as noise and animal
density) should be minimal throughout all the duration of study (Nadon, 2006).

The maximum lifespan of wild rats is about 600 days (= 19 months) and 700 days (= 22
months) for males and females, respectively, but their median lifespan (in which there is a
50% survival) is considerably shorter (Nadon, 2006). The laboratory rat usually lives
longer than its wild relative. For Wistar rats, for instance, the maximum lifespan is about 3
years and their median lifespan has been reported to vary from 19 months (Porta et al,
1980; Sawada and Carlson, 1987) to 24 months (Porta et al, 1980; Manikonda and
Jagota, 2012); female Wistar rats live 2 months more, in average (Ghirardi et al, 1995). In
the rat, full adulthood is generally attained at 4 to 6 months of age, and animals older than
the median lifespan are usually considered as senescent (Nadon, 2006). This term refers
to the presence of age related dysfunctions and diseases that typically begin during
middle-age and exponentially accelerate mortality rates. As to reproductive parameters,
puberty occurs at 40 to 60 days of age (Quinn, 2005), when a 4-5 days oestrous cycle is
established. These cycles tend to be lengthened after 12 months, whilst reproductive
senescence [i.e., the existence of oestrous cycle abnormalities (anestrous, chronic

oestrous and pseudopregnancy)] usually occurs between 15-24 months (Vom Saal et al,

9



1994; Quinn, 2005). Comparing rats to humans, the 2 months old Wistar rat can be
considered equivalent to an adolescent (aged = 15-16 years), whilst 12 and 18 months old
rats can be viewed as comparable to humans aged = 40 years and = 55 years,
respectively (Collier and Coleman, 1991; Quinn 2005).

The liver, unlike most other organs, does not exhibit marked changes in either the
structure or function during the ageing process. Nevertheless, there is a loss of hepatic
volume and a decline in perfusion, which affects the clearance of some drugs, as well as
their sensitivity to toxins (Vollmar et al, 2002; Schmucker and Sanchez, 2011). Some
evidence exists that liver regeneration tends to be compromised in the elder and this is
mirrored in the number of deaths by liver diseases: they increase 3 to 5-fold after 65 years
of age (Regev and Schiff, 2001). As earlier mentioned, the number of patients in the
waiting list for liver transplantation does not cease to increase (Figure 1.3). To cope with
the increasing demand for organs to be used in transplantation it is tempting to increase
the age of liver donors (nowadays only patients younger than 60 years are included in this
list). Since there is some evidence that livers from older donors may be less viable than
those from younger ones (Washburn et al, 1996; Busquets et al, 2001), it is important to

have an in-depth knowledge about the ageing liver.

20000
£
c
2 15000 -
S
kS
g 10000

1995 2000 2005 years

Figure 1.3 - Number of patients in the waiting list (red line) versus number of transplanted

livers (blue line) in the millennium transition in USA [adapted from Thuluvath et al (2010)].

However, studies in human aged livers are rare, since they suffer from dependence on
post-mortem samples or on samples from subjects diagnosed with liver disease
(Schmucker and Sanchez, 2011). The livers of most rat strains are fairly similar to
humans, either microscopically or functionally. Moreover, they are not affected by any
specific age-related disease and the rat liver functions are fairly maintained in aged
animals. Nevertheless, studies using ageing rat liver have been mostly qualitative
(Schmucker and Sanchez, 2011) and conflicting results have been reported, for instance,

regarding the number of HSC, volume of HEP or even the size of liver lobules (Vollmar et
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al, 2002; Schmucker and Sanchez, 2011). It is generally accepted that the liver of aged
rodents shows some reduction in perfusion, variations in the size of HEP and that these
cells tend to increase their nuclear ploidy (Schmucker and Sanchez, 2011). This may
affect certain functions, like the clearance of drugs that undergo phase | hepatic
metabolism, because the activity of CYP seems to be reduced in old rats (Popper, 1985).
Additionally, as in humans, there is a marked decline in the rate of hepatic regeneration
after a chemical injury, or after partial hepatectomy (Schmucker and Sanchez, 2011). It
should be emphasised that there have been few detailed and comprehensive quantitative
studies on liver morphology during ageing and that those used the typical “ageing strains”,
like Fischer (Schmucker et al, 1978). It should be kept in mind that those strains are rarely
used in hepatic fibrosis research and that differences between strains (as well as with
gender) probably exist in this regard (Popper, 1985). For instance, strain differences in
serum-induced fibrosis have been reported: Brown-Norway, Sprague-Dawley and Wistar
rats differed not only in the severity of fibrosis, but also at the level of cellular infiltrations
(Baba et al, 2004). Most studies in liver fibrosis currently use Wistar and Sprague-Dawley
strains, and in most cases only males (Figure 1.4). By searching for “liver fibrosis” and
“Wistar rat”, “Sprague-Dawley rat” or “Fischer rat” in the Web of Knowledge®" it can be
perceived that: 1) the typical “ageing strains” (Fischer, Brown-Norway) are marginally
employed; 2) female animals were used (with or without males) in less than 20% of the
studies published over the last two decades (Figure 1.4). It is noteworthy that this “male
bias” is a current concern in many fields of biology: in neurosciences, the ratio of male to
female studies is 5.5 to 1 and there is a recent call for considering gender differences in

biomedical research and in drug development studies (Kim et al, 2010; Scotland et al, 2011).
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Figure 1.4 - Number of studies in the Web of Knowledge®" devoted to liver fibrosis using
Fischer (green columns), Wistar (yellow) and Sprague-Dawley rat strains (blue columns).

The stippled part of the columns corresponds to studies that included females; (*)
estimated from data concerning the years of 2010-12.

11



Ageing effects are not restricted to HEP, since the phagocytosis of KC as well as
endocytosis of LSEC have also been reported to be reduced (Brouwer et al, 1985; Hilmer
et al, 2007). In addition, the immune response and number of mast cells after acute liver
injury have been shown to be reduced in older rats (Grizzi et al, 2002). More recently, the
effects of age in HSC begun to be highlighted (Warren et al, 2011). However, in all those
studies, the information was much more qualitative than quantitative (simplistic “numbers
per area” were reported) and the special techniques devoted to quantification of cells in
histological slides (that will be developed in following sections) were never used.
Moreover, those studies included only males; none evaluated if gender differences were

relevant for the course of ageing in the liver.

1.6- The use of stereological methods in liver research

Histological evaluation of the liver is often required for several purposes, such as the
diagnosis of drug-induced hepatitis and non-alcoholic fatty liver disease, or to assess the
severity of damage in chronic hepatitis. Liver biopsy continues to be the gold standard for
grading liver fibrosis and diagnosing hepatocellular carcinoma. Regarding the former, a
precise quantification of fibrotic tissue, both in clinical studies and in experimental models,
has been pursued over the last decade (Dahab et al, 2004). It was shown that the relative
volume, determined by point counting, is undoubtedly useful in the evaluation of hepatic
fibrosis (Vertemati et al, 2004), in the diagnosis of hepatocellular carcinoma (Vertemati et
al, 2008), and in assessing hepatic steatosis in liver biopsies (Catta-Preta et al, 2011).
Stereological methods are nowadays viewed as essential to quantify cells or other type of
structures embedded in 3D universes, in an unbiased and reproducible manner. A quarter
of century has passed since the milestone that marked the beginning of the so-called
“design-based” generation of stereological methods (Sterio, 1984). These continue to be
updated with the advent of new tools (Gundersen et al, 1988; Gardi et al, 2008; Stark et
al, 2011) and applications in different fields of knowledge, with a traditionally special
emphasis to neurosciences (Mayhew and Gundersen, 1996; Mouton, 2002). Nowadays,
this generation of methods coexists with the old “model-based” strategies, but differences
exist between the two methodologies: the “design-based” approach typically implies that
no strict assumptions (about shape, size, orientation or distribution) are made about the
objects under study and, instead, that a system of sampling rules is designed in order to
ensure that all objects, in the targeted space, have the same probability of being sampled
and hit by the desired probe (Geuna, 2005). Although some controversy still exists
regarding the best suited methodology, it should be noted that the choice of method for
each case should rely on the nature of the material under study, the type of object being

quantified and on the level of accuracy required (Guillery, 2002). The latter is quite
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important since it is recognised that assumptions inherent to “model-based” strategies
cause an uncontrolled amount of bias, which only emerge when estimations by “model”
and “design-based” techniques are compared in detail (West, 1993; Von Bartheld, 2002).
To the best of our knowledge, this has never been performed in liver research.

It is curious that in terms of structural and functional complexity the brain is said to be
immediately followed by the liver (Malarkey et al, 2005), but in the use of stereology these
organs are ranked far apart. A search in Web of Knowledge®" using the keywords
“stereology/stereological” and “brain” renders around 3 times more results comparing with
“stereology/stereological” and “liver”. The number of studies in both rodents and humans
is still relatively low: apart from data gathered in normal conditions, at least for the rat
model (Marcos et al, 2004; 2006; Santos et al, 2009), stereological tools already enabled
detailed analyses of the effects of few substances (Valenca et al, 2008; Halici et al, 2009;
Karbalay-Doust and Noorafshan, 2009; Odaci et al, 2009) and specific diets (Aguila et al,
2003; Souza-Mello et al, 2007; Altunkaynak and Ozbek, 2009) in selected hepatic cells.
However, those technical tools have never been used to disclose morphological features
of the ageing process in the liver, and the eventual gender dimorphism that may be

present during that course.

1.6.1- Sampling liver fragments for stereological purposes

The sampling strategy is often overlooked outside the stereology field (Ochs, 2006). In
stereology, the minimum workload should be always balanced with the aimed precision of
the quantitative information, considering the natural biological variability. The two pillars of
the current strategies are the principles of both random and systematic samplings, in
order to give each patrticle (e.g., a cell) being studied an equal opportunity to be sampled
(Kordower, 2000). In other words, the entire structure is sampled with equal probability —
meaning that two or three presumably “representative” sections from the middle of the
organ may be unacceptable in the light of stereology, since they produce an undetermined
amount of bias if cells are unequally distributed in the organ (Dorph-Petersen et al, 2001),
or if they contain regional differences (intrinsic or derived from local factors such as
differential vascular supply in a disease). Thus, using a fragment of a single liver lobe is
inherently unrepresentative, since lobar heterogeneities have been described in normal
and pathological conditions (as discussed in the beginning of this Chapter).

In a detailed and correct approach, the whole liver volume is first estimated and then a
sampling cascade is applied, in order to obtain truly representative samples of all parts of
the organ. Usually, around 5-10 pieces are analysed per animal to offer sufficiently
precise and accurate estimates across a group (Marcos et al, 2004). Basically, two types

of sampling have been applied in rodents to obtain liver pieces for fixation and processing
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(Figure 1.5): 1) independent random sampling; 2) systematic uniform random (SUR)
sampling. In the latter, the sampling variance is always reduced by a (natural or artificial)
“smooth” arrangement of fragments: in the so-called “smooth fractionator”, the fragments
obtained from macroscopically slicing an organ (preferably with a constant slice thickness)
are placed in a diamond-shaped pattern so that the size increases from each end to the
middle (Nyengaard, 1999; Gundersen, 2002).
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Figure 1.5 - Sampling cascade that can be applied in the liver: the liver is cut in slices (A),
which are chopped in small fragments (B). Afterwards, the pieces can be selected by: (C)
independent random sampling; in this case, five random numbers are taken from 1 to 19;
(D) systematic uniform random sampling, meaning that the first fragment is taken at
random (from 1 to 4, in this example) and then fragments are systematically sampled
(every 4™ fragment). In (D) a smooth fractionator was performed, as the pieces were
rearranged smoothly, in a diamond shape pattern (with larger pieces in the middle and
smaller ones at the periphery). (Image published in Marcos et al, Journal of Anatomy, 2012.)

In some species (e.g., many fishes), the liver is naturally smooth arranged after
sectioning, but, for instance in the rat, it is irregular (as described in the beginning of this
Chapter), and the liver slices have to be reordered in the desired smooth distribution
(Figure 1.5D). This will add an extra (but easy) step while sampling liver pieces, but
considering the gain in sampling efficiency it is worth doing, as already illustrated by us in

rats (Marcos et al, 2004). The use of SUR sampling has a consequence in terms of

determining the coefficient of error (CE): the conventional formula (CE=CV / Jn , where
CV and n refer to the coefficient of variation and number of objects measured or counted,
respectively) often does not apply, because fragments are not completely independent
from each other (for instance in Figure 1.5D, the 6™ fragment [#17] is only sampled if
fragment #1 was sampled, i.e., if 2 was the random number picked and the sampling
period was 4). For this reason, special formulas for estimating the CE have been
developed and tuned up over time, for instance, for the V estimation with the Cavalieri-

point counting method (Gundersen et al, 1999) or for the N estimation with the fractionator
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(Schmitz and Hof, 2000); these newer formulae incorporate the systematic sampling
variation, which comes from the variation of the targeted stereological parameter between
each section (Howard and Reed, 2005).

It is opportune to mention that, recently, a non-uniform random sampling method was
developed: the proportionator (Gardi et al, 2008) is said to increase the efficiency for up to
25%, when compared with SUR sampling (Boyce et al, 2010). Although never used in the
liver, it may be useful in studies with histochemical or immunohistochemical staining [e.qg.,
after centrilobular staining with antibodies against glutamine synthetase (GS)]. In that
case the sampling of all fields would be proportional to the staining intensity, determined

by image analysis (Boyce et al, 2010).

1.6.2- Fixation and processing of liver pieces for stereological purposes

Fixation and processing for microscopy always produces artefacts in tissues and the liver
is not an exception. The choice of fixative depends mainly on the type of analysis, if light
and/or transmission electron microscopy (or other) are being considered, and on the
targeted cell; eventually requiring specific tagging for proper identification, for instance by
immunohistochemistry. Fixation delay, the type of fixative and its acidity have been
reported to play a role (Baak et al, 1989, Wisse et al, 2010). In optical microscopy, most
studies use buffered formalin, because it is reported to produce fewer artefacts. Bouin’s
fixative and mercury formalin, for instance, have been reported to reduce the nuclear
profile area of HEP by 25% (Baak et al, 1989). Moreover, the fixation route may also be
important: perfusion fixation (through the portal vein or transcardiacally) always renders
the best fixation (Wisse et al, 2010) but, by flushing the vascular bed, it was reported as
providing estimates of volume fraction of sinusoids that are greater when compared with
immersion fixed livers (Blouin et al, 1977). Even the dehydration step can influence
stereological estimations, since it was proved that the numerical density of nuclei in
acetone dehydrated liver pieces is larger than in ethanol dehydrated ones (Baak et al,
1989). Ultimately, it is the embedding medium that will majorly affect the stereological
estimations and, consequently, several issues have to be considered when choosing the
best embedding medium for a particular study.

Paraffin embedding is usually sufficient for routine diagnosis and may be adequate for
most clinical applications of quantitative histopathology, if bias is controlled by careful
standardisation (Laderkarl, 1998). Optimal processing is crucial in paraffin embedding,
because relatively subtle changes in procedures may have a dramatic influence in the
measurement results (Laderkarl, 1998). With paraffin, serial sectioning is easy, good
morphology is achieved and nowadays it is compatible with most antibodies used in

hepatology. Although differential z-axis compression along the section and shrinkage can
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undermine the estimations, it has been commonly recommended for counting particles
(Von Bartheld, 2002; Geuna, 2005). Some authors still recommend frozen cryostat
sections for counting procedures (Baryshnikova et al, 2006), but it should be noted that
the morphology is generally poor and serial sectioning (often required in stereological
procedures) is not easy (in our experience), being even reported as extremely difficult
(Von Bartheld, 2002). On the other hand, the (much more expensive) methacrylate and
epoxy resins provide excellent preservation of structural details with very little shrinkage
and distortion; although embedding is more cumbersome than with paraffin, they provide
very thin sections and are generally recommended for volume estimations (Laderkarl,
1998); methacrylate can actually provide a broader range (0.5-40 um) of section thickness
when compared to paraffin. Shrinkage and unequivocal cell identification are the two
factors to keep in mind when processing tissues for stereological studies, particularly
those targeting cell sizes. It is unanimously agreed that shrinkage is relevant in volume
and area estimations in cryostat and paraffin sections, but not in methacrylate or epoxy
ones (Laderkarl, 1998; Mouton, 2002). Due to shrinkage, cells appear smaller and closer
to each other in paraffin and cryostat sections. Shrinkage is less pronounced in the latter:
the nuclear area of guinea-pig HEP in cryostat sections was 16% larger when comparing
with paraffin (Baak et al, 1989). Since cells appear closer to each other, shrinkage also
influences number estimations (viz., the numerical density). In all these cases, it must be
measured in order to correct final estimations. A simple way to do this is to photograph a
liver fragment before fixation and processing and after sectioning and mounting; a
comparison of the fragment area in the 2 images estimates the two-dimensional (2D)
shrinkage (Mouton, 2002), which can then be used to correct the three-dimensional (3D)
estimates.

Unambiguous cell identification is essential for all stereological estimations: if only a
fraction of cells are identified and counted/measured the estimation will not (or only by
chance) represent the whole cell population. In the liver this is of particular importance
since the routine haematoxylin-eosin staining does not allow a reproducibly accurate
identification of some cells — like virtually all HSC and some KC (Malarkey et al, 2005;
Roskams et al, 2007). In this vein, the need for special tagging procedures like
immunohistochemistry will have to be weighed: if most antibodies work equally well in
cryostat and paraffin sections, they do not in methacrylate ones (in this case, a special

glycol methacrylate for immunohistochemistry will have to be considered).

1.6.3- Estimation of volume by stereological methods
With the liver tiers in mind, various volumes can be estimated: whole liver volume (V), the

volume density of each structural component (Vy) and the local volumes, which include
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the number-weighted volume (vy) and the volume-weighted volume (v,) of any
structurally definable “particle”, such as the nucleus or the cell.

In hepatology, the V.n is often required in animal experimentation, namely for assessing
hepatomegaly in toxicological studies in the rat (Carthew et al, 1996) and in clinical
medicine in humans, as an indicator of therapeutic effectiveness or in the evaluation of
liver cirrhosis (Sahin et al, 2003). In addition, this estimation is crucial in liver
transplantation, especially with living donors, since the volume of the graft and of the
remaining liver have to be (ideally) precisely estimated preoperatively to avoid
postoperative complications (Duran et al, 2007). In humans, accurate information about
the liver volume can neither be obtained by routine physical examination nor from biopsy
material (Sahin et al, 2003).
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Figure 1.6 - Methods to estimate total volume (V) of liver. (A) Fluid displacement, in which
the liver is immersed in graduated cylinder and V =V, - V; (corresponding, respectively, to
the volume after and before immersion). (B) The Scherle’s method consists of a container
with isotonic saline, placed on a precision weighing balance. The liver is fully immersed
but suspended by a thin thread and V = (W, - W;) /0o, in which W, and W, correspond to
the weight after immersion and weight of the container with water, respectively, and ¢ is
the specific gravity of isotonic saline; as o = 1.0048, in practice V = W, - W;. (C) In
Cavalieri point-counting the whole organ must be cut, from end to end, in a series of
parallel planes constantly distanced by (T); to avoid bias, the first section must be uniform
random in an interval O-T. A point grid is used, with an area associated with each point (a/
p). By counting the number of points (P), the areas of the cut surfaces (Zareas) are
determined, and finally V is estimated as V = T x a/p x ZP. (Image published in Marcos et
al, Journal of Anatomy, 2012.)
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Presently, three methods exist for estimation of the liver volume (Figure 1.6): 1) direct fluid
displacement; 2) Scherle’s method; and the 3) Cavalieri's principle, which is most often
associated with point counting and can be applied to microscopy or radiological images.
The fluid displacement approach is based on Archimedes’ principle, in which the whole
organ is immersed in a suitable liquid and the displaced fluid volume is directly measured
in a graduated cylinder. It is more suitable for small livers, like in the rat (Altunkaynak and
Ozbek, 2009), tending to be less practical and precise in large organs that do not fit well in
a graduated cylinder or beaker (Sahin et al, 2003); it should be noted that the sensitivity of
the estimation depends directly on how finely the container is calibrated (Mouton, 2002).
The second method is a modification introduced by Scherle (1970) over forty years ago. It
has been used in mouse (Karbalay-Doust and Noorafshan, 2009) and rat liver (Aguila et
al, 2003; Souza-Mello et al, 2007; Valenca et al, 2008; Halici et al, 2009). In the Scherle’s
method, the organ is also fully immersed in fluid (of known density), but now suspended
by a thin thread (care must be taken so that the liver does not touch the side or bottom of
the container) — because the density of the used fluid is typically 1 (e.g., for the common
isotonic saline, 0.90% wi/v of NaCl, the density is 1.0048), in practical terms the V
corresponds to the weight increase after immersion (Scherle, 1970; Mandarim-de-
Lacerda, 2003). It is more precise than water displacement, being recommended for
larger organs (Mandarim-de-Lacerda, 2003; Howard and Reed, 2005). The most used
technique nowadays is that of the Cavalieri. Paradoxically, this method was developed in
the seventeenth century by the mathematician Bonaventura Cavalieri (1598-1647). Its
implementation requires that the whole organ must be cut from end to end in a series of
parallel planes distanced by (T); to avoid bias, the first section must be uniform random in
an interval 0-T. The areas of the cut surfaces are typically estimated by a point grid (but
other type of measurements, even automated, can be used), that has a known area
associated with each point (a/p). By counting the number of points (P) falling on the liver
surface in every section, the V is then calculated as:
V=Txalpx2zP

In practical terms, only a few hundred points (around 200) on 10-15 sections need to be
counted per organ, in order to get an acceptable CE around 5-10% (Howard and Reed,
2005). It should be stressed that point-counting is actually a very fast process. In mouse
and rat, the liver is easily embeddable but in the case of large organs other strategies
exist: 1) it can be embedded in agar, sectioned, and the Cavalieri directly applied to the
slices — this is a common approach in brain studies (Mouton, 2002); 2) the liver can be
trimmed and then sampled into a small known organ fraction, using the fractionator

(Gundersen, 1986), embedded in plastic resin (methacrylate) or in paraffin and the
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Cavalieri-point counting applied to microscopy images — this so-called “volumetric
fractionator” was originally developed for the lung (Geiser et al, 1990), but was applied
recently in the liver (Altunkaynak and Ozbek, 2009); 3) quantitative radiology may be used
(Roberts et al, 2000). In the latter method, virtual “slices” are produced by computer
tomography (Sahin et al, 2003; Mazonakis et al, 2004; Aydinli et al, 2006; Duran et al,
2007) or magnetic resonance (Sahin and Ergur, 2006), and point counting is then
straightforward. In the liver, the three methodologies produced similar and correlated
results (Sahin et al, 2003; Altunkaynak and Ozbek, 2009), although it may be argued that
fluid displacement and Scherle’'s method are simpler and have the advantage of
generating estimations closest to the in vivo reality, when compared with the Cavalieri-
point counting after embedding and cutting (which generates estimations closer to the
final dimensions of the tissue). Nevertheless, this issue may be obviated with radiology
images, in which the Cavalieri-point counting estimates the volume of a fully blood
perfused organ (Duran et al, 2007). The Cavalieri-point counting has one interesting
advantage of allowing the estimation of subcomponent volumes — e.g., volume of the
parenchyma and sinusoids (Howard and Reed, 2005; Altunkaynak and Ozbek, 2009) —
whereas it may not require much additional effort when integrated into the sampling
scheme for light microscopy (Marcos et al, 2003, Howard and Reed, 2005).

The volume density (also named relative volume or volume fraction) is a ratio between
volumes O for instance, the V(HEP, liver) stands for the volume occupied by HEP in the
whole liver. This is an intuitive parameter, unbiasedly estimated by overlaying a test-
system of points (Figure 1.7) and then counting those falling over the HEP and those over
the reference space (the whole liver in this case). The ratio of points (P), gives the

estimation of volume:
Vv(HEP, liver) = Ps(HEP, liver) = P(HEP) / P(liver)

According to the Delesse’s principle — dating from 1843 but only used in the biology field
from 1963 on (Mouton, 2002) — the volume fraction of an object also varies proportionally
to their area fraction as measured in random 2D sections or planes, thus meaning that
Vv(HEP, liver) = AA(HEP, liver) = Pp(HEP, liver). In other words, this means that each
point controls an area in a 2D liver section, which is related to a defined volume in the 3D
organ (Howard and Reed, 2005). The volume fraction is one of the oldest stereological
parameters and virtually every liver structure has already been point-counted, either in
optical and/or electron microscopy. Most of the gathered information refers to the rat; in
other species the data is relatively scarce, but curiously points to the same figures, since
for example the mean V\(HEP, liver) in mouse ranges from 70.9 % (Karbalay-Doust and

Noorafshan, 2009) to 78.0% (Neves et al, 2006), whereas in man it was estimated as
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79.3% (Rohr et al, 1976). It is noteworthy that in recent years point counting (incorporated
in image analysis software) has been also used in pathological conditions, namely for
evaluating the degree of cirrhosis (Vizzotto et al, 2002; Vertemati et al, 2004), the
outcome of liver transplants (Vertemati et al, 2005), and the diagnosis of hepatocellular
carcinoma (Vertemati et al, 2008).

Point counting can be used jointly at different resolution levels, such as at light and
electron microscopy. For instance, the volume fraction of the HEP in the parenchyma is
determined by the former and the volume fraction of mitochondria in HEP determined by
the latter (Blouin et al, 1977). When determining the volume fraction of rare or small
structures, a grid with at least two sets of points with different densities is recommended.
Volume fraction estimations are granted unbiasedness if some conditions are met: 1) the
objects (cells or organelles) must be cut at random, following a randomised sampling
design; 2) over-projection has to be negligible 0 this occurs when the section thickness is
less than one-tenth of the height of the particle being studied (Weibel and Paumgartner,
1978). A third potential pitfall is the differential shrinkage, i.e., uneven shrinkage
throughout the organ due to processing (Dorph-Petersen et al, 2001); however, in contrast
with the lung (Ochs, 2006), this is not considered relevant in the liver, since it is a
homogeneous organ. This does not mean that differences in the volume ratios do not
occur due to processing — as already mentioned, the volume fraction of sinusoids is
higher in organs fixed by perfusion than those fixed by immersion (Blouin et al, 1977).
Volume estimations also include the so-called local volumes, typically applied to cells or
more often to their nuclei O i.e., the nuclear vy and vy. The vy is not an intuitive
parameter as it involves sampling the particle (say the nucleus) in proportion to their
volume, therefore traducing the nuclear size variation and pleomorphism (Sgrensen,
1992). It is mostly used in histopathology, since the parameter quantitatively grades
malignancy, being correlated with prognosis in different neoplasms (Binder et al, 1992;
Sgrensen, 1992; Fujikawa et al, 1995; Ladekarl, 1998; Yo6rikoglu et al, 1998). The nuclear
vy of HEP was determined only once in preneoplastic lesions in the rat (Jack et al, 1989),
but this parameter may be useful for differentiating regenerative nodules from well

differentiated hepatocarcinomas.
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Figure 1.7 - (A) The relative volume of hepatocytes (HEP), V\(HEP, liver) is estimated by
counting those points falling on HEP and those in the reference space (the whole liver in
this case). In order to avoid counting an excessive nhumber of points, two different point
densities can be used: the sparser ones (here in red) quantify larger structures. The Vy
(HEP, liver) = P(HEP) /[P(liver) x K], in which K is a constant, representing the number of
denser points "controlled” by sparser ones (here k = 9). (B) Estimation of the volume-
weighted mean nuclear volume (V) according to the point sampled intercepts. The nuclei
are sampled according to their volume, by overlaying a grid of points at random and, for
each nucleus hit by a point, the distance between both ends of the nuclei (white crosses)
is measured. (C) Nucleator method for estimating number-weighted mean cell volume
(vn) of HEP. After applying the disector to sample cells and selecting their nucleolus
(when visible) the stereological system generates two lines passing through it; the
operator then marks the intersections between the lines and cell borders (in this example).
The average distance from the intersections to the nucleolus is used to estimate the (Vy).
(Image published in Marcos et al, Journal of Anatomy, 2012.)
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The unbiased estimation of the nuclear vy is based on measurements of point sampled
intercepts (PSI) in isotropic uniform random oriented sections (Jensen and Gundersen,
1985). The PSI method is a two-step procedure that involves: 1) sampling the particles
(cells or nuclei) according to their volume, by overlaying a grid of points at random; 2) for
each particle hit by a point, a line is drawn from the point to the particle border, in an
isotropic direction (i.e., all directions to the border are possible and equally probable); 3) a
second line is drawn in the opposite direction and both distances are measured using a
rule, with a linear or a non-linear scale (Figure 1.7). The vy is then derived by applying the
formula:
v, = (ml3)xl{

The procedure is tedious and time consuming if done manually [0 nowadays most studies
use stereological packages (e.g., newCast, Stereo Investigator, Stereologer). In the liver,
the PSI was applied only to HEP of the rat, leading to a mean estimation of 5390 pm?®and
8280 pm?® in mono- and binucleated cells, respectively (Jack et al, 1989). In theory, to
apply the PSI an isotropic or vertical uniform random design must be followed (Howard
and Reed, 2005), as recently Karbalay-Doust and Noorafshan (2009) did, by using the
orientator. However, for practical purposes the liver can be considered not oriented, in the
sense that it is not possible to infer the orientation of a section by observing its histological
appearance, because, overall, liver cells are randomly oriented, following all possible
directions in 3D (Mandarim-de-Lacerda, 2003). Moreover, HEP nuclei are quite roundish,
and virtually isotropic in 3D, meaning they have practically the same structural properties
irrespective of orientation. Therefore, for most practical purposes, if liver biopsies are cut
at random and thin sections are used, the PSI can be applied straightforwardly to all liver
cells (Mouton, 2002).

The number-weighted mean volume (V) can be related to the vy, by the formula:
v, =V x(@+cv (V)
This means that V, is always higher or, at least, similar to the vy namely when thecv 2(v)

is small 0 in other words, when the cell volume is homogeneous, having low anisocytosis
or anisokaryosis, the vy O V. To estimate the vy several direct and indirect approaches
exist, and the so-called direct methods include the: 1) selector; 2) nucleator; and 3)
rotator. These methods are actually ordered by their efficiency and chronological
appearance (Nyengaard, 1999). The selector (Cruz-Orive, 1987) is more laborious and
uses a random point inside the cell, whereas the nucleator (Gundersen, 1988) uses a
fixed point, like the nucleolus. So far, only the nucleator has been used in the liver (Jack et
al, 1989; 1990; Karbalay-Doust and Noorafshan, 2009). Although this method was
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originally designed for mononucleated cells (Gundersen, 1988), it can also be used in
binuclear hepatocytes (BnHEP); the sole adaptation is that the first nucleus with the
nucleolus that appears in focus is considered for the measurements (Jack et al, 1989).
Like the PSI, the nucleator is also a two-step procedure (Figure 1.7 C), but it does not
require a grid of points to sample whatever targeted cells or particles O instead, these are
sampled by either the optical or the physical disector, both of which sample cells in
proportion to their number. Afterwards, one or two isotropic lines are drawn from the
nucleolus to the nuclear or cellular border. The rotator (Jensen and Gundersen, 1993) can
also be applied either to isotropic or to vertical uniform random sections. In this case, the
vertical axis of the particle is first defined and then a grid of three or four lines is oriented
perpendicularly to that axis, and the distances between these lines and the nuclear or the
cellular borders are measured. It is often viewed as the most efficient method, because in
each sampled particle six or more measurements can be recorded (Mouton, 2002;
Tandrup, 2004). In either case, the mean distance (from the nucleolus or from the vertical
axis) to the particle border, from a series of measurements, is used for estimating the

number-weighted mean volume (Vy):
v, = (4mI3)xI?

It must be stressed that for estimating the local volumes (v and vy) the borders must be
unambiguously recognised. This is easy with nuclei, but problems may exist with cell
borders; in HEP, these can be sometimes sufficiently well recognised in semithin epoxy
sections (used in the PSI and the physical disector), but definitely not in routinely
haematoxylin-eosin stained thick sections (used in the optical disector). In that case, an
immunohistochemistry staining for the membranes would be needed (Marcos et al, 2003;
2006), as will be detailed in Chapter 3. Note that if paraffin is used, shrinkage effects must
be accounted for and corrected at the end. If a plastic resin is used for optical sections,
the need for immunotagging remains, and so a special methacrylate (e.g., Technovit
1900, Heraeus-Kulzer, USA) must be used. In KC and HSC recognition of cell borders is
also difficult, because cells are highly irregular. To overcome this problem, it would be
preferable to embed liver fragments in suitable methacrylate-based resins and perform
immunohistochemistry with appropriate antibodies.

It is noteworthy that another approach for estimating vy exists, being called indirect

because it results from the ratio of two other estimations:
\_/N = V\// NV
where Vy and Ny are obtained by point-counting and by the disector, respectively. In this

case, care must be taken to avoid bias from overprojection and shrinkage. This is
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especially true if different types of embedding media and sections are used for the two
estimations. For example, if the Vy would be determined in epoxy and the Ny in paraffin
sections, the shrinkage would have to be estimated; namely to correct the Ny.
Alternatively, if epoxy sections are used for both estimations, the shrinkage influence
would be cancelled in the formula. Finally, if both the V,, and the Ny were estimated in
paraffin sections, and even assuming homogenous shrinkage, the N, would have to be
corrected again for retraction, as the Ny would always be overestimated. Note also that if

estimated in paraffin the Vy of a cell/nucleus is prone to over-projection effects.

1.6.4- Estimation of number by stereological methods

In many fields of hepatology, it is common to find the number of cells reported as “number
per mm?” or “number per high power field”. These are actually cell profile numbers that do
not provide a meaningful estimate of real number, because all cells will not have the same
probability of being counted (Boyce et al, 2010). In fact, this has been recognised for
almost a century — in a single section, cells will be counted in proportion to their size,
shape, orientation, and spatial distribution, in addition to their number; therefore larger
cells, irregular or those normal to the section plane will be more often counted (Mouton,
2002). This also occurs in the liver: HSC and KC are particularly known for their
irregularity, but size heterogeneity has been reported for almost all liver cells (Malarkey et
al, 2005). In this vein, a precise and accurate estimation of cell number must call for the
new generation of stereological methods, as introduced in the past 25 years (Boyce et al,
2010).

The quantification of liver cells is important in different scenarios. By knowing the total
number of HEP it is possible to evaluate whether hepatomegaly is due to hypertrophy or
to hyperplasia, and this is relevant, for instance, in toxicological assays in rodents
(Carthew et al, 1998), as well as in hepatocarcinogenesis studies, both in rodents
(Bannasch, 1976) and humans (Kondo et al, 1988). Like in volume estimation, the use of
stereology tools can generate absolute and relative parameters [ i.e., the total number
(N) and the relative number or numerical density (Ny), respectively. The latter refers to the
number of cells per unit of volume and is directly estimated by the disector (Sterio, 1984).
This method was first introduced in neurosciences, but soon found applications in many
other organs (Mayhew and Gundersen, 1996).

The disector can be viewed as a 3D counting box with inclusion and exclusion surfaces, in
order to count cells as they appear in the probe. Instead of simply counting cell profiles
(subjected to all the above cited inherent biases), this box enables counting cells in

proportion to their real number. In the box, we can either analyse its full interior, in the
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case of the optical disector, or the analysis can be restricted to the top and bottom of the
box, being the middle part deduced [J this is the case of the physical disector (Figure
1.8).

Figure 1.8 - The physical disector uses two thin sections, perfectly aligned and distanced
by h (height of the disector). Then a counting grid is used (with exclusion and inclusion
lines in red and green, respectively); here the procedure is illustrated for counting hepatic
stellate cells marked with immunohistochemistry against glial fibrillary acidic protein. A cell
is counted (here marked with a red cross) if present in the reference section but not in the
lookup section. (Image published in Marcos et al, Journal of Anatomy, 2012.)

The physical disector was the first to be described (Sterio, 1984) and has been applied in
liver, both to count HEP (Carthew et al, 1998; Aguila et al, 2003; Souza-Mello et al, 2007;
Valenca et al, 2008; Altunkaynak and Ozbek, 2009) and HSC (Marcos and Rocha, 2001).
It consists of two thin sections separated by a fixed height (h), which has varied from 2 pm
in HSC counting (Marcos and Rocha, 2001) to 3-5 um height in HEP counting (Carthew et
al, 1998; Aguila et al, 2003; Souza-Mello et al, 2007; Valenca et al, 2008; Altunkaynak
and Ozbek, 2009). This h is critical: 1) if it is too large the smallest cells to be counted can
be missed in-between sections (i.e., in the deduced middle part of the box), and the
necessary alignment of the two sections will be cumbersome; 2) if it is too small, only a
few or no cells will be counted, and the process will be inefficient. Our own experiences
with physical disectors confirm those difficulties and the need to optimally adjust the h
(Marcos and Rocha, 2001; Rocha et al, 2001); generally, it is recommended to be a third
to a quarter of the height of the particles to be counted (Nyengaard, 1999).

In the physical disector, a cell is counted if present in the reference section but not in the
lookup one. In order to avoid edge effects, an unbiased counting frame is used (with
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inclusion and exclusion lines) in those sections (Gundersen, 1977). The counting
procedure is actually easy, but the alignment of the liver sections can be a limiting step O
due to the high cellularity and tortuous sinusoids. In our experience it tends to be time-
consuming, particularly in paraffin sections. This may be partially overcome by using
recent stereology workstations that integrate digital image recognition software for
allowing a kind of “auto-alignment” or by using the optical disector probe.

In contrast to the physical disector, its counterpart optical method uses thick sections
(Figure 1.9), which are most often observed with oil-immersion objectives that ideally
should have the highest possible numerical-apertures, so that a thin focal plane actually
scans the entire counting box. Naturally, the thinnest optical planes (matching the z-
resolution) are obtained using a confocal microscope (Lemmens et al, 2010). Whatever
the microscopy strategy, a built-in solution or additional equipment is needed, for instance
a length gauge (microcator), to exactly determine the z distance between up and down
planes of the disector (Howard and Reed, 2005). Anyway, the optical disector method is
much faster than its physical form; in the liver, it has been used to count HEP (Marcos et
al, 2006; Halici et al, 2008; Karbalay-Doust and Noorafshan, 2009; Odaci et al, 2009),
HSC (Marcos et al, 2004) and KC (Kiki et al, 2007; Santos et al, 2009). In all these,
paraffin thick sections were used and their thickness ranged from 15 pum (Karbalay-Doust
and Noorafshan, 2009) to 40 um (Odaci et al, 2009), whereas the optical disector height
varied from 5 um (Karbalay-Doust and Noorafshan, 2009) to 20 um (Marcos et al, 2004;
2006; Santos et al, 2009).

The optical disector has been considered the standard of efficient unbiased number
estimation for the past two decades, but over the years potential pitfalls in the method
have been debated (Dorph-Petersen et al, 2001; Von Bartheld, 2002; Geuna, 2005;
Baryshnikova et al, 2006). An issue that should be addressed is the so-called “z-axis
compression”: as a rule of thumb, the section thickness should be measured in every 5™
field of vision and the intra- and intersectional coefficient of variation (CV) calculated
(Dorph-Petersen et al, 2001). In our experience with thick liver sections, this variation is
low, but if large variations do occur, the section thickness should be measured more
frequently and a stratified fractionator (with larger disector heights in the thicker areas)

should be considered (Dorph-Petersen et al, 2001).
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Figure 1.9 - The optical disector uses thick sections, which are optically scanned. The
procedure is illustrated for counting hepatic stellate cells marked with
immunohistochemistry against glial fibrillary acidic protein: a cell is counted (here marked
with a red arrow) as it appears in focus within the disector height (h) and is within or
touches the inclusion lines (green) but not the exclusion ones (red). (Image published in
Marcos et al, Journal of Anatomy, 2012.)

Another potential pitfall refers to the loss of nuclear fragments dragged by the knife during
sectioning — the so-called lost caps (Mayhew and Gundersen, 1996). In paraffin sections,
it has been shown to affect up to one-third of the sectioned nuclei (Helander, 1983). To
cope with this, guard spaces (or guard heights) in the upper and lower surfaces of the
thick sections have been recommended, ever since the beginning of the implementation
of the method, thus restricting the analysis to the central core of the thick section
(Gundersen, 1986). In the liver, all studies have included minimal guard spaces of 4-5 um,
but their use is nowadays controversial because some authors argue that it may produce
a 10% underestimation of particles (Gardella et al, 2003; Baryshnikova et al, 2006). At
least in the nervous tissue, it has been shown that particles appear to move along the z-
axis as they are sectioned and stained, thus generating a bimodal distribution of particles
O i.e., particles are more abundant in the upper and lower surfaces of the thick sections,
inducing a central core depletion (Hatton and Von Bartheld, 1999; Von Bartheld, 2002;
Baryshnikova et al, 2006). This distribution affects mainly paraffin and methacrylate
sections and is influenced by delayed fixation, tissue processing and even knife cutting

angles — which is considered the most relevant factor (Baryshnikova et al, 2006). Since it
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is uncertain whether the bimodal distribution occurs in all tissues, it is generally
recommended to check it before starting every new experiment, by recording the z-axis
position of 250-350 particles in different sections (Baryshnikova et al, 2006). This
procedure is also useful to assess that the staining (especially in immunohistochemistry
slides) encompasses all tissue thickness, thus ensuring that all existing cells can be
recognised and counted with the optical disector. In this way, a fundamental prerequisite
of the method is fulfilled. In the case of the liver, this eventual bimodal distribution was not
observed when counting HEP nuclei in our in-house trials with the rat liver (Annex 1).

It is noteworthy that the disector directly provides relative numbers (Ny), which are
strongly influenced by the embedding medium, namely by paraffin shrinkage (Mouton,
2002). When using paraffin or cryostat sections for this method, the obtained figures are
necessarily overestimations that should be corrected for the shrinkage to be directly
meaningful in 3D (Marcos et al, 2006) — only estimations in glycolmethacrylate or in
epoxy resin will tend to approach and practically match the real values. So far, estimations
in the rat with paraffin thick sections (and “design-based” methods) and with epoxy
sections (and “model-based” stereological techniques) have been of the same order of
magnitude, ranging = 1.6-folds (Loud, 1968; Marcos et al, 2006).

Two unbiased approaches are available for obtaining N (Figure 1.10): the fraction-based
optical fractionator (West et al, 1991), and the volume-based ratio-technique (Pakkenberg
and Gundersen, 1988). The latter is a two step analysis, since it results from the product
of the Ny and the respective reference volume (V), which is usually the whole organ (N =
Ny X V). This strategy has been used in the liver to estimate the N of HEP, for example
when evaluating different types of diet in rats (Souza-Mello et al, 2007; Altunkaynak and
Ozbek, 2009) and the N of KC in rats fed with a high fat diet (Kiki et al, 2007).
Nevertheless, the ratio-technique may be influenced by eventual volume-related
deformations during processing, and it may produce biases when the Ny and V cannot be
measured in the same sections (Dorph-Petersen et al, 2001). Additionally, it is generally
more time consuming than the optical fractionator (Tandrup, 2004) and, according to
computer simulations, the existing methods to predict the CE of N do not seem to
generate adequate predictions (Schmitz and Hof, 2000). Even so, the ratio-technique is
valuable in many occasions, namely in studies combining light and electron microscopy
and when it is unpractical to section the entire organ (Howard and Reed, 2005); in these

cases, the V is estimated by one of the previously discussed methods.
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Figure 1.10 - Strategies to determine the total number (N). (A) Ratio-technique, here
exemplified by Cavalieri point-counting and the physical disector. (B) Optical fractionator,
in which a fraction of liver fragments is sampled (f;); the paraffin blocks are exhaustively
sectioned (thick sections) and a fraction of these are sampled (f,). Sections are analysed
and the stage performs step movements in x-y, so that a fraction of the area is sampled
(f3). Finally, in the optical disector, only a fraction (f,) of the tissue thickness is analysed
(f4). In this latter procedure, all the cells are counted (2Q°); h: disector height. (Image
published in Marcos et al, Journal of Anatomy, 2012.)

In contrast to this, the optical fractionator estimates N in a more direct and consequently
more efficient way (West et al, 1991). It selects cells based on their existence, since it
combines the optical disector (Gundersen, 1986), that samples cells in proportion to their
number, with the fractionator principle (Gundersen, 1986). A modification of this sampling
technique is called the smooth fractionator (Gundersen, 2002), discussed previously. So
far, the optical fractionator has been used to estimate the N of HEP (Marcos et al, 2006;
Odaci et al, 2009), of HSC (Marcos et al, 2004) and of KC (Santos et al, 2009).

It is opportune to inform that there is also the possibility of using physical disectors instead
of optical ones, and the method is called the physical fractionator. To our knowledge,
there is yet no published paper with this approach on the liver of rodents. Usually the
method is much more laborious than the optical fractionator, namely due to the already
mentioned continuous need to align the two sections/planes under analysis. To overcome

this, a recent advance entitled AutoDisector™, included in a stereological package
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(newCast, Visiopharm), offers automation and thus better efficiency. It can be an option,
especially considering that the physical disector is less sensible to shrinkage than the

optical counterpart and the immunohistochemical protocol is much more straightforward.

1.7- Objectives

Keeping in mind that understanding and dealing with medical problems greatly benefits
from the so-called fundamental scientific knowledge, and, in view of our hypothesis, that
intrinsic structural differences in the liver may justify (at least partially) the increased
fibrosis progression seen in males and elders, we intended to study (with cutting-edge

guantitative morphology and immunohistochemistry):

1 - The HSC pool, for which we hypothesise that males and elders should have more HSC
per unit of liver weight/volume. Within this context, and considering the liver heterogeneity,

possible differences in the lobular distribution of cells were evaluated.

2 - The BnHEP pool, because these constitute the immediate response of liver cell loss by
injury. Consequently, we hypothesised that males and elders should have relatively less
BnHEP.

3 - The KC pool, since such cells boost the proliferation of HSC, and so changes in the

HSC/KC numerical ratios with ageing and gender could influence the fibrotic processes.

Additionally, we wanted to investigate two other complementary hypotheses, namely by

the study of antioxidant defence systems and by a flow cytometry approach:

4 — Since the first fibrotic stimulus is often triggered the release of ROS, we hypothesised
that females should have more antioxidant enzymes, at least in the young age. The
antioxidant defence systems of the liver are suspected to diminish with ageing and

eventually, this dimorphism may be lost throughout ageing.

5 — Because fibrosis ultimately results from the inability of HEP to regenerate, and
polyploidy nuclei delays this process, we further hypothesised that females would have a
lower ploidy level of their HEP nuclei, which could promote or at least facilitate an higher

regenerative potential.

In conclusion, in this Chapter we presented a general overview of the liver structure and
emphasised the importance of rat models for the study of liver fibrosis and ageing in
humans. It is now clear that this process involves a cellular interplay between liver cells, in
which HSC, HEP and KC play important roles. The knowledge in the paracrine modulation
within this triumvirate has increased substantially in the last years, due to advances in cell
isolation procedures and molecular biology. Nevertheless the in vitro scenario often

misses the functional cooperation between cells and much less is known about the
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coordinate behaviour of liver cells in vivo. Recently, it has been emphasised that the
microarchitecture of the liver is tightly regulated and that the establishment of wrong cell-
cell (or cell-matrix) interactions drives the organ towards fibrosis (Hoehme et al, 2010). It
has been hypothesised that a functional unit with a specific number of HEP and sinusoidal
cells may exist in the liver (Rojkind et al, 2011). However, the ratios between different liver
cells are largely unknown. Seminal studies in the sixties and seventies described the
gquantitative morphology of the liver, but this subject was never revisited. Moreover, it is
unknown how the microarchitecture of the liver is affected by ageing and gender (two
factors that have a major influence fibrosis progression). In the remaining sections of this
Chapter, we detailed the most updated strategies for the quantification of nhumbers and
volumes using stereological techniques, which will be the main foundations of this study.

In the following Chapters we will address the microarchitecture of the liver throughout
ageing and gender, focusing in HSC, HEP and KC (respectively in Chapters 2, 3 and 4).
For the sake of clarity, in each of these Chapters we will first detail the initial adaptations
of the quantitative methods, under the heading “Baseline study”, and then report the age
and gender data, under the heading “Age and gender study”. Finally, in Chapter 5 we

intend to summarise all the collected data and define new paths for future research by our

group.
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2 - Hepatic stellate cells
2.1- Introduction

2.1.1- Portrait of an intriguing cell

HSC are unique cells for a number of reasons. Firstly, no other cell in the liver was
“discovered” so many times. Indeed, these cells were first observed in the 19" century,
primarily by a medical student, Franz Boll, who described star-shaped liver cells with
granules after an osmium staining, and seven years later by Karl von Kupffer (Boll, 1869;
Kupffer, 1876). While searching for nervous elements in the dog’s liver, with the Gerlach’s
gold chloride method, that famous scientist described the existence of stellate cells
(“sternzellen”) in a letter to his colleague anatomist Waldeyer (Kupffer, 1876). A few years
later, a doctor course student of Kupffer, Paul Rothe, used the same gold chloride method
and confirmed the existence of sternzellen in the liver of different mammals (including the
rat) and in the chick liver (Aterman, 1986; Wake, 2004). Then, after studies on the uptake
of India-ink in the rabbit's liver, Kupffer “corrected” his original description in the 12"
Congress of Anatomists, concluding that the gold-chloride sternzellen were a special
“endothelial” cell with phagocytic properties (Kupffer, 1899). Indeed, the cells that Kupffer
visualized by India-ink (i.e., the now called KC) also have an irregular and stellate shape
[it is noteworthy that even some histology textbooks name KC as stellate macrophages
(Banks, 1993)]. Twenty-five years later, HSC were again described by Zimmermann, as
capillary attached pericytes, and later on they were ultimately rediscovered by Toshio Ito,
an eminent histologist at the Gunma University in Japan, who observed cells rich in lipid
droplets in the human liver, which were obviously different from KC. He reported this in
the 55" Annual Meeting of the Japanese Society of Anatomy in 1950 and named the cells
as “fettspeicherungszellen” (fat-storing cells) in a paper published two years later (Ito and
Nemoto, 1952). Still in that decade, Ito’s group carried out studies with electron
microscopy, demonstrating that the cells were wrapped in collagen fibres (Aterman, 1986;
Suematsu and Aiso, 2001). Also in Japan, Suzuki reported that those cells could be
stained by a silver-impregnation method and named the cells as interstitial cells (Aterman,
1986). Finally, Wake used von Kupffer’'s original gold chloride method, as well as the
silver impregnation of Suzuki, vitamin A autofluorescence, and electron microscopy in
order to conclude that all those studies actually reported the same cell (Wake, 1971,
1980).

Another reason that makes HSC a unique cell is that no other liver cell has such a
plethora of names: in the list of twenty designations, names like Ito cells, interstitial cells,
lipocytes, perisinusoidal cels, parasinusoidal cells, fat-storing cells, vitamin A-storing cells

and, more recently, arachnocytes can be found (Ekataksin and Kaneda, 1999; Reuben,
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2002). Only after a meeting of the International Society of the Cells of the Hepatic
Sinusoid held in 1996, a group of researchers agreed that the cells should be named as
HSC, since this does not includes personal names, and indicates the morphology and
location of the cells (Hepatic stellate cell nomenclature, 1996). By an ironic twist of fate,
the consensual name was very close to that given by von Kupffer 120 years earlier. At the
end of the 20™ century, researchers hoped that this nomenclature clarification could
definitively eliminate some confusion in a rapidly growing field. Undoubtedly, the
popularity of HSC clearly surpasses all other sinusoidal cells, like KC: the number of
studies referring to HSC has increased 5-fold in the last fifteen years, and this number

continues to increase year after year (Figure 2.1).
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Figure 2.1 - Number of citations in Web of Knowledge® devoted to hepatic stellate cells
(HSC), hepatocytes (HEP) and Kupffer cells (KC) between 1985 and 2012. For HSC the
search terms also included the designation of “Ito cells”.

Respecting the morphology, HSC fully honour their current name: these cells have a
perikaryon that is usually in the perisinusoidal space of Disse, typically in a recess
between two adjacent HEP. The cells have multiple cytoplasmic processes that give a
true stellate appearance, especially when viewed in 3D (Marcos et al, 2003). These
processes can be found under LSEC and between HEP and usually wrap one to four
sinusoids (Senoo et al, 2010); by those processes HSC contact with HEP, LSEC, KC and
nerve endings (Geerts, 2001). Additionally, it has been demonstrated that HSC contact

with other by adherens junctions (Higashi et al, 2004). The processes are extended by
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thorny microprojections, often called spines, by which the cell “senses” chemotactic
signals and further contacts with HEP (Friedman, 2008). In the perikaryon, as well as in
large cytoplasmic processes, there are lipid droplets whose numbers and diameters seem
to vary under physiological conditions and between species: they are particularly
abundant in polar bears, seals and artic foxes, being sparse or absent in calves, guinea-
pigs, sheep, goats, pigs, cats, dogs and bats (Beresford and Henninger, 1986; Higashi
and Senoo, 2003).

It is now consensual that HSC have, at least, three important functions: 1) storage (and
metabolism) of vitamin A; 2) regulation of sinusoidal blood flow; 3) production of ECM.
The storage of vitamin A was the first function to be discovered (Wake, 1971). In
physiological conditions, most of the vitamin A is found in the liver and in HSC O these
cells store 50 to 80% of the total vitamin A (Azais-Braesco et al, 1997; Senoo et al, 2010).
Almost 95% of this is present as retinyl esters, packed toge