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Preface

Animal models and experimental research in medicine involve the use of animals to learn
more about diseases and treatments in humans. Animal models are used to understand
physiological, biochemical, and pathological mechanisms of cells, tissues, organs, and
systems to elucidate inter-system relations and develop new diagnostic methods for
diseases or functional disorders as well as new strategies for their treatment. Research
may involve testing the effects of new drugs on animal models or studying the effects

of environmental factors on the progression of diseases. Animal models are also used to
gain insights into the behavior of disease processes and to develop new diagnostic tools
and treatments. Evaluation of some biomarkers and even researching and finding new
biomarkers to diagnose prognosis and treatment of diseases that are seen frequently will
both help in the treatment of diseases and shorten this process considerably.

Animal Models and Experimental Research in Medicine contains chapters authored by
international researchers that address experimental models of amyotrophic lateral sclerosis,
hepatotoxicity, liver fibrosis/cirrhosis, visceral hyperalgesia, and female reproduction,

as well as some fish studies and cardiovascular research in large animal models. Overall,
this book offers essential information that will be helpful to researchers and scientists

in medicine, biology, veterinary medicine, and other related fields who are interested in
learning more about animal models and experimental research in medicine as well as ideas
that will contribute to future research. It is a useful resource for medical professionals,
students, and educators who are looking to better understand how animal models can be
used to study and treat diseases.

Mahmut Karapehlivan
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Department of Biochemistry,
Kafkas University,

Kars, Turkey

Abdulsamed Kiikiirt
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Department of Biochemistry,
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Chapter1

Impact of Temperature on
Morphological Characteristics of
Erythrocytes and Heart Weight:
Experimental Study on Wistar Rats

Emina Dervisevic, Sabaheta Hasic¢, Lejla Dervisevic,
Zurifa Ajanovic, Muhamed Katica and Adis Salihbegovic¢

Abstract

The aim was to find what happens to heart weight and forms of erythrocytes
antemortemly and postmortemly as a result of exposure to high water temperature.
Total of 40 adult Wistar rats is divided into three groups, depending on water tem-
perature exposure of 37°C (KG, n = 8), 41°C (G41, n = 16), and 44°C (G44, n = 16).
Depending on the length of time of exposure to water, temperatures of 41 and 44°C
are further divided into G41-AM, G41-PM, G44-AM, and G44-PM. The anesthetized
rats were exposed to preheated water using the water bath. May-Griinwald-Giemsa
coloring technique was applied to blood samples. Light microscopy was performed
to detect poikilocytes. Heart weight was measured after dissection with a scale. A
statistically significant difference in heart weight was found in the experimental
groups (p = 0.024). The lowest value was observed in KG37 and was 0.99 + 0.11 g,
and the highest values were found in rats of the G41-PM group, with a mean value of
1.26 + 0.26 g. There is a statistically significant difference between the experimental
groups in forms of poikilocytes.

Keywords: poikilocytosis, antemortem, postmortem, rats, heat, heart

1. Introduction
1.1 Body temperature — values, fluctuations, and regulation

The physiological range of human body temperature is 36.8 + 0.3°C [1]. During
physical activity, body temperature can rise from 38 to 40°C, and exposure to
extremely low ambient temperatures can lead to a decrease in body temperature
to 35°C [2]. In clinical thermometry, the mean physiological oral temperature
of 36.8 + 0.9°C correlates with the end product of the energy of all enzymatic
reactions. Metabolism, through the sum of all the body’s cellular reactions, is
usually measured as the amount of oxygen consumed. The standardized estimate
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of metabolism is the basal rate of metabolism, which depends on the activity of
these physiological processes to maintain euthermia [3]. The physiological body
temperature of the human body core is about 37°C and is controlled in a narrow
range (33.2-38.2°C), and is further narrowed if oral measurements are neglected

in favor of rectal, tympanic, or axillary measurements [4]. Abnormal deviations of
the core temperature of even a few degrees will trigger the body’s thermoregulatory
mechanisms, and changes in temperature outside the physiological range can prove
fatal. Measured body temperature above 42°C leads to cytotoxicity with protein
denaturation and impaired deoxyribonucleic acid (DNA) synthesis [5], resulting

in organ failure and neuronal damage. If body temperature falls below 27°C (hypo-
thermia), associated neuromuscular, cardiovascular, hematological, and respiratory
changes may prove equally fatal [6]. The core temperature is maintained in the
range of +/ 6°C in the environment from 10-55°C, while the skin temperature varies
depending on the environment. The temperature measured orally is from 36.5 to
37°C, while the rectal temperature is 0.5°C higher [7]. In humans, body temperature
varies by about 1°C during the day, with a gradual increase during wakefulness and a
decrease during sleep [8]. Daily fluctuations in body temperature are a strong effect
of circadian rhythms [9] associated with a number of physiological functions, such
as metabolism and sleep [10, 11]. Evidence in humans and rats shows that circadian
temperature rhythm is controlled separately from locomotor activity rhythms [12].
The amount of core temperature formation depends on the intensity of metabo-
lism, and it depends on basal metabolism, muscle activity, thyroxine, adrenaline,
noradrenaline, sympathetic nervous system activity, cell temperature, and digestive
system activity. Heat release depends on the rate of conduction to the skin surface
and the rate of heat transfer from the skin to the environment. The skin and subcu-
taneous tissue participate in the thermal insulation of the body. Blood vessels can
regulate heat transfer by constriction and dilatation [13]. Body temperature varies
depending on where it is measured. In thermoregulatory research, it is common for
the body to be divided into two sections—the outer core, which includes the skin
and which mainly varies in temperature with the environment, and the inner core,
which includes the central and peripheral nervous system and has a relatively stable
temperature [13, 14]. The preoptic area of the anterior hypothalamus plays a major
role in the regulation of body temperature [15]. Most nerves are more sensitive to
heat than to cold. Heating these areas of the brain increases the body’s sweating, and
cooling interrupts any mechanism of heat loss. There are many more receptors on
the periphery to register cold than heat and all act on the hypothalamus [16]. Heat
receptors also exist in deep tissues and are exposed to body core temperatures. On
both sides of the posterior hypothalamus at the level of the mammary corpuscles

is the posterior hypothalamic region that integrates central and peripheral thermal
sensations. The role in the regulation of body temperature is mediated by sweat
glands that have cholinergic innervation (acetylcholine), and to some extent, they
can be stimulated by adrenaline and noradrenaline, secrete primary secretion,
which is a product of epithelial cells, depending on the intensity of sweating [17].
With poor sweating, the secretion takes more time to pass through the canals, and
consequently, more sodium and chlorine ions are reabsorbed, and potassium, urea,
and lactic acid ions are concentrated. The process of acclimatization is associ-

ated with the reduction of sodium and chlorine ions in sweat, which improves

the preservation of body electrolytes [18]. The nervous system acts as a biological
thermostat for heating and cooling inside the animal’s body. Because animals use
resources, such as energy, water, and oxygen, for thermoregulation, the nervous
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system monitors the abundance of these resources and adjusts thermoregulatory
mechanisms accordingly. Hunger, dehydration, or hypoxemia alter the activity of
temperature-sensitive neurons in the preoptic region of the hypothalamus. Other
regions of the brain work together with the hypothalamus on the adaptability of
thermoregulation. For example, the amygdala is likely to inhibit neurons in the
preoptic area, overriding thermoregulation when there is a risk of hypothermia or
overheating. Moreover, the hippocampus allows the animal to remember microcells
that allow safe and efficient thermoregulation [19].

1.2 The body’s response to hyperthermia

Hyperthermia is a condition of elevated body temperature, above the upper
physiological limit [19, 20]. When the body is exposed to high temperatures, the
secretion of interleukins 1 and 6 (IL-1 and IL-6) and tumor necrosis factor (TNF)
alpha from excited immune cells, which act on thermoregulatory centers and
consequently lead to setting the center to a higher temperature [20]. In the body’s
response to hyperthermia, it is important to distinguish between endogenous and
exogenous hyperthermia. Exogenous hyperthermia occurs when the influx of heat
from the external environment increases significantly, such as in tropical areas,
in small enclosed spaces that do not have adequate insulation and airflow with
artificial increase in air temperature, in the bathroom during bathing, in saunas,
and in Turkish baths. The fastest exogenous hyperthermia develops when there
is a combination of increased heat influx from the outside with difficulty in heat
transfer. Under these conditions, heat transfer mechanisms, despite maximum
activation, do not remove heat from the outside, and body temperature begins to
rise. Thermoregulation is actively aimed at raising the temperature by the process
of overheating, all with the aim of faster heat transfer. In the 1990s, science showed
that hyperthermia was teratogenic to both humans and animals. The state of hyper-
thermia can be the result of two processes. One is impaired production and release
of heat, conditionally speaking the relationship between body temperature and
ambient temperature, and the other is the setting of the thermoregulatory center to a
higher level [21]. When there is an increased ambient temperature, the body tem-
perature level rises slightly to the newly set temperature and hyperthermia occurs.
Temperature rise occurs due to reduced temperature release and increased thermo-
genesis. High-energy consumption is required to raise the temperature, so a feeling of
exhaustion may be present. When the body temperature equalizes that of the ther-
moregulatory center, thermogenesis ceases (if pyrogen secretion has ceased). After
that, the set temperature of the thermoregulatory center returns to a lower value and
there is a gradual decrease in body temperature due to reduced thermogenesis and
increased heat release. Infectious diseases, exposure to elevated ambient tempera-
ture, hypothalamic damage, malignancies, tissue necrosis, and any other stimulus
that could stimulate immune cells to secrete endogenous pyrogens can lead to
hyperthermia [22, 23]. Hyperthermia occurs in combination with increased hypotha-
lamic activity with values above the physiological range and occurs when the body’s
thermoregulatory mechanisms are no longer able to efficiently emit heat (evaporate)
[24]. Exogenous environmental stressors, such as high temperature; growth factors
and ligands for surface receptors; and many drugs or chemical agents can cause
apoptosis. However, cells that have undergone apoptosis show similar morphology,
suggesting that these divergent apoptotic stimuli converge to induce a common
cell-death pathway. Possible signaling molecules that ultimately lead to apoptosis are
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interleukin-1-enzyme (ICE)-likel protease or caspase and other ceramide messengers
[25]. If the body temperature of the nucleus does not decrease, a fatal outcome occurs
in 30-80% of patients [26]. Heatstroke can cause severe damage to myocardial cells
in rats, followed by an increase in apoptotic cells. Heatstroke causes oxidative dam-
age to cellular proteins and DNA [27, 28]. Exposure to heatstroke for 1 hour seriously
injures chicken myocardial cells, as evidenced by decreased cell vitality and the onset
of apoptosis.

With an increase in body temperature, cardiac output and blood pressure drop
drastically and are associated with myocardial oxygen consumption. Hypoxia causes
numerous injuries to the heart muscle, from subendocardial hemorrhage, myocar-
dial necrosis, and rupture among fibrin fibers. An increase in internal temperature
in rats from 37-42°C also causes tachycardia and increases mean blood flow and
vascular resistance by 13% [29]. In the state of heatstroke, large amounts of calcium
are released from the sarcoplasmic reticulum of the heart muscle, causing a hyper-
metabolic state. Continuous increase in calcium allows excessive stimulation of
aerobic and anaerobic glycolytic metabolism, leading to respiratory and metabolic
acidosis, increased membrane permeability, and the occurrence of hyperkalemia.
Rhabdomyolysis leads to an increase in potassium and myoglobin levels in the heart
and edema occurs. Disseminated intravascular coagulation occurs as a consequence of
thromboplastin release in tissues [30].

1.3 Hematological parameters

Monitoring of hematological parameters enables fast detection of changes in the
physiological state because changes in hematological parameters manifest themselves
very quickly and precede possible damage. Each species has its own characteristics of
individual hematological parameters. It is evident that there are unfavorable endog-
enous and exogenous factors that can, in certain circumstances, change the original
biconcave form of mammalian erythrocytes and thus partially or completely disable
its physiological role in gas exchange.

1.4 Erythrocytes: shape and size

Erythrocytes or red blood cells make up the majority of blood cells. Although
they are called cells, mature erythrocytes do not have a nucleus, mitochondria, or
other organelles. Normal erythrocytes are actually biconcave plates with an average
diameter of about 7.8 pm. In the thickest place, their thickness is about 2.5 pm, and in
the center 1 pm or less. Their average volume is 90 to 95 pm®. Their membrane is too
large in relation to the cell content, so the deformation will not cause the membrane
to stretch, but neither will it burst, which would happen to many other cells. The
cytoplasm of erythrocytes contains large amounts of the protein hemoglobin, which
is able to temporarily bind gases to itself. It is because of this protein that erythrocytes
have the ability to carry oxygen and carbon dioxide.

The total number of erythrocytes in the bloodstream is maintained within rela-
tively narrow limits. The body strives to ensure that the number of erythrocytes is
always sufficient to carry oxygen from the lungs to the tissues in appropriate quanti-
ties, without impeding blood flow through the blood vessels. Tissue oxygenation is the
most important regulator of erythrocyte formation. Any condition in the body that
reduces the amount of oxygen in the tissue increases the production of erythrocytes.
If a person becomes anemic, due to bleeding or any other reason, the bone marrow
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immediately begins to produce a large number of erythrocytes. Erythropoietin is a
circulating hormone that stimulates the production of erythrocytes, and its produc-
tion increases in response to hypoxia. Under normal conditions, 90% of erythropoi-
etin is produced in the kidneys and the rest is mostly in the liver. The production of
erythropoietin is especially stimulated by adrenaline and noradrenaline, and some
prostaglandins. Erythropoietic cells are among the fastest growing and proliferating
cells in the human body. Therefore, their maturation and rate of formation are greatly
influenced by a person’s general nutrition [31].

Erythrocytes, the main carriers of oxygen in the blood, are thought to play a
key role in controlling local blood flow to the tissue. According to the hypothesis
proposed by Ellsworth et al. (1995), when erythrocytes encounter an area where
metabolic requirements are increased, a signaling mechanism associated with
oxygen release is triggered, resulting in the release of ATP from erythrocytes into
the vascular lumen. ATP acts on endothelial P2y receptors, triggering the release
of nitric oxide, prostaglandins, and/or hyperpolarizing factors derived from the
endothelium, which in turn act on surrounding smooth muscle cells causing vasodi-
lation [32].

1.5 Poikilocytosis

Poikilocytosis is a term used for abnormally shaped red blood cells (RBCs) in the
blood [33]. Poikilocytosis generally refers to an increase in the abnormal shape of red
blood cells that make up 10% or more of total red blood cells. Poikilocytes may be flat,
elongated, teardrop-shaped, crescent-shaped, may have pointed or thorny protru-
sions, or may have any other abnormal feature. Examination of the blood smear
reveals various forms of erythrocytes. Spherocytes are small round cells that do not
have a flat, brightly colored center of regular erythrocytes [34]. The central part of
the stomatocyte is incised or elliptical, which differs from the regular round shape of
erythrocytes. Dental cells have the shape of a mouth. Podocytes are also known as tar-
get cells because they resemble a bull’s eye. Sickle cells, also known as drepanocytes,
are crescent-shaped and elongated erythrocytes [35]. Elliptocytes, also known as
ovalocytes, are oval or cigar-shaped cells with blunt ends. Droplet cells or dacryocytes
are abnormal erythrocytes that have one round and one pointed end. Acanthocytes
are erythrocytes that have abnormal spike-like protrusions present on the cell mem-
brane. Echinocytes similar to acanthocytes also have protrusions (spicules) on the
cell membrane similar to acanthocytes, but the projections in echinocytes are evenly
distributed and more frequently present. Schistocytes are fragmented erythrocytes
[36-40].

Red blood cells usually carry oxygen and many nutrients to tissues and organs.

In poikilocytosis, erythrocytes are irregular in shape and may be unable to carry
enough oxygen. Poikilocytosis is caused by other medical conditions, such as
anemia; red blood cell membrane defects, such as hereditary spherocytosis; many
genetic causes, such as sickle cell disease and thalassemia; eating disorders, such as
iron deficiency anemia and megaloblastic anemia; and other causes, such as kidney
disease and liver [40].

1.6 Animal model of inducing hyperthermia

The physiological body temperature of rats is from 35.9 to 37.5°C [41].
The body temperature of 40.9°C is the upper limit before the compensating
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mechanisms are activated [42]. The development of techniques for the induc-

tion of hyperthermia in laboratory animals represents a significant contribution
to experimental research. According to the available literature, hyperthermia

in an animal model can be induced with dry (high temperature) and moist heat
(immersion in heated water). Induction of hyperthermia and temperature mea-
surement are important components in heatstroke studies to determine the degree
of progression or regression of heatstroke. The electric thermometric method is
more suitable and precise for continuous or consecutive measurements in compar-
ison with a classical mercury thermometer. Common temperature measurement
sites are the skin, oral cavity, axilla, rectum, and eardrum [43]. The superiority
of tympanic measurement over rectal thermometry has not been demonstrated in
animal studies.

Until the 21st century, rectal thermometry was the most appropriate technique
for measuring temperature in heatstroke studies. At the beginning of the 21st cen-
tury, the best indicator of the average core temperature of the body is considered
to be the temperature of the blood in the pulmonary artery [44]. Due to the poor
accessibility of the pulmonary artery, other anatomical locations (esophagus,
rectum, and oral cavity) are most often used in the routine measurement of core
temperature today [45]. Rats, dogs, monkeys, baboons, cows, rabbits, and sheep
were used in experimental studies that allow manipulation of exposure conditions
and experimental methodology. Among these species, rats, rabbits, and sheep are
the most suitable models because of their resemblance to humans as a reaction to
high temperature and given their availability, price, and ease of handling. Such
models can be used to simultaneously study different pharmacological and labora-
tory parameters and functions.

Rats are used for routine experiments, while sheep are reserved only for large
experiments in which several parameters and functions of the organism are examined
at the same time. Several studies related to heatstroke in rats have been performed as
experimental models [46-48]. The models were based on the exposure of rats to high
temperatures, dry air, or water, until the core temperature reached a predetermined
temperature (40.5°C).

A body temperature value of 40.5°C on exposure for 15 minutes was accepted
as a reference for the diagnosis of heatstroke. No direct conditional-consequential
relationship between hyperthermia and mortality (less than 10% death) was found
in rats exposed to lower temperatures during the experiment [49]. Sharm et al. [50]
in their study showed that the animal model for the induction of rat hyperthermia
is comparable to the clinical situation. The model has proven useful for studying
the effects of diseases associated with exposure to high ambient temperatures
on changes in various organs and systems, including the central nervous system.
Because hyperthermia is often associated with severe brain dysfunction, additional
methods have been described to examine some key parameters of brain injury and
the development of brain edema [50]. The research was mostly done for the purpose
of proving hypo and hyperthermic therapeutic effects in malignant diseases. Several
studies are known to go in the direction of the association between hyperthermia
and survival time [47].

The first model of hyperthermia was developed on a dog in 1973 and on a rat
in 1976 [51]. Hubbard et al. [47] induced rat hyperthermia by heating the cage ata
high temperature and measuring rectal temperature [47]. A study by Weshler et al.
[52] investigated the development of thermotolerance in the development of hyper-
thermia in rats in the aquatic environment. Following the historical sequence, more
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models of hyperthermia have been developed but most of them cause heatstroke by
high-temperature dry air. In the animal model of hyperthermia, a study by Suzuki
et al. [1] indicates hyperthermia as a cause of death during bathing and the associa-
tion between high water temperature and survival time.

In the 19th century, an animal model of piglets was developed to investigate
disorders caused by hyperthermia. This experimental study was a pioneer in later
studies that demonstrated the role that hyperthermia can play in diseases, such as
hemorrhagic shock and encephalopathy syndrome, and, in some cases, sudden infant
death syndrome [53-56].

1.7 Cardiovascular response to hyperthermia

When exposed to high temperatures, the circulating flow from the environment is
redirected to the skeletal muscles and skin, to give off heat. Acute cardiogenic shock
can also occur, leading to intracranial hypertension, cerebral hypoperfusion, cerebral
ischemia, and neuronal injury. Prolonged exposure to elevated ambient temperatures
can result in convulsions, exhaustion, and heatstroke. Thermoregulatory mechanisms
relax, sweating stops, and body temperature rises. A condition accompanied by
arrhythmias occurs, and disseminated intravascular coagulation, skeletal muscle, and
myocardial necrosis may occur [57]. Rhabdomyolysis, which occurs in such heat-
stroke conditions, is characterized by rupture and necrosis of striated muscle cells,
which can be caused by trauma under conditions of hyperthermia. If rhabdomyolysis
is extensive, circulating myoglobin may produce acute renal failure [58]. The mortal-
ity rate for such patients exceeds 50%. Death caused by hyperthermia is diagnosed
in a hospital or by autopsy mainly using serological and pathohistological methods.
Postmortem diagnosis of death caused by hyperthermia and heatstroke presents
certain difficulties [59].

Hyperthermia occurs and the result of thermoregulatory mechanisms is felt in
many organs, including the heart, which is the first response in the chain. Cardiac
dysfunction and degeneration occur secondarily in relation to the massive increase
in catecholamine secretion, as well as hyperkalemia, acidosis, and hypoxia [60].
Thanks to the research that has been done, nonspecific abnormalities are noticeable
on the electrocardiogram [61], angiograms [62], and pathohistological analyzes of
the myocardium [63]. An increase in heart mass due to the hyperthermic effect is also
observed [64].

2. Material and methods of research

The study was conducted as a prospective, randomized, controlled, experimental
study done on an animal model of causing rat hyperthermia. This study was approved
by the Ethical Committee of the Medical Faculty University of Sarajevo under regis-
tration number 02-3-4-1253/20, Bosnia and Herzegovina.

2.1 Experimental animals

The experiment used 40 adult albino Wistar rats, both sexes, weighing 250 to
300 g. All animals were kept under the same laboratory conditions, and 7 days
before the experiment for acclimatization and adaptation were kept in a vivarium
with a 12-hour light regime day-night and at room temperature (20°C + 2°C). During
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the experiment, the animals received commercial feed for laboratory animals and
running water ad libitum. The care and care of animals, as well as the implemen-
tation of all experimental procedures, were carried out in compliance with the
International Guidelines for Biomedical Research on Animals-CIOMS (The Council
for International Organizations of Medical Sciences) and ICLAS (The International
Council for Laboratory Animal Science) [65, 66].

Hyperthermia model was used on 40 adult Wistar rats that were methodologically
divided into three experimental groups, depending on water temperature exposure of
37°C (KG, n = 8), 41°C (G41, n = 16), and 44°C (G44, n = 16). Each of the trial groups
exposed to 41°C and 44°C water temperature was further classified according to the
time of analysis, as the antemortem group (G41-AM; G44-AM) with exposure time of
20 min and the postmortem group (G41- PM; G44-PM) with exposure until time of
death.

2.2 Induction of hyperthermia in a rat model

The water bath was filled with water and heated to the target water temperature.
The water temperature was continuously monitored on the display with additional
measurements with a probe immersed in water and readings on a thermometer. A
pre-anesthetized rat with a head above water level, fixed on a wooden board, was
immersed in preheated water at the target temperature. Survival times were recorded,
which included the time from the immersion of the rats in the water of the set
temperature (41°C and 44°C) to the time of death. We defined hyperthermia as an
increase in internal temperature by 0.5°C, and heatstroke as an increase in internal
temperature above 40.5°C [67] (Figure1).

Figure 1.
Experimental procedures in the laboratory of the Faculty of Veterinary Medicine, University of Sarajevo.
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2.3 Measurement of heart mass

To measure heart mass, we used a 0.001 mg sensitivity scale (model GT410V,
USA) after dissection and before immersion in formalin.

2.4 Microscopic examination and cell counting

Blood samples for analysis were taken from the abdominal aorta. At least two
blood smears were made using standard laboratory blood staining techniques
(May-Griinwald-Giemsa). Stained blood smears were analyzed by two independent
researchers, with counting performed on representative single-layer visual fields
where blood cells did not overlap or only touched their edges. Two thousand eryth-
rocytes were analyzed on each stained blood smear using a Motic Type 102 M light
microscope and a magnification of 1000 times to examine the presence of poikilocyte
red blood cells. The average value of two independent measurements was taken for
analysis and the percentages of the number and type of poikilocytes were presented.
The most representative microscopic images were stored in electronic form using the
software Motic Images Plis 2.0 [68, 69].

3. Results

The body weight of rats in the groups formed according to the length of expo-
sure to elevated temperature ranged from 280.14 g in KG37 to 325.50 g in G44-AM,
but there was no statistically significant difference in body weight between groups
(p =0.081) (Table1).

The lowest mean heart weight of rats was 0.99 + 0.11 g in KG37, and the highest
value was found in G41 and was 1.15 + 0.23 g. No statistically significant difference in
rat heart weight was found between the three groups, p > 0.05 (Table 2).

A statistically significant difference in rat heart weight was found in the
experimental groups (p = 0.024). The lowest value was observed in KG37 and was
0.99 + 0.11 g, and the highest values were found in rats of the G41-PM group, with a
mean value of 1.26 + 0.26 g (Table 2).

Body mass (g)
Groups X +SD 95% CI
LL UP

KG37 280.14 43.71 239.71 320.57
G41-AM 315.86 32.29 285.99 345.73
G41-PM 286.75 29.77 261.85 311.65
G44-AM 325.50 47.27 285.98 365.02
G44-PM 281.25 3790 249.56 312.94

X - mean value; + SD standard deviation; Cl-confidence interval, LL-lower limit; UL-upper limit; KG37-control
group of rats exposed to water temperatures of 37°C; G41-AM-antemortem group exposed to water temperature 41°C
(exposure length 20 minutes); G41-PM-postmortem group exposed to water temperature 41°C (length of exposure to
death); G44-AM-antemortem group of rats exposed to water temperatures of 44°C (exposure length 20 minutes);
G44-PM-postmortem group of vats exposed to water temperatures of 44°C (length of exposure to death).

Table 1.
Mean values of body weight of rats in the experimental groups according to the length of exposure to elevated
temperature.
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The mean values of rat heart weight in the experimental groups differed in the KG37
and G41-PM groups, p = 0.04, and the 41-AM and PM groups, p = 0.08 (Table 3).

Table 4 shows the differences in poikilocytotic forms between the antemortem
groups (41°C and 44°C) and the control group (37°C).

There is a statistically significant difference between the antemortem group and
the control group in ovalocytes, dacryocytes, annulocytes, echinocytes, stomato-
cytes, spherocytes, reticulocytes, and target cells. Statisticaly significant difference
was found between control and antemortem group exposed to 41°C in ovalocytes,
spherocytes, reticulocytes, dacryocytes, annulocytes, echinocytes, stomatocytes, and

Group X(g) +SD 95% CI

LL UL P
KG37 0.99 0.11 0.88 1.10
G41-AM 1.01 0.07 0.94 1.08
G41-PM 1.26 0.26 1.04 1.48 0.024
G44-AM 1.06 0.08 0.99 113
G44-PM 115 0.21 0.98 1.33

X - mean value; +SD standard deviation; CI-confidence interval, LL-lower limit; UL-upper limit; p-probability;
KG37-control group of rats exposed to water temperatures of 37°C; G41-AM-antemortem group exposed to water
temperature 41°C (exposure length 20 minutes); G41-PM-postmortem group exposed to water tempevatuve 41°C (length
of exposure to death); G44-AM-antemortem group of rats exposed to water tempevatures of 44°C (exposure length

20 minutes); G44-PM-postmortem group of rats exposed to water temperatures of 44°C (length of exposure to death).

Table 2.
Mean values of vat heart mass in the experimental groups.

Group Group P 95% CI
LL UL
KG37 G41-AM 1.00 -0.29 0.25
G41-PM 0.04 —-0.53 -0.00
G44-AM 0.33 -0.15 0.61
G44-PM 1.00 -0.34 0.19
G44-PM 0.73 —0.43 0.10
G41-AM G41-PM 0.08 -0.51 0.01
G44-AM 1.0 -0.31 0.21
G44-PM 1.0 -0.40 0.12
G41-PM G44-AM 0.27 -0.05 0.45
G44-PM 1.00 -0.15 0.36
G44-AM G44-PM 1.000 -0.34 0.16

ClI-confidence interval; LL-lower limit; UL-upper limit; p-probability; KG37-control group of rats exposed to water
temperatures of 37°C; G41-AM-antemortem group exposed to water temperature 41°C (exposure length 20 minutes);
G41-PM-postmortem group exposed to water temperature 41°C (length of exposure to death); G44-AM-antemortem
group of rats exposed to water temperatures of 44°C (exposure length 20 minutes); G44-PM-postmortem group of rats
exposed to water temperatures of 44°C (length of exposure to death)

Table 3.
Multiple comparisons of mean rat heart weight values in the experimental groups.
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target cells, while the difference between the control group and antemortem at 44°C
exposure is in ovalocytes, annulocytes, spherocytes, reticulocytes and target cell.
There was no difference between antemortem at 41°C and 44°C (Tables 4 and 5).

When comparing rats’ antemortem and postmortem groups exposed to a water
temperature of 41°C, there are significant differences in the presence of spherocytes,
reticulocytes, and target cells (Table 6).

When comparing rats’ antemortem and postmortem exposed to a water temperature
of 44°C, a significant difference in dacryocytes and spherocytes was observed (Table 7).

Temperature 41°C Temperature 44°C
Median Per 25 Per75 Median Per 25 Per75 P
Ovalocytes 9 4 13 3 1 10 0.094
Dacryocytes 7 5 26 16 8 19 0.481
Annulocytes 50 3 55 100 28 123 0.110
Echinocytes 8 4 59 7 1 13 0.405
Stomatocytes 10 2 51 15 8 26 0.698
Drepanocytes 0 0 0 0 0 0 1.000
Schistocytes 1 1 1 1 2 1.000
Leptocytes 0 0 0 0 0 1.000
Acanthocytes 0 0 0 1 0.591
Spherocytes 47 40 84 46 25 54 0.481
Reticulocytes 8 3 11 4 1 10 0.304
Target cells 2 1 4 1 1 2 0.584

Differences in values are tested with Mann-Whitney U test, p - probability with p < 0.05 deemed as significant.

Tables.
Differences in poikilocytotic forms between postmortem groups at 41°C and 44°C.

Antemortem Postmortem
Temperature 41°C Temperature 41°C
Median Per 25 Per75 Median Per 25 Per75 P
Ovalocytes 35 1 6 9 4 13 ,051
Dacryocytes 8.5 1 12 7 5 26 ,295
Annulocytes 39.5 31 55 50 3 55 ,731
Echinocytes 2.5 0 38 8 4 59 445
Stomatocytes 10 4 22 10 2 51 ,731
Drepanocytes 0 0 0 0 0 0 1000
Schistocytes 1 1 6 1 1 ,945
Leptocytes 0 0 0 0 0 1000
Acanthocytes 0 0 1 0 1 ,836
Spherocytes 1 1 8 47 40 84 ,001
Reticulocytes 15 0 2 8 3 11 0,041
Target cells 24.5 20 34 2 1 4 ,001

*Represents a significant difference between groups.

Table 6.

Differences in poikilocytotic forms between antemortem and postmortem groups at 41°C.
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Antemortem Postmortem
Temperature 44°C Temperature 44°C
Median Per 25 Per75 Median Per 25 Per75 P
Ovalocytes 3 2 3 3 1 10 ,902
Dacryocytes 5 2 9 16 8 19 ,002'
Annulocytes 47 25 74 100 28 123 ,165
Echinocytes 0 0 15 7 1 13 ,318
Stomatocytes 17 6 35 15 8 26 1000
Drepanocytes 0 0 0 0 0 0 1000
Schistocytes 1 1 2 1 1 2 ,535
Leptocytes 0 0 0 0 0 0 1000
Acanthocytes 0 0 0 0 0 1 ,383
Spherocytes 2 1 15 46 25 54 0,017
Reticulocytes 1 1 4 4 1 10 ,383
Target cells 12 3 24 1 1 2 ,053

*Represents a significant difference between groups.

Table7.
Differences in poikilocytotic forms between antemortem and postmortem groups at 44°C.

4. Discussion

The aim of the study was to develop and use an animal model of rat hyperthermia
and to examine the effect of hyperthermia on erythrocyte shape and heart mass.

The rats included in the study were distributed in groups according to the water tem-
perature to which they were exposed. The bodyweight of rats in groups formed accord-
ing to the length of exposure to elevated temperature ranged from 280.14 to 325.50
grams (g). Analysis of heart weight by groups did not show a significant difference in the
division into three groups according to water temperature, but by division into groups
according to water temperature and length of exposure showed that the hearts of post-
mortem groups had significantly higher mass. The difference between cardiac weight in
antemortem and postmortem measurements is due to edema, congestion, and accumu-
lation of blood in the heart cavities as antemortem characteristics and redistribution
of blood caused by thoracic dissection during the autopsy, as a postmortem response
in cardiac weight [70]. In a study by Michiue et al. [71] in situ cardiac blood volume in
cardiac cavities and dilatation index were higher in sudden deaths and lower in cases of
bleeding, suffocation, and hyperthermia. In most cases, systolic and/or diastolic func-
tion may be reduced in heart failure. Minute volume is also reduced as well as oxygen
delivery with vasoconstriction and redistribution of circulating blood. At the same time,
due to reduced beating heart volume, renal perfusion is reduced, antidiuretic hormone
release is increased, and water and salt retention occur. The result of increased venous
pressure is the transudation of fluid into the intercellular space and the appearance of
edema. With the gradual development of heart failure, compensatory mechanisms are
developed that facilitate the work of the heart and improve the supply of oxygen to the
tissues. As a consequence of a long-term compensatory mechanism, the myocardium
hypertrophies. This is also a response to the increase in heart weight in groups that have
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been exposed to hyperthermia for the longest time, and later to heatstroke and experi-
enced death due to exhaustion of compensatory mechanisms. With an increase in body
temperature, cardiac output and blood pressure drop drastically and are associated with
myocardial oxygen consumption. Hypoxia causes numerous injuries to the heart muscle,
from subendocardial hemorrhage, myocardial necrosis, and rupture among fibrin
fibers. The effect of hyperthermia on heart weight and erythrocyte shape was studied

in rat embryos. An increase in the internal temperature in rats from 37-42°C also causes
tachycardia and increases mean blood flow and vascular resistance by 13% [29].

In the state of heatstroke, large amounts of calcium are released from the sarco-
plasmic reticulum of the heart muscle, causing a hypermetabolic state. Abnormal
forms of red blood cells depending on exposure and length of exposure to higher
temperatures have been demonstrated. There is a statistically significant difference
between the experimental groups and the control group in ovalocytes, dacryocytes,
annulocytes, echinocytes, stomatocytes, spherocytes, reticulocytes, and target cells.

In the antemortem groups (41°C and 44°C) and the control group (37°C), there is
a statistically significant difference in almost all poikilocytotic forms, which indicates
a direct effect of temperature on erythrocyte shape in 20-minute exposure length in
antemortem groups.

Hyperthermia affected changes in the percentage of certain forms of poikilocytes,
especially in groups that had longer exposure to high ambient temperatures (aquatic
environments). In any case, the thermal process of overheating gives the same effect as
a stress reaction that can be caused in different ways and make it a nonspecific reaction.

The lowest temperature at which red blood cells undergo thermal fragmentation is
45°C [72].

In our study, the most pronounced poikilocytotic forms occurred in the postmortem
groups at 41°C and 44°C by echinocyte and spherocyte type. In the antemortem group
of 41°C, there is a pronounced poikilocytosis for the target cell, which is 100%, while
in the antemortem group of 44°C, there is 100% anulocytosis. After statistical analysis
between all groups, it is noticed that the number of expressed poikilocytes increased
in postmortem groups, that is, with prolonged exposure to high temperatures. In the
antemortem groups (41°C and 44°C) and the control group (37°C), there is a statistically
significant difference in almost all poikilocytotic forms, which indicates a direct effect of
temperature on erythrocyte shape in 20-minute exposure length in antemortem groups.

When comparing antemortem and postmortem rats exposed to a water tempera-
ture of 41° C, there are significant differences in some forms of erythrocytes (sphe-
rocytes, reticulocytes, and target cells), which suggests that poikilocytosis is more
pronounced and associated with the length of exposure to high temperature than
temperature between the antemortem and postmortem groups at 41°C. It has been
noticed that erythrocytes in organisms that are exposed to heat for a long time are
more sensitive and hemolyze very quickly. Their osmotic and mechanical resistance
are significantly reduced. The assumption is that the result is damage to the eryth-
rocyte membrane, which becomes permeable, and spherocytes with significantly
reduced resistance appear in the blood. Due to erythrocyte damage, hemoglobinemia
and hemoglobinuria occur and, consequently, hemolytic anemia. However, unlike
erythroptosis, significant hemolysis is activated only at high temperatures with a
sharp increase in hemolysis at 41°C and above [73].

When comparing rats exposed to antemortem and postmortem to a water tempera-
ture of 44°C, there are significant differences in individual erythrocyte forms (dacryo-
cytes and spherocytes) that agrees with the results of Lucijanovi¢ et al. [74]. The higher
presence of spherocytes in the blood smear is most commonly associated with anemia
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and the immune type of hereditary spherocytosis [75]. Mortality can occur at body tem-
peratures of 41°C and above where erythrocytes undergo hemolysis iz vivo. Metabolic
processes within erythrocytes contribute to cell shape change when experiencing
suicidal cell death and consequently, nonspecific poikilocytotic forms of erythrocytes
occur as a result of hyperosmolarity, oxidative stress, and xenobiotic exposure [76].

Optimal erythrocyte functionality is closely related to ambient temperature. Using
digital holography in the microscopic configuration, changes in erythrocyte membrane
profile, mean corpuscular hemoglobin (MCH), and cell membrane fluctuations (CMF)
of healthy erythrocytes under different temperatures were analyzed. Erythrocytes were
exposed to an increase in temperature from 17-41°C for a period of less than 1 hour,
after which holograms were recorded. Reconstruction of the obtained holograms
showed that there are changes in the 3D profiles of erythrocytes. The amplitude of cell
membrane fluctuation was correlated with the curvature curve of erythrocytes, and the
changes observed in the indentation of erythrocytes were greater at higher temperatures.
Regardless of shape changes, no changes in mean corpuscular hemoglobin concentration
were observed with temperature variations [77]. In examining the effect of temperature
on syringomycin E pores of lipid bilayer erythrocyte membranes, it was found that
different temperatures and pore formation were only slightly affected, while inactivation
was strongly influenced by elevated temperature [78]. The movement of erythrocytes
through blood vessels at elevated temperature is an interesting and useful task in separat-
ing blood cells from the buffer in which they are suspended based on their size or density,
and for further analysis. It has been found that increasing the temperature increases the
cell-free area near the blood vessel wall due to the inertia of the cell flow after the narrow-
ing of the blood vessel [79]. The movement of erythrocytes through the blood vessel at
elevated temperature in this way (increased area without cells near the blood vessel wall),
enabled the production of a hybrid microfluidic device that uses hydrodynamic forces to
separate human plasma from blood cells. The blood separation device includes an inlet
that is reduced by approximately 20 times to a small constrictor canal, which then opens
toward a larger outlet canal with a small lateral plasma collection canal. When tested, the
device separated plasma from whole blood using a wide range of flow rates, between 50
and 200 microl/min, at higher flow rates injected manually and at temperatures ranging
from 23 to 50°C, resulting in an increase in the cell-free layer to 250%. It was also tested
continuously using between 5% and 40% of erythrocytes in plasma and whole blood
without channel blockage or cell hemolysis. The mean percentage of plasma collected
after separation was 3.47% from a 1 ml sample. The change in temperature also affected
the number of cells removed from the plasma, which was between 93.5 +/— 0.65% and
97.01 +/— 0.3% at 26.9-37°C, respectively, using the flow rate from 100 microl/min. Due
to its ability to work in a wide range of conditions, it is envisaged that this device can be
used in iz vitro “lab on a chip” applications, as well as a hand-held care device (POC) [80].

During cardiopulmonary bypass surgery, perfusion at low temperatures (33-35°C)
is recommended to avoid high-temperature cerebral hyperthermia during and after
surgery. Also, high body temperatures (40-41°C) affect proteins in both blood plasma
and those involved in building red blood cells. The ideal temperature for uncompli-
cated cardiac surgery is still an unresolved issue. Precisely because of this, the goal
of scientific studies was to establish the effect of both low and high temperatures on
blood flow and viscosity through blood vessels.

In a study examining the effects of low temperature on blood viscosity, the aim
was to determine the effects of temperature, shear rate, hematocrit, and various
volume expanders on blood viscosity in conditions that mimic deep hypothermia in
cardiac surgery. Dilutions were prepared to 35%, 30%, 22.5%, and 15% hematocrit
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using plasma, 0.9% NaCl, 5% human albumin, and 6% hydroxyethyl starch. Viscosity
was measured in the range of shear rates (4.5-450 s (—1)) and temperature (0-37°C).
A parametric expression for predicting blood viscosity based on the studied variables
was developed and its agreement with the measured values was examined. Viscosity
was higher at low-shear rates and low temperatures, especially at temperatures below
15°C. Reducing hematocrit, especially to less than 22.5%, reduces viscosity. The
theoretical model for blood viscosity predicts independent effects of temperature,
shear rate, and hemodilution on viscosity over a wide range of physiological condi-
tions, including thermal extremes of deep hypothermia in an experimental setting.
Moderate hemodilution to hematocrit of 22% reduced blood viscosity by 30%-50%
at a blood temperature of 15°C, indicating the potential to improve microcircula-

tory perfusion during deep hypothermia [81]. In a study investigating the effects of
elevated temperature, it was investigated at which temperature the breakdown of
blood plasma proteins occurs after 2 hours of heat exposure. As a result, blood plasma
proteins were exposed to heat in the range of 37-50°C for 2 hours. Protein degradation
was first established between 43 and 45°C exposure to heat [82]. The importance of
the influence of temperature on the cellular elements of blood, its proteins, and thus
on its viscosity, has conditioned a large number of scientific researches that have
dealt with this problem. Blood viscosity measurements are widely used to monitor
patients during and after surgery, which requires the development of a high-precision
viscometer that uses a minimum amount of blood. The devices were also used to
construct blood viscosity models based on temperature, shear rate, and anticoagulant
concentration.

The model has an R-square value of 0.950. Finally, the protein content of the blood
can be altered to simulate disease states. Simulated disease states were clearly detected
by comparing the estimated viscosity values using the model and the measured values
using the device, which demonstrated the applicability of the setting in anomaly
detection and disease diagnosis [83]. Taking into account the influence of tempera-
ture on erythrocyte shape, blood plasma proteins, and blood viscosity, the optimal
temperature for human life activity was determined, assuming that this parameter
corresponds to the most intensive oxygen transport in arteries and the most intensive
chemical reactions in cells. It was found that oxygen transport mainly depends on
blood oxygen saturation and blood plasma viscosity, with both parameters depend-
ing on blood temperature and acid-base balance. Additional parameters that affect
the volume of erythrocytes and, accordingly, the temperature of the most intensive
oxygen transport are taken into account. It is assumed that erythrocytes affect the
shear viscosity of the blood in the same way because the impurity particles change the
viscosity of the suspension. It has been shown that the optimum temperature is 36.6°C
under normal ambient conditions [84].

5. Conclusion

In this study, in antemortem groups, water temperature directly affected mor-
phological forms of erythrocytes, while in postmortem groups, the length of body
exposure to high temperature was more important than the direct temperature on the
morphological characteristics of red blood cells. Hyperthermia affected the changes in
the percentage of certain forms of poikilocytes, especially in the groups that had a lon-
ger exposure to high temperatures of the aquatic environment. Heart mass varied with
the length of exposure and the duration of debilitating compensatory mechanisms.
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Abstract

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive neurodegenerative
disease that severely impairs the patient’s mobility, as it mainly affects the upper
and lower motor neurons in the spinal cord. In addition, alterations have also been
demonstrated in different parts of the central nervous system (CNS), such as the
brain and brainstem. The retina is a projection to the brain and is considered as a
“window” to the CNS. Moreover, it is possible to use the retina as a biomarker in
several neurodegenerative diseases, even in the absence of major visual impairment.
Classically, it was thought that the eyes were not affected in ALS, with respect to
extraocular muscles, whereas the remainder of the muscles of the body were dis-
tressed. Nevertheless, retinal changes have recently been found in this pathology and
could help in diagnosis, follow-up, and even monitoring therapies in this disease.

Keywords: amyotrophic lateral sclerosis, ALS, retina, animal models, SOD1, microglia,
protein aggregates, axon pathology, neurodegeneration, neuroinflammation

1. Introduction

Amyotrophic lateral sclerosis (ALS) is the most common progressive motor
neuron disease, accounting for 80-90% of all motor neuron diseases cases [1].
Worldwide, the incidence per 100,000 people ranges from 0.3 to 2.5 cases per year
[2-5]. Only 10% of the cases are familial [6], ranging from 2 to 15% depending on the
population [7], whereas 90% of the cases are sporadic or seemingly sporadic. Overall,
both the incidence [8] and the prevalence [9] of ALS vary according to location and
race. ALS is more common in men than in women, with a ratio of 1.5:1 [5].

This neurodegenerative disease is rapidly progressive with a typical combina-
tion of symptoms of both upper motor neurons (UMNs) and lower motor neurons
(LMNs) in different degrees, causing muscle fiber atrophy, which seriously affects
the patient’s mobility and quality of life [2, 4, 10]. ALS comprises overactive reflexes,
as well as muscle weakness and stiffness, and it also involves the swallowing, speech,
and respiratory muscles [10-12]. In fact, patients usually die within 2-3 years from
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diagnosis, frequently due to respiratory failure [5, 13]. The disease usually has a spinal
onset, beginning in the extremities and spreading to the rest of the body; however,
one in every four patients has a bulbar onset, which has a worse prognosis [4]. ALS

is a heterogeneous disease with asymmetrical onset and spreading of UMN and

LMN dysfunction, which makes its classification very complex [14]. In addition, no
single specific test exists for ALS diagnosis; it is a diagnosis of exclusion based on the
initial symptoms, the progression of the disease, and tests to eliminate overlapping
conditions.

Although ALS has been considered an exclusively motor disease, over the last few
years, several studies have focused on assessing the possible participation of nonmo-
tor areas of the central nervous system (CNS) in this illness. Actually, neuroimaging
tests have shown an overall reduction in brain volume, with a loss of focal gray matter
and regional white-matter alterations [15-20]. The alteration of these areas leads to
cognitive and behavioral changes [16, 18]. During the course of the disease, it has
been found that 50% of ALS patients have some degree of cognitive impairment,
mainly featuring executive dysfunction and mild memory loss [15, 21].

Classically, it was thought that the eyes were not affected in this disease, with
respect to the eye motor muscles, whereas the remaining muscles of the body were
affected [22]. However, some studies have found abnormal ocular movements in these
patients [23-28]. Nevertheless, this classical concept did not refer to the retina or the
optic nerve. Actually, these patients have demonstrated not only abnormal evoked
potentials [29-33] but also astrogliosis in nonmotor areas, specifically in the occipital
area [34]. Even a significant interocular difference of the P100 in ALS patients was
demonstrated in a study of visual evoked potentials [33], similar to the existing asym-
metry in the CNS of these patients [14]. Some researchers have also analyzed changes
in the visual pathway (a nonmotor neuron area) using optical coherence tomography
(OCT) in ALS patients [35-44], finding different changes in the retina and optic
nerve, some with contradictory results, stressing the importance of classifying
patients by both stage and type of ALS, given the high heterogeneity of the disease.

The retina is considered as an open window to the CNS, and it is possible to use it
as a biomarker in multiple neurodegenerative diseases, whether or not there is visual
impairment. In recent years, many studies have emphasized the importance of the
retina in the diagnosis and monitoring of neurodegenerative diseases, with various
pieces of evidence highlighting its value as a biomarker [45-57]. However, what was not
so evident was the possible involvement of the retina in neuromuscular diseases, which
are chronic progressive neurological diseases, such ALS, that predominantly affect the
spinal cord, whereby the neurological involvement is far from the visual pathway.

The purpose of this review is to analyze the retinal changes that have been
described in different animal models in this disease, to compare them with each other
and to correlate them with the changes described in humans to highlight the possible
role of the retina as a biomarker in this disease.

2. Retinal histopathological studies in amyotrophic lateral sclerosis
patients and experimental models

ALS is a neurodegenerative disease, which shares some pathophysiological mecha-
nisms common to other diseases of the CNS, such as vascular pathology, glutamate
excitotoxicity, fragmentation, aggregation, and functional abnormalities of the
mitochondria, impaired retrograde and anterograde axonal structure and transport,
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increased free-radical and oxidative stress, protein aggregation, and neuroinflamma-
tion [12, 58-61]. However, studies in the retina are scarce and have focused only on
four such mechanisms, as described below.

2.1 Histopathological studies in ALS demonstrating intraretinal protein
inclusions

(Table1, Figure 1) Accumulated and altered proteins can interfere with neuronal
traffic or can abduct proteins that are essential for proper neuronal functioning caus-
ing neurotoxicity [62]. The ubiquitin proteasome system plays an important role in
ALS, with reactive ubiquitin inclusions being characteristic of this pathology [5, 63].
Among them, TDP-43 and p62 proteins are specifically indicative of ALS. These
inclusions, which are positive for P62 and negative for TDP-43, have been demon-
strated in the brain, hippocampus, and cerebellum in ALS patients [64, 65].

There are scarce studies that have focused on the histopathology of retinal tissue
in both ALS patients and animal models of mammals with ALS. Actually, the first
histopathological analysis in the retina was performed in 2014 on a patient with the
C9orf72 mutation. In this study, protein intracytoplasmic p62-positive and pTDP43-
negative perinuclear aggregates, typical of ALS/frontotemporal dementia (FTD),
were observed in the inner nuclear layer (INL) of the retina [66]. Both the poly-(GA)
n dipeptide repeats and ubiquitin in the retina were positively stained for p62, similar
to the perinuclear inclusions localized in the brains, specifically in the dentate gyrus,
of patients with this mutation [66]. The authors suggested that most of the p62-posi-
tive inclusions found were likely placed within the cones of bipolar cells (OFF bipolar
cells) and between amacrine and horizontal cells, because they were also stained
with GLT-1 and recoverin; in addition, these retinal deposits could be related to the
contrast sensitivity impairment manifested by the patient [66]. Moreover, Volpe et al.
[67] analyzed two retinas from ALS patients with C9orf72 mutations and demon-
strated (i) specific p62 inclusions mostly in the INL (94.9%) and in a smaller propor-
tion in the retinal ganglion cell layer (GCL) (5.1%) in one patient, and (ii) ganglion
cell axonal atrophy specifically in the papillomacular bundle in the second patient.
On the other hand, abundant positive ubiquilin 2-positive inclusions were also shown
in a transgenic mice experimental model with mutant UBQLN2, mostly in the inner
plexiform layer (IPL), with a smaller amount in the outer plexiform layer (OPL) and
a scarce amount in the GCL. This ubiquilin 2 aggregation in the layers of the retina
with more synapses is associated to the ubiquilin 2 accumulation in the dendritic
spines of the hippocampus, and it may also be related to the dementia observed in this
experimental model. Furthermore, few ubiquilin 2-positive aggregates were detected
between the neurosensorial retina and the retinal pigment epithelium, whose
appearance was analogous to that of drusen [67]. Similarly, in patients with FTD and
progranulin deficiency, lipofuscin deposits were found, sometimes associated with
subretinal drusen-like aggregates [68]. Retinal thinning in these patients was detected
by OCT before symptoms, suggesting that the eye is affected in progranulin-deficient
frontotemporal dementia disease [69].

Eye degeneration was reported in an ALS Drosophila model that expressed C9orf72
repeat expansion. The expansion of a noncoding GGGGCC hexanucleotide repeat of
the C9orf72 gene on chromosome 9p21 is the most common point mutation in familiar
ALS, which generates dipeptide repeat proteins that aggregate in the brain. It is note-
worthy that some synthesized compounds revealed a significant biological effect by
blocking the neurodegeneration of fly retina at different efficacy levels and upgrading
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Mechanism Author Retinal tissue Main retinal Other comments
and year findings
Protein inclusions Fawzietal.  One patient with Protein Most of the p62-positive
2014 ALS secondary toa intracytoplasmic inclusions found were
C9orf72 mutation p62*/TDP43- likely placed within
perinuclear OFF bipolar cellsand
aggregates inthe INL  between amacrine and
horizontal cells; they may
have been responsible for
the contrast sensitivity
impairment in this patient
Volpe etal. UBQLN2P497H TG Ubiquilin2* Drusen-like ubiquilin
2015 mice inclusions mostly 2-positive aggregates at
in the IPL, with a the level of the sub-RPE
smaller amount in space
the OPL and in the
GCL
Two patients with First patient: Specific ~ Second patient: ganglion
ALS secondary toa p62" inclusions: cell axonal atrophy
C9orf72 mutation 94.9% in the INL specifically in the
and 5.1% inthe GCL  papillomacular bundle
Azoulay- ALS fly Drosophila Eye Compounds 9 and 4 of
Ginsburget  model expressing neurodegeneration chemical chaperones
al. 2021 C9orf72 repeat blocked and upgraded the
expansion eye neurodegeneration
Neuroinflammation ~ Ringer et TG mouse model hSOD1" vacuoles No signs of activation of
al. 2017 SOD1G93A in the dendrites of either the astroglia or the
excitatory retinal microglia of the retina
neurons in the IPL,
with hardly any in
the GCL and INL
Choetal Mouse model of 1 Amoeboid forms Hypertrophy in RGCs +
2019 ALS devoid of and microglial cells 1 metalloproteinases in
Ranbp2 surrounding the RGCs + axonopathy in the
RGCs optic nerve
Rojas et al. TG mouse model Microglial cells Loss of RGCs
2021 SOD1G93A (late activation in retinal
stage) tissue
Cell thickening in
the area occupied by
each microglial cell
1 Microglial M1 phenotype or
arborization in the proinflammatory state of
area with hyper- microglia: neurotoxic
ramifications in the
inferior sector of the
OPL

Retractions of

cells processes +
migration and
clustering of cells
in some areas of the
retina
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Mechanism Author Retinal tissue Main retinal Other comments
and year findings
Retinal spheroids Sharma et Retinal sections of PAS" spheroids (> No significant correlation
and axon pathology ~ al. 2020 10 postmortem eyes ~ 9.07 pmin diameter)  of retinal spheroids and
from ALS patients inthe RNFL axon pathology with
N . clinical characteristics
P-NF spher.mds of the ALS patients
(8to15umin
diameter) in the (a}ge at death,. gender,
peripheral and d{sease duration, mode of
pRNFL disease onset, ALSFRS-R,
and rate of disease
NP-NF" spheroids progression)
(7t010 pm in
diameter) in the
RNFL
1 NP-NF signal in
the RNFL and IPL
Vasculopathy Abdelhak 34 ALS patients The outer wall Thinning of the ONL,
etal. 2018 with clinically thickness of retinal suggesting a possible
diagnosed ALSwho  vessels was thickerin  impairment of rod and
underwentan OCT  ALS patientsthanin  cone function
controls
There was also The whole retinal
no correlation thickness was negatively
between the vessel correlated with the
measurements and ALSFRS-R

clinical parameters

ALS: amyotrophic lateral sclerosis; FTD: frontotemporal dementia; INL: inner nuclear layer; UBQLN2P497H:

dysfunctional ubiquilin 2; TG: transgenic; IPL: inner plexiform layer; OPL: outer plexiform layer; ONL: outer nuclear
layer; INL: inner nuclear layer; GCL: ganglion cell layer; sub-RPE: subretinal pigment epithelium; hSOD1: human
superoxide dismutase 1; Ranbp2: RAN-binding protein 2; RGCs: retinal ganglion cells; PAS: periodic acid Schiff; P-NF:
phosphorylated form of neurofilament; NP-NF: non-phosphorylated form of neurofilament; RNFL: vetinal nerve fiber
layer; pRNFL: peripapillary vetinal nerve fiber layer; OCT: optic coherence tomography; ALSFRS-R: ALS Functional
Rating Scale—Revised.

Table 1.
Retinal findings in ALS animal models and patients.

this eye degeneration. The most active chemical chaperones were compound 9, which
is a peptide derivative targeted to the endoplasmic reticulum, and compound 4, which
is targeted to the lysosome. Consequently, both might be used as a new class of drug
candidates to treat ALS and other protein misfolding disorders [70].

2.2 Histopathological studies in ALS and neuroinflammation in retinal tissue

(Table 1, Figure 1) Neuroinflammation is a pathophysiological mechanism,
which involves the activation of astroglial and microglial cells, and it occurs in many
neurodegenerative diseases, such as Parkinson’s disease, Alzheimer’s disease, ALS,
and glaucoma [62]. Microglial cells are the macrophages of the CNS and have the
ability to respond to injury by becoming activated; they can proliferate, migrate, and
change shape, acquiring an amoeboid appearance in the most active state [62, 71].
On the one hand, in an attempt to protect against damage, microglial cells can
secrete proinflammatory molecules, such as interferon y or interleukin (IL)-1p [62].
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| HEALTHY RETINA | | RETINAL CHANGES IN ALS |
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Figure 1.
Su%nmavy of retinal changes in amyotrophic lateral sclerosis. (A) Healthy retina. (B) Retinal changes in ALS.
Most of retinal changes are mainly detected in the inner layers: (i) ganglion cell loss; (ii) activated microglia in
outer plexiform layer (OPL) and inner layer complex (ILC) (constituting an inner plexiform layer and a nerve
fiber—ganglion cell layer); (iii) p62-positive and TDP43-negative protein aggregates mostly in the inner nuclear
layer with some in the ganglion cell layer (GCL); (iv) ubiquilin 2-positive inclusions mostly in the inner plexiform
layer (IPL), with a smaller amount in the outer plexiform layer (OPL) and in the GCL; (v) periodic acid Schiff
(PAS)-positive spheroids in the vetinal nerve fiber layer (RNFL) and phosphorylated form of neurofilament
(P-NF)-positive sphevoids in the in the peripheral and peripapillary RNFL; (vi) non-phosphorylated form
of neurofilament (NP-NF)-positive spheroids in the RNFL; (vii) hSOD1-positive vacuoles in in the IPL, with
hardly any in the GCL and inner nuclear layer (INL).

Nonetheless, uncontrolled activation of the M1 phenotype can lead to a state of chronic
inflammation, which can induce neuronal death. On the other hand, microglial cells
can also secrete anti-inflammatory molecules, such as IL-10 and the enzyme arginase 1
(Argl), in order to control inflammation, repair tissue, and improve neuronal survival
[62, 71-73]. Consequently, activated microglia can acquire two different activation
phenotypes: an M1 or proinflammatory phenotype vs. an M2 or anti-inflammatory
phenotype, both of which can be influenced by molecules derived from surrounding
cells such as astrocytes [62, 74]. Astrocytes are glial cells of ectodermal origin that
perform numerous functions for neuronal survival [75], such as maintenance of the
volume and composition of the extracellular space, maintenance of the blood-brain
barrier, and regulation of synaptic transmission [76], as well as metabolic maintenance
and neuronal survival [77, 78]. When astrocytes are damaged and consequently
activated, “astrogliosis” occurs [79]. If this astrogliosis is severe, a glial scar may form
[75]. Reactive astrocytes can interact with microglia and neurons and can impair the
function of neurons after an injury [80].

Astrocyte activation [81], microglial activation [82], and the appearance of lym-
phocytes [83] have been found in animal models of ALS (with SOD1 mutations) and
in ALS patients. In ALS there are reactive microglia and astrocytes, which can result
in motor neuron injury and subsequent death [73, 74, 81]. The SOD1G93A mouse
model is one of the most suitable and widely used for preclinical studies in ALS,
attributable to the animals having an analogous phenotype to patients. These animals
develop limb paralysis due to the loss of motor neurons in the spinal cord, with a
reduced lifetime of 150 days [84]. Microglial activation also occurs in ALS, as
observed in SOD1-mutated mice and in spinal cord samples from ALS patients,
which could exacerbate neuronal damage [73, 74, 81, 85]. In fact, it has been shown
that exogenous extracellular mutation of SOD1G93A is not directly toxic to motor
neurons, but requires microglial activation for toxicity in primary motor neuron and
glia cultures [86]. Furthermore, in SOD1 transgenic mice, activated astrocytes and
microglia have been shown to contribute to disease progression but not to disease
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onset [87-89]. In ALS, microglial activation and proliferation have been observed in
areas of significant motor neuron loss, such as the motor cortex, brainstem motor
nucleus, corticospinal tract, and ventral horn of the spinal cord [90-94], as well as

in areas with mild degeneration [95]. Precisely, in postmortem spinal cord analysis

of patients with advanced stages of ALS, reactive astrocytes were found in the dorsal
and ventral horn of the spinal cord [96] and in the gray [97] and white matter [34] of
the cerebral cortex. Similarly, reactive microglia were found in the motor nucleus of
the brainstem, motor cortex, corticospinal tract, and ventral horn of the spinal cord
[91]. Reactive microglia were also observed in vivo using the PET imaging technique
C-PK11195, finding a close relationship between microglial activation and upper
motor neuron damage, but not lower motor neuron injury [98]. Moreover, in the
SOD1 model, it was confirmed that overexpression of the SOD1 mutation in glial cells
contributes to motor neuron damage, and that the degree of neuronal injury depends
on the degree of glial cell pathology [99]. Microglial cells of SOD1-mutated mice suf-
fer different degrees of morphological changes from resting to macrophagic amoeboid
forms [91]. Lastly, symptomatic SOD1 transgenic mice also have increased numbers
of microglial cells, mainly due to the proliferation of resident microglia [100].

Bearing in mind all of the above, both the microglia and the astrocytes play an
important dual role in the progression of the ALS. Nevertheless, most studies about
the involvement of microglia in ALS have been conducted in the motor cortex, brain-
stem motor nucleus, corticospinal tract, and ventral horn of the spinal cord. To our
knowledge, there are only three studies that investigated the glial cells of the retina in
relation to ALS [101-103].

In the first one, a mouse model of ALS devoid of RAN-binding protein 2
(Ranbp2), microglial activation was confirmed. Ranbp2 is a protein, which plays an
important role in nucleocytoplasmic transport and whose regulation is affected in
both sporadic and familiar ALS [104]. In this ALS mouse model, there was microglial
activation with an increase in the number of microglial cells surrounding retinal
ganglion cells (RGCs), as well as a noteworthy increase in amoeboid forms relative to
controls. In addition, there was an increase in metalloproteinases in RGCs, and both
hypertrophy in RGCs and axonopathy in the optic nerve were found [102].

In the second model, a TG mouse model of ALS SOD1 (SOD1G93A), there was
a vacuolization, with hSOD1-positive vacuoles placed in the dendrites of excitatory
retinal neurons, which were detected principally in the inner plexiform layer (IPL)
and hardly in the GCL and INL; however, no signs of activation of either the astroglia
or the microglia of the retina were shown compared with to the wild-type mice [101].
However, the authors did not rule out the possibility that the microglia were undergoing
functional changes (in cytokines) related to the inflammatory process. Nevertheless,
neuronal changes observed in this SOD1G93A ALS model in the brain at 50 days of age
were followed by microglial morphological changes at 60 days [105-107]. Therefore,
the authors concluded that, if there is an inflammatory process in the retina, microglia
would be in a different, less reactive or even neuroprotective phenotype [101].

Lastly, the third transgenic murine SOD1G93A model of ALS in an advanced
stage of the disease (120 days) showed a loss of the number of Brn3a” RGCs and a
microglial activation in retinal tissue [103]. Signs of microglial activation were found
in different retinal sectors (superior, inferior, nasal, and temporal) of different retinal
layers: outer plexiform layer (OPL) and inner layer complex (ILC) (constituted
by an inner plexiform layer and a nerve fiber—ganglion cell layer). In addition, the
microglial activation in this SOD1G93A model of ALS showed a cell thickening in the
area occupied by each microglial cell, a significant increase in the area of microglial
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arborization with hyper-ramifications in the inferior sector of the OPL, retractions of
cell processes, and migration and clustering of cells in some areas of the retina, but no
increase in the number of microglial cells [103]. Moreover, phenotypic analysis of the
microglia showed an M1 phenotype or proinflammatory state of microglia, as the cells
were intensely labeled with anti-IFNy and anti-IL-1p but did not stain with the char-
acteristic M2 markers (anti-arginase 1 and anti-IL-10) [103]. The significant decrease
in the total number of Brn3a® RGCs at 120 days of illness would be consistent with the
damage observed in the RGCs of the ALS models discussed above [37, 101, 102], as
well as with the thinning of the peripapillary retinal nerve fiber layer (pRNFL),
observed by OCT, in ALS patients compared with controls [36-44]. Consequently,
these data would support that, in ALS, not only are motor neurons affected but also
RGC loss occurs, considering this disease as a multisystemic disease [103].

In none of the abovementioned models were changes in the outer segments of the
photoreceptors found. This could indicate that neither this layer of the retina nor the
outer blood-retinal barrier (BRB) would be compromised in these animals. Because,
when the outer BRB is disrupted, as in a glaucoma model of laser-induced ocular hyper-
tension, there are morphological changes and an increase in the number of microglial
cells in the photoreceptor outer segment layer [108-112]. Moreover, no changes in the
number of microglial cells were found in either the OPL or the ILC [101, 103]; however,
the group of Rojas et al. described signs of microglial activation [103]. This difference in
results in the same experimental model could be due to the fact that Ringer et al. [101]
used retinal sections, while Rojas et al. [103] used retinal whole mounts.

As mentioned above, microglial cells have two distinct phenotypic states that can
exert neurotoxic or neuroprotective responses depending on the physiological condi-
tions in which they are found. During ALS progression, activated microglia represent a
continuum between the neuroprotective M2 phenotype and the neurotoxic M1 pheno-
type [113]. In SOD1 ALS animal models, in early stages of the illness, microglia in the
lumbar spinal cord expressed markers related to the M2 neuroprotective phenotype
(Ym1 and CD206); however, in the late stages of the disease, microglia in the lumbar
spinal cord expressed markers related to the M1 neurotoxic phenotype (high levels of
NADPH oxidase 2 (NOX2)) [74], suggesting that there is a polarization from a neu-
roprotective phenotype to a cytotoxic phenotype that induces motor neuron damage.
In the retina, there is only one study that analyzed whether microglia are in an M1 or
M2 activation phenotype [103]. The results of this study showed that, in 120-day-old
SOD1G93A mice, microglia were strongly labeled with antibodies against M1 inflam-
matory cytokines (IFNy and IL-1p), but not with those against M2 anti-inflammatory
cytokines (arginase-1 and IL-10), suggesting that at an advanced stage of the disease
retinal microglial cells are in an M1 activation phenotype or in a pro-inflammatory
state that could be neurotoxic to RGCs, as demonstrated by the loss of these neurons.
These results are consistent with the findings in spinal cords of the same animal model,
where microglia in an advanced stage of the disease showed a neurotoxic M1 pheno-
type, demonstrating the dual role (neuroprotective/neurodegenerative) of microglial
cells during the ALS process [74]. Therapeutic approaches that target microglia
polarization and result in the induction of the M2 phenotype are promising strategies
to ameliorate local neurodegeneration and clinical outcome of the disease [114].

2.3 Histopathological studies in ALS and retinal spheroids and axon pathology

(Table 1, Figure 1) Alterations in axonal transport (retrograde and anterograde)
are a hallmark of ALS, being impaired both in ALS patients and in mutant SOD1
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mice. In the spinal motor neuron axons, an accumulation of altered mitochondria,
neurofilaments, and autophagosomes [12, 58] was demonstrated. On the one hand,
mutated dyneins in ALS mice cause this accumulation in the axons of mitochondria
and autophagosomes [58]. On the other hand, altered autophagosomes do not elimi-
nate either altered mitochondria or dilated endoplasmic reticules, which accumulate
in the axons of motor neurons and cause them to malfunction [12].

There is only one study that focused on this important pathological mechanism
in the retina [115]. This study analyzed retinal sections of postmortem eyes from
ALS patients with periodic acid Schiff (PAS) and phosphorylated (P-NF) and non-
phosphorylated (NP-NF) forms of neurofilament (NF), compared with age-matched
controls. Three kinds of spheroids were revealed. First, PAS-positive spheroids with a
diameter bigger than 9.07 pm in the retinal nerve fiber layer (RNFL) were observed in
most ALS patients (but only in half of controls), most commonly in the pRNFL and the
peripheral RNFL, but rarely in the central RNFL in patients with ALS. The density of
PAS-positive spheroids was significantly greater in the pRNFL. Second, P-NF-positive
spheroids ranging from 8 to 15 pm in diameter were observed in the peripheral and
PRNFL only in ALS patients. Additionally, ALS patients showed a stronger P-NF signal
intensity in the RNFL in the peripheral, central, and peripapillary regions. Third,
NP-NF spheroids ranging from 7 to 10 pm in diameter were observed in the RNFL in
some of ALS patients (but not in controls). In addition, in most of the ALS patients, the
NP-NF signal was increased in the RNFL and IPL. Nevertheless, there was no signifi-
cant correlation of these retinal spheroids and axon pathology with the clinical char-
acteristics of the ALS patients (age at death, gender, disease duration, mode of disease
onset, revised ALS functional rating scale, and rate of disease progression) [115].

Consequently, patients with ALS show not only hallmark findings in spinal cord
motor neurons pointing to disrupted axon transport [116-121] but also retinal spher-
oids and axon pathology as a shared pathogenesis [115]. Transgenic mice with dysfunc-
tional microtubule-associated motor proteins also display such findings [122-124].

2.4 Retinal vessel pathology and ALS

(Table 1, Figure 1) Retinal vessels are a reflection of small blood vessels in the
brain [125]. Parallel vessel pathology in the retinal and cerebral small blood vessels
has been demonstrated in many systemic diseases such as coronary heart disease [126]
or stroke [127], as well as in some neurodegenerative diseases such as Alzheimer’s
disease [128, 129] (even in subjects at high genetic risk of developing Alzheimer’s
disease [130]) and Parkinson’s disease [131].

Some ALS-induced changes have also been described in small blood vessels of
the brain, which include a loss of pericytes, endothelial cell degeneration, capillary
leakage, downregulation of tight junction proteins, and microhemorrhages in patients
with ALS [132, 133]. Moreover, alterations of the structure of small blood vessels of
the skin and muscles in ALS patients have been described [134, 135].

There was only one study that analyzed retinal vessel pathology in ALS patients
with Spectralis OCT but not with angio-OCT. This study described a thicker outer
wall of retinal vessels in ALS patients compared with controls, which may be related
to the findings in small blood vessels in skin and muscle biopsies. There were neither
significant differences in the vessel diameters between ALS patients with spinal
onset and bulbar onset, nor a correlation between the vessel measurements and
clinical parameters (disease duration and ALS Functional Rating Scale—Revised
(ALSFRS-R)) [136].
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3. Conclusions

Much research still remains to be conducted on the retina in both animal models
and ALS patients. First, further research should aim to describe the different changes
in the retina that occur in all pathogenic mechanisms of the disease. Second, there
are several models with different genetic mutations that should also be analyzed. In
addition, both the retinal and the choroid changes produced at different times in the
evolution of the disease should be studied. It is known that ALS is a heterogeneous
disease, with different forms of onset, development, and progression, which may
potentially exhibit differences in the retina, as observed in the CNS.

The main findings found in the retina in ALS are summarized in Figure 1 and Table1.

In conclusion, multiple studies have confirmed that the retina is affected in ALS,
mainly in the inner layers, and it could serve as a biomarker in this pathology. These
retinal changes can be detected by noninvasive retinal imaging techniques to help in
the diagnosis and monitoring of ALS disease. In addition, the retina could be used to
evaluate the efficacy of different therapies in ALS in a noninvasive way.
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Abstract

Chronic liver disease affects globally and has a high morbidity and mortality
rate. It is histopathologically characterized by the presence of inflammation, and
the progressive destruction and regeneration of the hepatic parenchyma, which
can lead to the development of fibrosis, cirrhosis, and hepatocellular carcinoma.
Most liver diseases tend to become chronic and can be therefore studied in animal
models, as it is possible to quickly develop pathological processes in animals with
a high degree of reproducibility and obtain predictive data regarding the different
hepatopathies. The development of animal models in the field of hepatology has
been geared toward the search for new knowledge meant to favor human well-
being and proved useful in translational medicine focused on liver disease. Like
any other methodological tool, animal models provide valuable. Obviously, a single
model cannot reproduce the complexity and spectrum of all liver diseases, which
is why a wide variety are currently employed: they include chemically, immune,
diet, surgically, and genetically modified damage in animals and involve biologi-
cal agents or the use of humanized livers in rodents. This chapter surveys some of
the main animal models used in the study of chronic liver disease and the disease
characteristics they mimic.

Keywords: chronic liver disease, fibrosis, cirrhosis, hepatocellular carcinoma

1. Introduction

Chronic liver disease (CLD) is a major global health problem [1, 2]. Recent studies
have shown a global increase in the morbidity and mortality of chronic liver diseases
during the past decade [3, 4]. CLD was the cause of an estimated 1.32 million deaths
in 2017. Around 1.5 billion people globally are thought to suffer from at least one CLD.
The main problem with CLDs is that diagnosis takes place once the disease is already
advanced and therapy is no longer as effective [5]. Their treatment also continues
to lag behind despite available drug therapies because of three key issues: (1) costly
treatments are not accessible to all sectors of the population; (2) the presence of
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comorbidities such as obesity, hyperlipidemias, or the increase of intravenous drug
use and nosocomial spread, just to mention a few, can promote and accelerate the
disease, and (3) lack of treatment continuity by either the patient or the health system
once the diagnosis has been made. All of these factors play a role in the increase of
morbidity and mortality.

Liver cirrhosis is largely due to (1) chronic infection with the hepatitis B virus
(HBV) and hepatitis C virus (HCV), (2) alcohol-related liver disease (ALD), and
(3) metabolic-associated fatty liver disease (MAFLD) [6-9]. The development
of chronic liver disease occurs in different stages: acute hepatic decompensation,
multiorgan failure, and compensated and decompensated cirrhosis resulting in
higher mortality risks. Decompensated chronic liver disease is associated with the
development of hepatocellular carcinoma [10]. Patients with end-stage chronic liver
disease or in the hepatocellular carcinoma stage are admitted to hospitals more often,
stay in there longer, and are readmitted more often compared with patients suffer-
ing from other serious chronic diseases [11]. CLD is a serious illness that entails high
medical costs and impacts global public health [12]. It is characterized by extensive
production of inflammatory mediators that include cytokines, chemokines, growth
factors, bioactive lipid mediators, and immune-mediated tissue damage, all leading
to subsequent liver failure [13-17]. The histopathological common denominator,
independently of the CLD’s origin, is liver inflammation as a mechanism of immune
response to hepatocyte injury. Progressive destruction and regeneration of the hepatic
parenchyma can lead to the development of fibrosis, cirrhosis, and hepatocellular
carcinoma, causing both morbidity and mortality (Figure 1) [18-20]. Knowing
each of these processes in detalil is critical to our understanding of the disease and
its therapeutic approaches. Animal models have played an important role in the
study of the molecular mechanisms leading to the disease, data collection for early
diagnosis, and the evaluation of most of the drugs currently employed in the clinic.
Furthermore, they enable the study of new therapeutic alternatives for the prevention
and treatment of this group of diseases. This chapter will review the different models
employed for the study of the main histopathological and functional alterations that
characterize the chronic liver disease. We also include some examples of drugs that
have been evaluated using these models.

Virus,
toxic agents
Necrosis
~'v Ballooning cells
' }(_A 5T, W e
]
2
]
E
-]
=
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Figure 1.
Progressive necrosis, inflammation, and steatosis of the hepatic pavenchyma can lead to the development of
fibrosis, cirrhosis, and hepatocellular carcinoma.
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2. The importance of animal models in the study of CLD

Throughout history, experimental animals have played a key role in the research of
diseases affecting human beings. Rodents are similar to humans in their anatomical,
physiological, genetic, molecular, and biochemical conditions, which facilitates studies
involving certain diseases. They also incorporate complex factors, such as the environ-
mental and background genetic and molecular changes within a cell under pathologi-
cal conditions, making them an ideal research tool. From the perspective of scientific
research, animal experimentation has contributed considerably to the growth of
biomedical science, from the development of prophylactic measures and methods
of diagnosis to disease treatments for humans [21, 22]. It can additionally provide
information on mechanisms of injury, drug target identification, and characterization
of the pharmacological and toxicological profile of innovative drug development.

The best animal model must be easily performed in the laboratory, be reproducible,
have no features unrelated to the disease, have minimal limitations, and, most impor-
tantly, reproduce both the histopathological and clinical characteristics of the human
disease. Poor or inadequate models will result in limited or erroneous information,
perhaps even data that cannot be extrapolated to humans. The choice of an experimen-
tal model must be precise, as it is the most essential piece in the experimental strategy
for the study of liver disease. The most pertinent animal models for CLD research are
rodents (rats, mice, and hamsters), but rabbits have been used as well [23]. These ani-
mals meet all the basic conditions needed to induce, manipulate, and obtain biological
samples for the study of liver disease. Although the choice of the appropriate animal
model appears easy, one must take into consideration that it will not completely mimic
the human disease because each patient has different and diverse clinical signs and
symptoms, comorbidities, genetics, and the complications that might occur from the
disease. These conditions cannot be identically mimicked in experimental animals,
but it is possible to reproduce the histopathological and functional alterations occur-
ring in the liver tissue. Therefore, the success of CLD studies in animals will depend
on the choice of an experimental model that can represent those changes in the liver.
Generally, CLD study involves experimentally inducing the disease in the animals,
either via chemical agents, surgery, genetic modifications, or diet [24]. If the research,
however, is focused on mechanisms of injury, specific pathophysiological processes
of the disease, molecular targets, pharmacokinetics, or pharmacodynamics, it is
important to accurately select species, gender, age, size, number of animals, etc. Said
choice will depend on the desired number of samples, organ size, blood volume for
the quantification of biochemical parameters and liver enzymes, or obtaining DNA,
RNA, etc., for molecular studies. An appropriate experimental animal model enables
understanding of the disease, including identification and stage differentiation.

3. Most commonly used models for the study of CLD

CLD is associated with a wide pathological spectrum of alterations, from inactive
liver fat storage, associated with an asymptomatic benign clinical course, to progres-
sive cardiovascular, metabolic, and/or liver and kidney diseases with higher cancer
risks [25-27]. CLD results from the persistent action of various harmful agents on the
liver tissue, exceeding the liver’s capacity for defense and repair. The perpetuation of
the damage and the liver’s response to the damage can produce fat hepatic accumula-
tion without inflammation—an excessive lipid accumulation that induces lipotoxicity
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accompanied by necrosis and fibrosis development. A constant liver injury might lead
more easily to chronicity, as well as a gradual decrease in the hepatocellular mass with
subsequent progressive anatomical and functional distortion. From an anatomical point
of view, this results in cirrhosis; from a functional point of view, it leads to chronic liver
failure. CLD is histologically characterized by the presence of inflammation, steatosis,
fibrosis, cirrhosis, and the development of carcinoma (Table 1). Therefore, most ani-
mal models for the study of liver disease mimic one or more of these histopathological
features. We will now address some of the histopathological and functional characteris-
tics of CLD and the animal models that best mimic them.

3.1 Models for the study of inflammation, steatosis, and liver fibrosis

An imbalance between lipid deposition and elimination may lead to hepatic
steatosis. There are several cardinal features of hepatic steatosis such as synthesis of
triglycerides (TG) and accumulation of free fatty acid (FFA) in the liver. FFA can
be processed via two different pathways: The first pathway is p-oxidation to gener-
ate ATP, and the second is esterification of FFA to produce TG that are either stored
within hepatic cells or incorporated into very low-density lipoprotein (VLDL) for
release from hepatic cells, thus stimulating an imbalance in fat input/fat output that
in turn leads to hepatic steatosis [58].

Histologically, the accumulation of fat in the liver is combined with lobular and
periportal inflammation and cell damage (necrosis and ballooning) [59]. Hepatocytes
are the main cells involved in the metabolism and mobilization of lipids in the liver.
When there is lipid accumulation in hepatocytes, mitochondrial function is overloaded,
leading to mitochondrial and peroxisomal dysfunction and increased oxidative stress.
Uncontrolled and incomplete lipid oxidation generates toxic lipid products that cause
hepatocyte damage and ultimately lead to lipoapoptosis [60, 61]. Apoptosis of hepato-
cytes can be considered a major cause of liver inflammation, persistent liver damage,
and liver regeneration [61, 62]. Chronic inflammation of the liver can induce activation,
expression, and signaling of growth factors [63, 64]. As a consequence, the hepatic
stellate cells (HSCs) are activated and differentiate from the quiescent phenotype to
proliferative and contractile myofibroblasts. Additionally, cells will have the ability to
synthesize extracellular matrix [65, 66]. Therefore, a complex network of cytokine-
induced pathways arises to coordinate the pro-fibrogenic cell interactions leading to
the progression of fibrosis [67-69]. Liver fibrosis is considered a highly complex tissue
repair process that appears in the face of sustained hepatocellular damage and that will
go through the stages of steatosis, inflammation, regeneration, and liver fibrosis.

Several cells, growth factors, interleukins, receptors, and their signaling pathways
participate in the development of CLD and must therefore be analyzed. The study of
inflammation, steatosis, and fibrosis can be currently carried out using models that
allow for the identification of the typical characteristics of said processes. Models
developed for this purpose include diet-induced models, chemical/pharmacologically
induced models, and genetic models. Some of the most important features of these
models are described below.

3.1.1 Diet-induced models

The diet-induced models include a variety of dietary regimens that range from the
administration of substances and fat supplies to caloric intake and additional supple-
ments to facilitate the development of a NASH-like phenotype animal model.
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Models Inductor Pathology Advantages
Dietary HFD + CD Inflammation, Resembles human
[28-37] F steatosis, fibrosis disease and
ructose .
does not require
Cholesterol + fructose manipulation
Cholesterol + trans fats +
fructose
MCD Inflammation,
steatosis, fibrosis,
cirrhosis, HCC
HFD + chemical Inflammation, Fast
steatosis, fibrosis
Chemical CCl, Inflammation, Fast
Lee etal., [24, 38-46] CCl, + D-GH + LPS st.eat051.s, fibrosis, Advanced fibrosis
cirrhosis, HCC
TAA + LPS Fast
CCl, + DEN Fast
DEN Well tolerated
and high HCC
incidence
DEN + TAA Fast
DEN + PB Inflammation, High HCC
steatosis, fibrosis, incidence
HCC
DEN + 2-acetylaminofluorene Inflammation, Fast
+PB steatosis, fibrosis,
ASorPS cirrhosis Lower mortality
rates
Genetic ob/ob mice steatosis Well reproducible
(36, 47-54] dbldb mice
Zucker fa/fa
SREBP-1 Inflammation,
transgenic mice steatosis, fibrosis
PPAR-a Steatosis
Knockout
mice
Surgical BDL Inflammation, Fast and highly
[55-57] steatosis, fibrosis, reproducible

cirrhosis

HFD, high-fat diet; CD, choline deficiency; MCD, methionine and choline deficiency; CCLy4, AS, albumin serum;
PS, porcine serum; carbon tetrachloride; D-GH, D-galactosamine hydrochloride; LPS, lipopolysaccharide; TAA,
thioacetamide; DEN, diethylnitrosamine; PB, phenobarbital; BDL, bile duct ligation; HCC, hepatocellular carcinoma.

Table 1.
Models for the study of chronic liver disease.
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1. High-fat animal models. This group includes the diets characterized by fat intake

(up to 70%) with some other combinations such as a diet rich in fat but deficient
in choline; a diet rich in fructose intake; a diet rich in cholesterol; a diet rich in
cholesterol and fructose; a diet rich in cholesterol, fructose, and trans fats; or a
diet rich in fat plus chemicals [28-34, 70]. The advantages are an oral route of



Animal Models and Experimental Research in Medicine

administration, small specimens, and an induction disease time that generally
ranges between 12 and 30 weeks. However, the development of some models
can be extended for longer periods. This includes a diet deficient in methionine
and choline (up to 84 weeks), the high-cholesterol diet (up to 52 weeks), or the
chemical diet (up to 52 weeks). The presence of cholesterol in these diets has
been reported to increase the severity of the disease [35]. These diets generally
lead to the development of steatosis (grade +++), the presence of inflammation
(grade ++ or +++), and the development of metabolic syndrome; they are usu-
ally employed to address drug discovery or omics data. One advantage of these
models is that most can reach the fibrosis stage (grade ++) and some, such as the
high-fat diet combined with chemicals, achieve more advanced fibrosis (grade
+++) [71, 72]. The development of hepatocellular carcinoma has only been
reported with the choline-deficient diet, the high-fat, choline-deficient diet, and
the high-fat, high-cholesterol diet [30-32, 70].

2. The Western/cafeteria diet model. Other diets try to imitate the bad eating habits
that take place among people from big urban centers and with fast food inges-
tion [73]. These diets are made from a mixture of fat, sugar, and cholesterol. The
disadvantage is that they are not standardized and vary greatly across different
studies, which makes comparison and reproducibility difficult. There are several
combinations that have produced NAFLD using the Western diet method. For
example, rats have been fed a 40% fat, 40% sugar, and 2% cholesterol diet for
16 weeks. This diet induced the development of periportal steatosis and inflam-
mation, but there was no development of fibrosis [74]. Another study using
hamsters employed a diet containing 40.8% fat, 0.5% cholesterol, and sugar
water for 12-16 weeks, leading to the development of microvesicular steatosis,
fibrosis, obesity, and insulin resistance. A third study reported a diet based on
40% calories from fat, added sucrose/fructose, and 0.15-2% cholesterol (with
and without sugar water) for 24-50 weeks and administered to mice. This study
found the presence of steatosis, inflammation, and hepatic fibrosis, as well as
obesity and insulin resistance [75]. Although these westernized diets show that
the histopathological characteristics of NAFLD can be induced, an analysis of
histological patterns, cytokine profile, activation of metabolic pathways, and the
degree of damage shows differences in the metabolic profile and hepatic histo-
pathological phenotype [76-78]. Therefore, the extrapolation of these findings to
humans is difficult, and these models are not considered adequate for the study
of new drugs or for obtaining omics data.

3.1.2 Chemical-induced models

Several studies have reported the use of hepatotoxic agents such as CCL4, thio-
acetamide, and diethylnitrosamine to induce NAFLD in rodents. The degree of liver
damage varies with the type of agent, the route, and the time of administration.
However, said agents have been used for this purpose for over 50 years. CCl, is one
of the toxic agents that has been widely employed in the research of the liver disease.
It can be used by itself or in combination with other agents, either intraperitoneally,
orally, by inhalation, or subcutaneously. Its administration ranges from 6 to 12 weeks.
The advantage of using this agent is that the histopathological and functional char-
acteristics it produces in experimental animals are already well established. This is
one of the models that produces a high degree of steatosis (grade +), as well as a high
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grade of inflammation and fibrosis (++ or +++), and can even cause portal hyperten-
sion and ascites in rodents [38, 39]. In combination with other hepatotoxic, it can
lead to hepatocellular carcinoma. Differences in route of administration and dose are
associated with variations between research groups. Thioacetamide is a toxic agent
that is administered intraperitoneally or in drinking water, achieving liver damage in
10-12 weeks. This agent does not attain a high degree of steatosis, but it produces a
high degree of inflammation and fibrosis (grade +++), and even portal hypertension
in rodents. However, there have been discrepancies regarding the characteristics of
the resulting liver injury. Hepatocellular carcinoma may develop if combined with
other agents [40, 41]. Diethylnitrosamine (DEN) is a highly hepatotoxic agent that
can be administered orally, intraperitoneally, and in drinking water. It achieves liver
damage in 7-18 weeks. The degree of steatosis and fibrosis is very low, but there is a
significant inflammatory response [42-44]. Due to its carcinogenic potential, it can
lead to hepatocellular carcinoma. These toxic agents can be used as steatosis models
for the study of new drugs and to obtain omics data.

3.1.3 Genetic models

Genetically modified animals, by insertion, modification, or deletion of certain DNA
sequences, have been widely used for the study of NAFLD and new drug discovery.
Genetic models used to study this pathological condition include the following:

1.The ob/ob mice. These mice do not express leptin and develop hyperphagia,
reduced energy expenditure, obesity, hypothermia, and elevated plasma insulin.
Obesity in these animals can be observed via an increase in adipocyte number
and size. Adipose tissue transplants in Lep® homozygotes guard against obe-
sity, normalize insulin sensitivity, and restore fertility. The main hepatic altera-
tions manifested by these mice include elevations in hepatic mRNA expression
for PGC-1a, PPAR-q, an impairment in hepatic mitochondrial function, and a
dramatic upregulation in markers of hepatic de novo lipogenesis. They show an
increase in fatty acid uptake proteins and downregulation of efflux lipid trans-
porters, both of which promote lipid accumulation in the hepatocyte. There is
also the recruitment of inflammatory cells, activation of inflammatory signaling
pathways, oxidative stress, and lipotoxicity. Animals feeding on a high-fat diet
can develop mild perisinusoidal fibrosis in portal areas (week 12) and bridging
fibrosis (week 12). The presence of altered hepatic metabolism contributes to the
development of NAFLD [47, 48].

2.The db/db mice are used to model phases 1 to 3 of diabetes type II and obesity.
They have polyphagia, are polydipsic and polyuric, and suffer from chronic
hyperglycemia, peripheral neuropathy, and myocardial disease. The liver abnor-
malities observed in these animals include accumulation of fat in the liver (ste-
atosis) and inflammation. Their lipidomic feature indicates the presence of lipid
species related to inflammation, energy, and lipid metabolism (FAS, SCD1, LXR
B, SREBP-1, and DGAT-1), which leads to lipogenesis and loss of lipid homeosta-
sis. The development of fibrosis in these animals is very low [36, 49]. This model
develops neither steatohepatitis nor fibrosis.

3.Zucker fa/fa rats are the most known and widely used model for the study of
obesity. Animals homozygous for the fa allele become noticeably obese by 3 to
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5 weeks of age, and by 14 weeks of age, their body composition is over 40 percent
lipid. Many metabolic syndrome features, such as hyperphagia, hyperglycemia,
hyperinsulinemia, hypercholesterolemia, adipocyte hypertrophy, hyperplasia,
and muscle atrophy, can also be observed in this animal model. The presence

of an excess in adipocyte mass in these rats, along with insulin resistance, leads
to de novo lipogenesis and an increased release of free fatty acids up taken by
hepatic cells, leading to moderate hepatic steatosis. There is also documented
presence of pro-inflammation markers such as TNF-alpha, IL-1beta, and IL-6.
This model is more often employed to research inflammation and liver steatosis
as associated with obesity [37, 50, 51].

4.SREBP-1 transgenic mice are characterized by the overexpression of the human
nuclear sterol regulatory element-binding protein-1c in adipose tissue under the
control of the adipocyte-specific aP2 promoter. These genetic alterations lead
to an insufficiency of adipose tissue that is evident at birth and is accompanied
by severe insulin resistance, leading to symptoms such as hyperinsulinemia
and hyperglycemia. These mice exhibit similar 3-4-fold elevations in hepatic
nSREBP-1c, which is associated with an increase in mRNAs for several lipogenic
enzymes, an increase in the rate of fatty acid synthesis, and triglyceride accumu-
lation in the liver. Liver steatosis is due to endoplasmic reticulum stress induced
by SREBP-1 [52, 53, 79]. SREBP-1 transgenic mice are a good model for studying
steatosis and steatohepatitis, but not for fibrosis.

5.PPAR-o knockout mice (PPARa ") are characterized by high levels of serum
triglycerides and extensive hepatic lipid accumulation and plasma fatty acid in
plasma. PPAR-a is expressed in the adipose tissue of humans and rodents, stimu-
lating lipolysis in adipocytes. It may also play an important role in regulating
whole-body energy metabolism. Contrary to other genetic models, these animals
suffer from hypoketonemia, hypothermia, and hypoglycemia but do not present
obesity or fibrosis. PPAR-a Knockout mice are the best model for the study of
liver steatosis [54, 80, 81].

3.2 Models of cirrhosis and hepatocellular carcinoma

The main complication of CLD is cirrhosis [82]. Liver cirrhosis is a chronic,
diffuse, and irreversible liver disease characterized by the existence of fibrosis,
portal hypertension, and regenerative nodules. As a consequence, there are fewer
liver cells and the liver stops carrying out its usual functions, including the synthesis
of proteins (especially those that act in blood coagulation), the production of bile,
the neutralization and elimination of foreign substances from the body, and the
production of defenses against infection [83]. Although their clinical, biological, and
laboratory manifestations can often suggest what the diagnosis is, this can only be
confirmed via morphological study (biopsy). The prognosis is poor, and patients die
from gastrointestinal bleeding, hepatocellular failure, neoplastic degeneration, or
metastasis [84].

The development of hepatocellular carcinoma is common in the evolution of
patients with liver cirrhosis [85]. Once cirrhosis is diagnosed, the chance of develop-
ing hepatocellular carcinoma is of 20% during the following 5 years. Since this type
of carcinoma is frequently derived from cirrhosis, its clinical manifestations are often
codependent. Prognosis depends on the evolution of cirrhosis at the time the cancer is
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diagnosed. If hepatic functional reserve is good and hepatocellular carcinoma is asymp-
tomatic, the patient may survive for several years. If the cirrhosis is very advanced and
the carcinoma is very developed, the patient will die in a matter of weeks [86].
Chemically induced animal models are most often used for the study of cir-
rhosis and hepatocellular carcinoma, and some have already been mentioned above.
However, to achieve the development of cirrhosis, portal hypertension, or liver
cancer, it is necessary to extend the exposure time to the toxic agent, and there are
other models specifically focused on the development of liver cirrhosis or hepatocel-
lular carcinoma (Figure 2).

3.2.1 Chemical-induced models

CCl, in combination with D-galactosamine hydrochloride (GaIN) with or without
lipopolysaccharides (LPS) is one of the more often employed models for develop-
ing liver cirrhosis. LPS is added to activate Kupffer cells and stimulate TNF-a, as
well as an immune response via NF-kB pathway activation. D-galactosamine is used
to potentiate this response by depleting the uridine nucleotides and interfering in
protein synthesis, leading to acute lesions as a precipitating event [87]. Liver cirrhosis
is developed in 10 weeks. In this model, we see an increase in aspartate amino trans-
ferase (AST) and alanine amino transferase (ALT), as well as the presence of necrosis,
and excessive fibrosis and regenerative nodules. Thioacetamide combined with LPS
has been used to induce decompensated cirrhosis. After 10 weeks of its administra-
tion in the drinking water, increases in liver enzymes, portal hypertension, fibrosis,
and cirrhosis can be observed.

Cirrhosis Hepatocellular carcinoma
Chemical models Chemical models
CCl; + GalN; Thioacetamide + LPS; Normal liver . '
AS or PS: DEN CCly + GalIN; Thioacetamide + LPS;

AS or PS; DEN
Surgery model
bile duct ligation Genetic engineered model

Humanized mouse model Transgenic technology

Humanized mouse model
Normal funection of immune system

Normal function of immune system

Genetic engineered model
Transgenic technology

Figure 2.

Models of cirrhosis and hepatocellular carcinoma. Examples of animal models to induce cirrhosis and
hepatocellular carcinoma: chemicals, surgery, genetic engineering, and humaniged mice. CCl: carbon
tetrachlovide; GalN: D-galactosamine hydrochloride; LPS: lipopolysaccharides; AS: albumin serum; PS; porcine
serum; DEN: diethylnitrosamine.
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Albumin serum (AS) and porcine serum (PS) administrations are two other poten-
tial models for inducing immune cirrhosis. Albumin becomes hepatotoxic when there is
an imbalance of it in the liver [88]. Albumin or PS may induce cirrhosis when interact-
ing with LPS or when undergoing irreversible alkalization via drug metabolization. The
administration of albumin or PS twice a week for 6 weeks leads to CLD decompensa-
tion and subsequent histological and functional liver changes. There is also an increase
in several inflammatory markers, such as IL-6, IL-18, and HMGB-1 [89]. The PS model
may be more adequate for the induction of immune cirrhosis. It induces a response that
is closer to human liver disease, is easier to manipulate, and results in lower mortality
rates for animals when compared with the other mentioned models.

DEN is the most important and widely used toxic agent for the development of
chemically induced HCC in rodents. It is a carcinogen, and DEN bioactivation occurs
in the liver via cytochrome P450 (CYP 2E1) [90]. DEN is metabolized via alpha-
hydroxylation and dealkylation reactions, producing an unstable ethyldiazonium
hydroxide molecule that can generate highly reactive carbon, oxygen (ROS), and
nitrogen (RNS) ion species. These reactive molecules bind to DNA and proteins and
can contribute to genomic instability, DNA damage, mutation, and tumor initia-
tion [91]. DEN “initiates” the hepatocarcinogenesis process and produces a stable
and heritable mutational change in hepatocytes, inducing genomic alterations in
oncogenes and tumor suppressor genes. HCC can clonally expand from this single
DEN-“initiated” hepatocyte and result in HCC.

There are different protocols where DEN is used to induce HCC in rodents. For
example, it can be administered alone and in single intraperitoneal doses ranging from
1to 5 mg, resulting in adenomas (0-20%) in 24 weeks or carcinoma in 36 to 52 weeks
[92-94]. When administered in multiple doses, it is used in doses of 25 to 50 mg for
4-8 weeks, resulting in preneoplastic lesions, adenoma, or carcinoma depending on
the total administration time. DEN may be used in single or multiple doses in combina-
tion with CCl, 0.5 mg/mL to obtain preneoplastic lesions, adenomas, or carcinomas,
also depending on the total time of administration [95, 96]. In another rat protocol, a
single dose of DEN plus 0.03% thioacetamide is administered, leading to adenomas
or carcinomas between 24 and 52 weeks [97, 98]. A rat model employs DEN in a single
dose (80-200 mg) in combination with phenobarbital (PB) (0.025-0.1%) to obtain
the desired preneoplastic lesions, adenomas, or carcinomas [99]. DEN has also been
combined with 2-acetylaminofluorene (0.02%) and PB (67%) to cause carcinoma and
metastasis [45].

3.2.2 Surgery model

Common bile duct ligation is a model of secondary biliary cirrhosis. The surgical
resection of the bile duct induces bile accumulation in the liver and thus leads to dam-
age, inflammation, fibrosis, portal inflammation, and cirrhosis after 2 weeks [46, 55].
Anincrease in AST, ALT, and total bilirubin levels can be observed after surgery in rats
and mice. Recent reports suggest that the use of a single dose of LPS can induce decom-
pensated disease [56]. This model is used for drug discovery and omics data.

3.2.3 Genetically engineeved models

The above-mentioned models have been in use for more than 30 years and allow
for a deeper understanding of the pathogenic mechanisms involved in chronic liver
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disease and malignant transformation. The better known genetically engineered
models include HBV-transgenic, HCV-transgenic, c-myc-transgenic, ¢-myc-/

TGF-a transgenic, E2F-1 transgenic, ¢-myc-/E2F-1 transgenic, Apc knockout mice,
p-catenin/H-ras mutant, and cMyc+shp53 mice. Transgenic technology was initiated
by inserting exogenous viral DNA into mice to induce the expression of different
components of the viral particle [57]. Afterward, several important protein-coding
genes and transcriptional enhancers associated with cancer were micro-injected into
single-cell embryos of specific mice strains. Most transgenic mice show micro- and
macro-fat vacuoles (at 6 and 11 months of age). Although inflammation is not com-
monly observed between 6 and 15 months of age, most mice develop preneoplastic
hepatic lesions and adenomas at 6 and 11 months [100]. Those changes are accom-
panied by alterations in glycolysis and lipogenesis, which play a key role in the early
(preneoplastic) stages of hepatocarcinogenesis. A high incidence of adenomas and
carcinomas appears between 40 and 136 weeks. The advantage of these models is that
they are highly reproducible and resemble human disease.

3.2.4 Humanized mouse model

Humanized mouse models are widely used to mimic the human immune system
in mice [101]. This mouse model is based on transplanted human cells and tissues
that have been uniquely engineered to produce combinations of human cytokines
in immunocompromised mice and avoid rejection of implanted cells. This kind of
model results in a more physiologically relevant model system for evaluating new
cancer therapies, immuno-oncology, and effective treatments targeting the tumor
microenvironment. Proteomics studies of humanized models have shown that there
is an increase in proteins related to apoptosis at 12 months, the defense of fatty acid
metabolism against oxidative stress [102]. Other studies have shown that, in com-
bination with DEN, there can be an increase in the size of neoplastic nodules [103].
The mouse is the most widely used animal model in biomedical research because it
is versatile, inexpensive, and genetically very similar to humans. However, success
depends on animal age, sex, and strain.

4. Regulatory issues regarding the use of animal models in CLD research

Biotechnological advances in medicine and pharmaceutical sciences during recent
decades have provided us with tools for better diagnosis and treatment of CLD. This
has gone hand in hand with the exponential rise in the use of animal models for
research. Animal models in preclinical trials have largely served as the scientific basis
for the data that has enabled a better understanding of the pathophysiology of human
disease. However, researchers around the world are currently expressing concern
about the use of animals for scientific experimentation [104].

To make use of animal models in the field of hepatology, as well as in other medical
areas, we must essentially consider various aspects regarding the rational use and man-
agement of animals for their use in research protocols. Whenever animals are used as
research models, we must keep in mind that the main purpose of the study is to obtain
feasible, reproducible, and reliable results inasmuch CLD comprises an important
health problem that requires prompt study and attention. One way to achieve this is to
reduce the stress to which animals are subjected throughout the study. Aforesaid, the
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induction of the different stages of CLD requires handling the animals for prolonged
periods of time, which can affect and compromise animal welfare. On the other hand,
we already know that stress influences affective behavior and stress hormone release
may alter the pathophysiology of the CLD [105-108]. For this reason, the scientific
community has been made aware of the importance of ensuring the socio-environ-
mental welfare of experimental animals. In Europe, for example, there are regulations
regarding the use of experimental animals and a series of standards have been estab-
lished regarding protection criteria and ethical issues. The scientific community has
always been encouraged to implement them insofar as this is possible [109].

Discussions regarding the use of animal models are not recent and have increased
over the years, involving the scientific community across different countries [110-112].
Today, there are standards such as Animals in Research: Reporting In Vivo Experiments
(ARRIVE), which, since 2010, has become a useful guideline in biomedical science
and related areas and is meant to improve the use and management of experimental
animals from an ethical, social, and animal welfare-based perspective so as to obtain
reliable results [113]. In fact, it has become common practice that, in order to publish
scientific research, publishers request letters indicating that the research and ethics
committees authorized the use of animals. The legal agreements, regulations, and
guidelines for each country, as well as international standards, recommend that each
study adheres to the most effective type of test and the most appropriate species for the
study in order to reduce the number of animals to the bare minimum. Additionally, the
use of more complex animal models, such as animals obtained via genetic engineering
or humanized animal models, has required the expansion of these regulations.

One of the regulatory standard documents with international recognition is the
Guide for the Care and Use of Laboratory Animals (NIH, Guide), which promotes
the care and humane use of laboratory animals via a comprehensive program of
publications, scientific protocols, and opinions based on the scientific experience of
researchers using methodologies and practices that enable the desired results [114].
Another body handling international agreements is the Organization for Economic
Cooperation and Development (OECD), which is responsible for regulating scientific
protocols, tests, and analyses in order to guarantee quality results that adhere to
human pathophysiology [115-119].

The implementation, development, and use of more complex animal models
requiring special care will necessitate new international standards and agreements to
develop better strategies and standardized protocols for scientific research. However,
animal replacement is still far from becoming a viable alternative for the comparative
study and development of models of human pathophysiology, at least in regard to CLD.

5. Conclusion and future outlook

Clinically speaking, the management of patients with CLD is difficult because, as
mentioned above, the disease goes through several stages, each of which requires a
different kind of therapeutic intervention. Clinicians and researchers still face many
challenges regarding the management and study of CLD. However, there are possible
ways of overcoming these challenges. More and more animal models have become
available for the study of diseases, parallel to the discovery and development of new
drugs. However, it is essential that we continue to improve and validate these models,
particularly with regard to the molecular mechanisms that trigger and perpetuate the
disease. This will ensure that they truly reflect each of the histopathological stages of
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human disease and will increase their predictive validity, as well as their use in the
discovery of new therapeutic options.
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Survival Fate of Hepatic
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Model and Clinical Implications
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Abstract

This chapter provides novel information about the survival features of hepatic
resident stem/progenitor cells (NG2* HSPs) during liver fibrosis/cirrhotic develop-
ment. A well-defined diethylnitrosamine (DEN)-induced liver fibrosis/cirrhotic/
cancer mouse model was developed to evaluate the fate of the HSPs and its clinical
implications. This model possess three time-zones during the disease development:
fibrosis (3-5 weeks post-DEN), cirrhosis (6-10 weeks post-DEN), and cancers (up to
10 weeks post-DEN). During this process, the model represents histological patterns
similar to those described in humans and shows better survival of the HSPs in the
fibrotic zone, which was correlated with inflammatory signals, as compared to the
cirrhotic zone. It has also been discovered that immune CD8" T cells in the fibrotic
zone are beneficial in liver fibrosis resolution, suggesting that the fibrotic time zone
is important for mobilizing endogenous HSPs and cell-based therapy. As such, we
hypothesize that clinical strategies in fibrotic/cirrhotic liver treatment are necessary
either in time at the fibrotic phase or to adopt an approach of regulating HSP viability
when the disease develops into the cirrhotic phase.

Keywords: apoptosis, diethylnitrosamine, hepatic stem/progenitor cells, inflammation,
liver fibrosis/cirrhosis, proliferation

1. Introduction

The healthy liver performs over 500 different functions to maintain its homeostasis
[1, 2], and any assault could not only impact the architecture of hepatic cells [3] but
also injure niche cells, like inflammatory and immune cells such as CD8-positive cyto-
toxic T lymphocyte subset (CD8" T cells) which have been recently highlighted [4].
Liver cirrhosis is an end-stage liver disease (ESLD) and a major cause of morbidity and
mortality globally [5]. It is often caused by acute liver injury or the progressive devel-
opment of liver fibrosis or other chronic liver disease such as virus infection, etc. In
China, the total number of patients with various types of chronic liver disease exceeds
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300 million, and more than 1 million people die each year from ESLD [6]. According
to the Centers for Disease Control (CDC), ESLD is the twelfth leading cause of death
in the United States, with approximately 44,000 deaths per year [7]. For example,
chronic hepatitis B virus (HBV) infection-mediated ESLD and inflammatory disease
are global public health issues. It was estimated in 2017 that 257 million people live
with chronic HBV infection, a prevalence of 3.5% [8], and there are 93 million people
infected with HBV living in China [9]. Approximately 15-40% of patients with chronic
HBV will develop liver cirrhosis, and 4-5% of patients may progress toward decom-
pensated liver cirrhosis (DLC) [9], denoted in the chemical reagent diethylnitrosamine
(DEN)-induced liver fibrosis/cirrhosis animal model at 6-10 weeks post-DEN in this
chapter [9]. The 5-year mortality in patients with compensated liver cirrhosis (CLC),
denoted as fibrotic phase (6-10 weeks post-DEN) in this chapter, is 14-20% and with
DLC as high as 70-86% [5, 8, 9] which imposes a substantial health burden on many
countries. It has been studied in animals that continuous activation of hepatic stellate
cells (HSCs) leading to accumulation and over-deposition of the extracellular matrix
(ECM) in the parenchymal liver compartment [10, 11] is a key mechanism for the liver
from homeostasis to fibrosis (3-5 weeks post-DEN) to cirrhosis (6-10 weeks post-
DEN) and eventually the outcomes of liver cancer like hepatocyte cellular carcinoma
(HCC, >10 weeks post-DEN), which is the most common liver cancer (Figure 1A).

In humans, there are generally four categories from healthy liver to HCC, including
homeostasis, compensation liver cirrhosis phase (CLC), decompensation liver cir-
rhosis phase (DLC), and liver cancer (HCC) (Figure 1A). Of note, there are currently
none of available treatments to specifically target other than liver transplantation.
Unfortunately, there are simply not enough donated livers to meet the demands;
therefore, research on nonsurgical strategies to prevent the development of chronic
liver disease is urgently needed. Stem cell therapy is one of the options for treating liver
fibrosis/cirrhosis [12] and can partially recover liver function [13, 14]. However, the
problem is that clinical trials using stem cells to treat liver fibrosis/cirrhosis, especially
for DLC treatment, seem not to be so successful [12, 15-17] because of the short-term
survival of cells in DLC microenvironment [18].

A Homeostasis ) Fibrosis ) Cirrhosis ) Cancers (HCC)

Water diet DEN-in

Masson trichrome staining 00

Figure 1.

Application of DEN produces a relatively sharp line in different phases during the model disease development.
(A) Evolution of ESLD during disease development. (B) Masson trichrome staining identified pathogenesis (blue,
boxes) in hepatic sections at different phases of DEN-induced liver fibrosis-cirrhosis-cancers (HCC, an arrow) in
a mouse model. Scale bar = 100 pm.
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Therefore, if animal models with liver fibrosis/cirrhosis laboratory scores capture
patients with the same disease, pathological features would be very meaningful for
future clinical stem cell-based therapeutic strategies. As such, we have for the first
time successfully set up a liver fibrosis/cirrhosis/cancer animal model in C57BL/6
mice in 2015, demonstrating histological patterns similar to those described in
humans during the disease process [19]. Interestingly, this model shows that during
the disease process, the resident HSPs (denoted as NG2" HSPs) [18] respond to DEN-
mediated inflammatory signals differently, resulting in different fates during liver
fibrosis/cirrhosis development. More interestingly, immune CD8" T cells have also
been found recently to involve in improving liver fibrotic load [20]. In this chapter, we
have provided novel information on the correlation of hepatic inflammatory activity
with microenvironment resident HSPs (NG2* HSPs) and how HSP survival fate are
also related to the hepatic resident CD8" T cells during the disease development on
this model.

2. The chemical reagent (DEN)-induced liver fibrosis/cirrhosis and
carcinogenesis in C57BL/6 inbred mice fed a drinking water diet

DEN is a nitrosamine-containing chemical reagent, and its toxic properties in
mammals are well established [21-23]. Studies have shown that oral administration
of the smallest quantities of DEN or dimethylnitrosamine (DMN) results in severe
hepatic cell injury in both animals and humans [24-27]. The most prominent chemi-
cal reagents are intense neutrophilic infiltration, extensive centrilobular hemor-
rhagic necrosis, bile duct proliferation, fibrosis, and bridging necrosis that end in
hepatocarcinogenesis [28].

DEN was first brought to general attention in 1937 [29] when it was reported
to be the causative agent that induces liver injury in men. This assumption was
experimentally confirmed in 1954 by Barnes and Magee, who found that a single
oral or parental dose (20-40 mg/kg body weight) of the reagent acts primarily as
a liver poison producing severe liver necrosis in both small and large animals [30]
of which the landmark experiment shows a sharp line of demarcation between
the totally destroyed parenchyma and apparently uninjured liver cell areas in
the model liver lesions [30]. Furthermore, the animal model shows that chronic
application of the chemical agent in rats resulted in a high incidence of hepatic
malignancy [31]. The extension of these studies has been subsequently revealed
by many other researchers [30, 32, 33]. These findings suggest that the chemical
and physical properties of DEN may be of interest for understanding the hepatic
pathological characteristics underlying the evolution of liver fibrosis/cirrhosis/
HCC formation [25], although the hepatotoxic and carcinogenic mechanism was
not known until 1963 [34].

Moreover, although the application of DEN has become a well-established model
in animals for studies of the pathogenetic alterations underlying the formation of liver
fibrosis, cirrhosis and cancers, the single diet DEN for analyzing liver fibrosis/cirrho-
sis in wild-type mice has never been investigated. As such, applied C57BL/6 wild-type
inbred mice with a single diet of 0.014% DEN in drinking water; 6 days/week for
15 weeks, we successfully induced a liver fibrosis/cirrhosis/cancer mouse model [19].
The model shows that DEN is extremely effective in inducing hepatic fibrosis [21],
cirrhosis and cancers (Figure 1B) that are compatible with the deterioration of liver
functions [22, 35].
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3. Prolonged single-diet DEN administration within drinking water in
C57BL/6 mice results in hepatic inflammation that impacts resident
HSP fate

At present, although stem cell-based therapy as an emerging approach is widely
studied for a variety of causes of CLF and CLC, for example, nonalcoholic fatty liver
disease (NAFLD) [36], alcohol-associated liver disease (ALD) [37], and drug-induced
liver injury (DILI) [38] etc.; however, due to the short-term survival of HSPs in the
cirrhotic niche [18], the effect seems not to be so successful in the clinic.

It is known that inflammation is involved in pathological features during regenera-
tive fibrotic nodule formation, which replaces normal functional liver parenchyma
to remodel the vasculature in the liver and ultimately compromises liver function
[39-42]. Histologically, the inflammatory responses to toxic signals of DEN and influ-
ence fibrotic load have been characterized by our [18] and other studies [43]. These
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Figure 2.

Co%frelation of hepatic inflammation with resident hepatic stem/progenitor cell (NG2" HSP) activity.

(A) HePE staining detected hepatic infiltrating mononuclear cells at the fibrotic phase (3-5 weeks post-DEN)
and cirrhotic phase (7—9 weeks post-DEN) during DEN-induced liver development. Scale bar = 100 pm.

(B) Using anti-NG2 (red) and Ki-67 (green) antibodies for hepatic resident NG2" HSP cell proliferation at the
fibrotic phase (3-5 weeks post-DEN) and cirrhotic phase (7-9 weeks post-DEN) (merged as brown, arrows)
during DEN-induced liver development. Scale bar = 200 ym. (C) The TUNEL (green) assay identified hepatic
resident NG2* HSP cell (red) apoptosis (merged as brown, arrows) at the fibrotic phase (3—5 weeks post-DEN)
and cirrhotic phase (7—9 weeks post-DEN) during DEN-induced liver development. Scale bar = 200 um.

(D) The International Simplified Grading and Staging System (ISGSS) was used for inflammation index activity
and immunofluorescence staining for inflammation degree (denoted as G, pink) and NG2* HSP activity (brown)
evaluation. *p < 0.05 vs. fibrotic phase, with Student’ t test.
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studies exhibit monocyte infiltration and collagen deposition accompanies varying
degrees of deformation of liver structures identified by hematoxylin-eosin (H&E)
and Masson’s trichrome staining, resulting in aggravated fiber load. Advanced fibrosis
of the liver has been considered irreversible and is itself a risk factor for liver cancers
such as HCC. Traditionally, it has often been thought that a beneficial way to prevent
advanced fibrosis or liver cirrhosis is to control inflammation, while a recent study
suggests that inflammation may be helpful for resident HSP activation and survival
during hepatic disease development [18].

Several strategies to mobilize endogenous HSP-based therapies have been
studied within the past few decades, but the underlying relationship between the
HSP cells with their inflammatory niche signals in injured liver is largely unknown.
We have currently demonstrated that prolonged oral water feeding with 0.014%
DEN produces a sharp line between liver fibrosis (3-5 weeks post-DEN) and cir-
rhosis cancers (6-10 weeks post-DEN) [18]. Of note, in this model, we have found
an interesting phenomenon, showing a positive correlation of resident HSP (NG2*
HSP) survival with hepatic inflammation in the fibrotic stage (3-5 weeks post-
DEN) and when an irregular inflammatory response occurred in the later fibrosis
or cirrhosis stage (3-5 weeks post-DEN), the HSP cells (NG2" HSPs) died rapidly
(Figure 2A and D), represented as gradually reduced Ki-67" cells of NG2" HSPs
(Figure 2B) and increased terminal deoxynucleotidyl transferase (TdT) dUTP
Nick-End Labeling (TUNEL)-expression within the NG2* HSPs (Figure 2C), sug-
gesting that some unknown signals in the cirrhotic liver niche could trigger the HSP
cell (NG2" HSP) apoptosis [44].

4. The 0.014% DEN-treated liver fibrosis/cirrhosis mouse
model-associated immune role of resident hepatic CD8" T cells

The DEN-induced dynamic liver disease mouse model lining hepatic homeostasis,
fibrosis, cirrhotic and HCC phases seems similar to humans. Clinically, liver cirrhosis
comprises two stages as abovementioned: the fibrotic phase, often asymptomatic,
also known as a compensated stage (CLC), and the cirrhotic phase or decompensated
stage, characterized by complications arising from portal hypertension and hepatic
insufficiency (DLC) [45, 46]. The DLC is also considered a systemic disease because it
affects most organs and systems of the body, including the immune system [47, 48].

On the topic of fibrotic/cirrhotic liver disease and immune correlation, we would
like to mention the latest idea termed cirrhosis-associated immune dysfunction
(CAID) [49, 50], characterized by two key components: systemic inflammation and
immune deficiency. It shows variable intensity depending on the stage of liver fibro-
sis/cirrhosis and the presence of incidental events. With this, we would like to give a
better representative example of cirrhosis-mediated liver failure, acute-on-chronic
liver failure (ACLF), a syndrome characterized by acute decompensation of cirrhosis,
hepatic and/or extrahepatic organ failures and high short-term mortality [51], as well
as the most severe immune alterations in the patients with this disease [51]. Patients
with liver cirrhosis who develop these stages/diseases combine the highest grade of
systemic inflammation [41] and severe immunodeficiency [52], which leads not only
to an increased risk of infections but also to pathogenic liver organ failure [53] or can-
cers (HCC) [54, 55]; however, how these phenomena underlie biological substrates
is unclear. One study shows for the first time that depression or anxiety grade of
patients with liver cirrhosis is correlated with CD8" T-cell signs [56], suggesting that
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Dynamic changes in hepatic resident CD8" T cells during DEN-induced liver fibrosis/cirrhosis development.
(A) The expression of hepatic resident CD8" T cells was higher in the fibrotic phase (3—5 weeks post-DEN)
than in the cirrhotic phase (7-9 weeks post-DEN). Scale bar = 200 ym. (Ba, b) Hepatic resident CD8" T cells
dramatically increased at 4 weeks post-DEN (a) and shavply decreased at 8 weeks post-DEN (b) during model
disease development. p < 0.05, 8 vs. 4 weeks, with Student’s t test.

an imbalance of CD8" T cells may be a factor facilitating neurological disease patients
with cirrhotic liver disease.

Although at present it is considered that advanced liver fibrosis to be irrevers-
ible, recent clinical evidence demonstrating substantial fibrosis resolution following
different successful treatments overturned this dogma [57]. Accordingly, significant
efforts have been made to inhibit advanced liver fibrosis through a variety of modula-
tions, such as targeting specific chemokines [58], cytokines [59], and even immune
CD8" T cells [60]. However, both pathogenic and suppression properties of intrahe-
patic CD8" T cells have been highlighted in liver fibrosis/cirrhosis progression [61],
and the functional and phenotypical characteristics of the CD8" T cells associated
with positive benefit in the liver disease are largely unknown. Albillos et al. [20] used
murine diet-induced nonalcoholic steatohepatitis model (NASH) [2], a currently
the leading cause of chronic liver disease worldwide [62], and mainly characterized
lobular inflammation and hepatocyte ballooning [63], demonstrating a direct role of
CD8" T cells in fibrosis resolution by promoting HSC apoptosis in a CCR5-dependent
manner [63], primarily highlighting the undefined role of liver-resident CD8" T cells
in the fibrotic/cirrhotic liver niche.

Also, in a recent preliminary study, tracking CD8" T cells with immunofluo-
rescence staining in the DEN mouse model to examine the dynamic changes of
intrahepatic CD8" T cells during the model disease development, we curiously found
that CD8" T cells were relatively higher in the fibrotic phase (3-5 weeks post-DEN)
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compared to their in the cirrhotic phase (3-5 weeks post-DEN) where dropping after
7 weeks post-DEN (Figure 3A and Ba, b), supporting that hepatic resident CD8" T
cells may have beneficial role for liver fibrosis/cirrhosis [20], maybe hinting a previ-
ously unappreciated role of hepatic resident CD8" T cells in promoting injured liver
tissue repair, need to be further investigated.

5. Concluding remarks

This chapter collectively delivers information about the DEN-induced liver
fibrosis/cirrhosis in a small amount (0.014%) of water drinking diet chemical
(DEN)-induced hepatic fibrosis, cirrhosis and carcinogenesis mouse model and
clinical implications, and provides additional insights into the liver possibility of
the positive effect of CD8" T cells in the animal model-associated pathogenesis. The
sequence of pathophysiological alterations in the model has a high similarity to what
happens in humans. In comparison to other mouse models, the DEN-induced liver
fibrosis-cirrhosis-HCC model on a natural genetic background C57BL/6 inbred mice
sounds favorable, and prolonged application of DEN to induce hepatic inflammatory
response and immune CD8" T cell activation after a period of latency are beneficial
for endogenous HSP cells (NG2* HSP) mobilization and survival. Based on our
experience and on a multitude of independent studies in the field, we recommend
that for treatment strategies not inhibit but regulate inflammation and immune CD8*
T-cells during liver fibrosis/cirrhosis development. Alternatively, the use of male
mice at middle age (approximately 8-10 weeks old) and body weight of the animals
should be regularly measured and documented (approximately 22-25 g), and the
extent of pathological features (evolution from homeostasis to fibrosis to cirrhosis to
HCC formation) should always be histologically proven and documented. Further
studies are warranted to identify the specific signaling or molecules that contribute to
the development of hepatic homeostasis to fibrosis, then cirrhosis and finally cancer
(HCC) in the liver.
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TUNEL terminal deoxynucleotidyl transferase (TdT) dUTP Nick-End
Labeling

Author details

Min Yan'?, Deyu Hu'?, Zhenyu W, Jiejuan Lail, Leida Zhangl, Hongyu Zhangl,
Sijin Li** and Lianhua Bai"***

1 Hepatobiliary Institute, Southwest Hospital, Army Medical University, Chongging,
China

2 Department of Nuclear Medicine, The First Hospital of Shanxi Medical University,
Taiyuan, China

3 Bioengineering College, Chongqing University, Chongqing, China
*Address all correspondence to: lisinm123@163.com and qqg63@outlook.com

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

76



Survival Fate of Hepatic Stem/Progenitor and Immune Cells in a Liver Fibrosis/Cirrhosis...

DOI: http://dx.doi.org/10.5772/intechopen.106220

References

[1] Byrnes K, Blessinger S, Bailey NT.
Therapeutic regulation of autophagy in
hepatic metabolism. Acta Pharmaceutica
Sinica B. 2022;12:33-49. DOI: 10.1016/j.
apsb.2021.07.021

[2] Faccioli LAP, Dias ML, Paranhos BA.
Liver cirrhosis: An overview of
experimental models in rodents.

Life Sciences. 2022;301:120615. DOI:
10.1016/j.1£5.2022.120615

[3] Habash NW, Sehrawat TS, Shah VH.
Epigenetics of alcohol-related liver

diseases. JHEP Report. 2022;4(5):100466.

DOI: 10.1016/jjhepr.2022.100466

[4] Khanam A, Tang LSY, Kottilil S.
Programmed death 1 expressing CD8"
CXCRS5" follicular T cells constitute
effector rather than exhaustive
phenotype in patients with chronic
hepatitis B. Hepatology. 2022;75:690-708.
DOI: 10.1002/hep.32210

[5] GBD. 2017 cirrhosis collaborators. The
global, regional, and national burden

of cirrhosis by cause in 195 countries

and territories, 1990-2017: A systematic
analysis for the Global Burden of Disease
Study 2017. Lancet Gastroenterologia y
Hepatologia. 2020;5:245-266.

DOI: 10.1016/52468-1253(19)30349-8

[6] Hou X, LiY, Yuan H. Therapeutic
effect and safety of granulocyte colony-
stimulating factor therapy for acute-
on-chronic liver failure: A systematic
review and meta-analysis of randomized
controlled trials. Frontiers in Medicine
(Lausanne). 2021;8:784240.

DOI: 10.3389/fmed.2021.784240

(7] Smith A, Baumgartner K, Bositis C.
Cirrhosis: Diagnosis and management.
American Family Physician. 2019;100:
759-770

77

[8] Seto WK, Lo YR, Pawlotsky JM.
Chronic hepatitis B virus infection.
Lancet. 2018;392:2313-2324.

DOI: 10.1016/50140-6736(18) 31865-8

[9] LiuJ, Zhang S, Wang Q.
Seroepidemiology of hepatitis B virus
infection in 2 million men aged 21-49
years in rural China: A population-
based, cross-sectional study. The Lancet
Infectious Diseases. 2016;16:80-86.
DOI: 10.1016/S1473-3099(15) 00218-2

[10] Huang F, Ma W, Zheng H. Early risk
factors for extrapulmonary organ injury
in adult COVID-19 patients. Annals of
Translational Medicine. 2021;9:701.
DOI: 10.21037/atm-21-1561

[11] Kamm DR, McCommis KS.
Hepatic stellate cells in physiology and
pathology. The Journal of Physiology.
2022;600:1825-1837. DOI: 10.1113/
JP281061

[12] Newsome PN, Fox R, King AL.
Granulocyte colony-stimulating factor
and autologous CD133-positive
stem-cell therapy in liver cirrhosis
(REALISTIC): An open-label,
randomised, controlled phase 2 trial.
The Lancet Gastroenterology &
Hepatology. 2018;3:25-36. DOI: 10.1016/
S2468-1253(17)30326-6

[13] Zhao L, Chen S, Shi X. A pooled
analysis of mesenchymal stem cell-based
therapy for liver disease. Stem Cell
Research & Therapy. 2018;91:72.

DOI: 10.1186/s13287-018-0816-2

[14] Zhang Y, LiY, Li Z. Mesenchymal
stem cells: Potential application for the
treatment of hepatic cirrhosis. Stem Cell
Research & Therapy. 2018;91:59.

DOI: 10.1186/s13287-018-0814-4



Animal Models and Experimental Research in Medicine

[15] Lanthier N. Haemopoietic stem
cell therapy in cirrhosis: The end of the
story? The Lancet Gastroenterology &
Hepatology. 2018;3:3-5. DOI: 10.1016/
S2468-1253(17)30359-X

[16] Terai S, Tsuchiya A. Status of and
candidates for cell therapy in liver
cirrhosis: Overcoming the “point of

no return” in advanced liver cirrhosis.
Journal of Gastroenterology. 2017;52:129-
140. DOI: 10.1007/s00535-016-1258-1

[17] Zhang L, Zhou D, Li J. Effects of
bone marrow-derived mesenchymal stem
cells on hypoxia and the transforming
growth factor beta 1 (TGFp-1) and
SMADs pathway in a mouse model of
cirrhosis. Medical Science Monitor.
2019;25:7182-7190. DOI: 10.12659/
MSM.916428

[18] Chen Q, You X, Yang W. Survival

of endogenous hepatic stem/progenitor
cells in liver tissues during liver cirrhosis.
Life Sciences. 2020;241:117121.

DOI: 10.1016/j.1fs.2019.117121

[19] Tan ], YouY, Linli Z. Water diet
DEN-induced liver fibrosis-cirrhosis-
cancer mouse model. Journal of Modern
Medicine and Health. 2015;31:812-813

[20] Albillos A, Martin-Mateos R,
Merwe SV. Cirrhosis-associated
immune dysfunction. Nature Reviews.
Gastroenterology & Hepatology.
2022;19(2):112-134. DOI: 10.1038/
s41575-021-00520-7

[21] Uehara T, Pogribny IP, Rusyn I. The
DEN and CCl4-induced mouse model
of fibrosis and inflammation-associated
hepatocellular carcinoma. Current
Protocols in Pharmacology.
2014;66:14.30.1-14.30.10.

DOI: 10.1002/0471141755.ph1430s66

[22] Mohamad MI, Desoky IA, Ahmed
Zaki K. Pterostilbene ameliorates the

78

disrupted Adars expression and improves
liver fibrosis in DEN-induced liver

injury in Wistar rats: A novel potential
effect [published correction appears

in Gene. 2022 Mar 1;813:146145].

Gene. 2022;813:146124. DOI: 10.1016/j.
gene.2021.146124

[23] Filali-Mouncef Y, Hunter C,
Roccio F. The ménage a trois of
autophagy, lipid droplets and liver
disease. Autophagy. 2022;18(1):50-72.
DOI: 10.1080/15548627.2021.1895658

[24] Peto R, Gray R, Brantom P. Effects
on 4080 rats of chronic ingestion

of N-nitrosodiethylamine or
N-nitrosodimethylamine: A detailed
dose-response study. Cancer Research.
1991;51:6415-6451

[25] Williams GM, Iatropoulos MJ,
Jeffrey AM. Mechanistic basis for
nonlinearities and thresholds in rat liver
carcinogenesis by the DNA-reactive
carcinogens 2-acetylaminofluorene

and diethylnitrosamine. Toxicologic
Pathology. 2000;28:388-395.

DOI: 10.1177/019262330002800306

[26] Magee PN. Toxic liver injury;
inhibition of protein synthesis in rat liver
by dimethylnitrosamine in vivo. The
Biochemical Journal. 1958;70:606-611.
DOI: 10.1042/bj0700606

[27] George ], Rao KR, Stern R.
Dimethylnitrosamine-induced liver
injury in rats: The early deposition of
collagen. Toxicology. 2001;156:129-138.
DOI: 10.1016/s0300-483x(00) 00352-8

[28] Melhem MF, Kazanecki ME,

Rao KN. Genetics and diet: Synergism
in hepatocarcinogenesis in rats. Journal
of the American College of Nutrition.
1990;9:168-173. DOI: 10.1080/07315724.
1990.10720367

[29] Wilkins RW. New drug therapies in
arterial hypertension. Annals of Internal



Survival Fate of Hepatic Stem/Progenitor and Immune Cells in a Liver Fibrosis/Cirrhosis...

DOI: http://dx.doi.org/10.5772/intechopen.106220

Medicine. 1952;37(6):1144-1155.
DOI: 10.7326/0003-4819-37-6-1144

[30] Barnes JM, Magee PN. Some toxic
properties of dimethylnitrosamine.
British Journal of Industrial Medicine.
1954;11:167-174. DOI: 10.1136/
oem.11.3.167

[31] Magee PN, Barnes JM. The
production of malignant primary
hepatic tumours in the rat by feeding
dimethylnitrosamine. British Journal of
Cancer. 1956;10:114-122. DOI: 10.1038/
bjc.1956.15

[32] Druckrey H, Preussmann R,
Ivankovic S. Organotrope carcinogene
Wirkungen bei 65 verschiedenen
N-Nitroso-Verbindungen an BD-Ratten
[Organotropic carcinogenic effects of
65 various N-nitroso-compounds on BD
rats]. Zeitschrift fir Krebsforschung.
1967;69:103-201

[33] Arlt J], Bongs K, Sengstock K.
Bose-Einstein condensation in dilute
atomic gases. Die Naturwissenschaften.
2002;89:47-56. DOI: 10.1007/
s00114-001-0277-8

[34] Kizer DE. Precancerous changes

in the activity of enzymes associated
with tryptophan metabolism and their
relevancy to hepatocarcinogenesis.
Annals of the New York Academy of
Sciences. 1963;103:1127-1136.

DOI: 10.1111/j.1749-6632.1963.tb53763.x

[35] Zhang H, Siegel CT, Shuai L. Repair
of liver mediated by adult mouse liver
neuro-glia antigen 2-positive progenitor
cell transplantation in a mouse model
of cirrhosis. Scientific Reports.
2016;6:21783. DOI: 10.1038/srep21783

[36] Foerster F, Gairing SJ, Miiller L.
NAFLD-driven HCC: Safety and efficacy
of current and emerging treatment
options. Journal of Hepatology.

79

2022;76:446-457. DOI: 10.1016/jjhep.
2021.09.007

[37] de Carvalho Ribeiro M,

Szabo G. Role of the inflammasome

in liver disease. Annual Review of
Pathology. 2022;17:345-365. DOI: 10.1146/
annurev-pathmechdis-032521-102529

[38] Li D, Xie J, Hong D. Efficacy and
safety of ligation-assisted endoscopic
submucosal resection combined

with endoscopic ultrasonography for
treatment of rectal neuroendocrine
tumors. Scandinavian Journal of
Gastroenterology. Feb 2, 2022 [Epub].
DOI: 10.1080/00365521.2022.2033828

[39] Rappaport AM, MacPhee PJ,

Fisher MM. The scarring of the liver

acini (Cirrhosis). Tridimensional and
microcirculatory considerations. Virchows
Archive. A, Pathological Anatomy and
Histopathology. 1983;402:107-137. DOI:
10.1007/BF00695054

[40] Prokudina ES, Maslov LN,
Naryzhnaya NV. Prospects of application
of remote preconditioning at heart
revascularization. Kardiologiia.

2017;57:57-61

[41] Carvalho JR, Verdelho Machado M.
New insights about albumin and

liver disease. Annals of Hepatology.
2018;17:547-560. DOI: 10.5604/
01.3001.0012.0916

[42] Tsochatzis EA, Bosch ],
Burroughs AK. Liver cirrhosis. Lancet.
2014;383:1749-1761. DOI: 10.1016/
S0140-6736(14)60121-5

[43] Lee DY, Yun SM, Song MY.
Administration of steamed and freeze-
dried mature silkworm larval powder
prevents hepatic fibrosis and hepatocellular
carcinogenesis by blocking TGF-/STAT3
signaling cascades in rats. Cell. 2020;9:568.
DOI: 10.3390/cells9030568



Animal Models and Experimental Research in Medicine

[44] Chen Q, You Y, Zhang Y. Hepatocyte
growth factor mediates a novel form

of hepatic stem/progenitor cell-

induced tolerance in a rat xenogeneic
liver rejection model. International
Immunopharmacology. 2021;90:107180.
DOI: 10.1016/j.intimp.2020.107180

[45] Iwakiri Y. Pathophysiology of

portal hypertension. Clinics in Liver
Disease. 2014;18:281-291. DOI: 10.1016/j.
cld.2013.12.001

[46] Khanna R, Sarin SK. Non-cirrhotic
portal hypertension—Diagnosis and
management. Journal of Hepatology.
2014;60:421-441. DOI: 10.1016/j.
jhep.2013.08.013

[47] Iannacone M, Guidotti LG.
Immunobiology and pathogenesis of
hepatitis B virus infection. Nature
Reviews. Immunology. 2022;22:19-32.
DOI: 10.1038/s41577-021-00549-4

[48] Juneja P, Tripathi DM,

Kaur S. Revisiting the gut-liver axis: Gut
lymphatic system in liver cirrhosis and
portal hypertension. American Journal
of Physiology. Gastrointestinal and Liver
Physiology. 2022;322:G473-G479.

DOI: 10.1152/ajpgi.00271.2021

[49] Bonnel AR, Bunchorntavakul C,
Reddy KR. Immune dysfunction and
infections in patients with cirrhosis.
Clinical Gastroenterology and
Hepatology. 2011;9:727-738.

DOI: 10.1016/j.cgh.2011.02.031

[50] Albillos A, Lario M, Alvarez-

Mon M. Cirrhosis-associated immune
dysfunction: Distinctive features and
clinical relevance. Journal of Hepatology.
2014;61:1385-1396. DOI: 10.1016/j.
jhep.2014.08.010

[51] Kumar R, Krishnamoorthy TL,
Tan HK. Change in model for end-
stage liver disease score at two weeks,

80

as an indicator of mortality or liver
transplantation at 60 days in acute-on-
chronic liver failure. Gastroenterology
Report (Oxf). 2015;3:122-127.

DOI: 110.1093/gastro/gou075

[52] Lahmer T, Pecanha-Pietrobom PM,
Schmid RM. Invasive fungal infections
in acute and chronic liver impairment: A
systematic review. Mycoses. 2022;65:140-
151. DOI: 10.1111/myc.13403

[53] Martin-Mateos R, Alvarez-Mon M,
Albillos A. Dysfunctional immune
response in acute-on-chronic liver
failure: It takes two to tango. Frontiers in
Immunology. 2019;10:973. DOI: 10.3389/
fimmu.2019.00973

[54] Orci LA, Sanduzzi-Zamparelli M,
Caballol B. Incidence of hepatocellular
carcinoma in patients with nonalcoholic
fatty liver disease: A systematic review,
meta-analysis, and meta-regression.
Clinical Gastroenterology and
Hepatology. 2022;20:283-292.¢10.

DOI: 10.1016/j.cgh.2021.05.002

[55] Huang X, Wang H, Zhang W.
Verification of hepatitis B-related
hepatocellular carcinoma predictive
models to evaluate the risk of HCC

in patients with liver cirrhosis under
antiviral treatment. European Journal
of Gastroenterology & Hepatology.
2022;34:546-552. DOI: 10.1097/
MEG.0000000000002302

[56] Ko FY, Tsai SJ, Yang AC. Association
of CD8 T cells with depression and
anxiety in patients with liver cirrhosis.
International Journal of Psychiatry in
Medicine. 2013;45:15-29. DOI: 10.2190/
PM.45.1.b

[57] Arthur MJ. Reversibility of liver
fibrosis and cirrhosis following treatment
for hepatitis C. Gastroenterology.
2002;122:1525-1528. DOI: 10.1053/
gast.2002.33367



Survival Fate of Hepatic Stem/Progenitor and Immune Cells in a Liver Fibrosis/Cirrhosis...
DOI: http://dx.doi.org/10.5772/intechopen.106220

(58] Tacke F, Weiskirchen R. An
update on the recent advances in
antifibrotic therapy. Expert Review
of Gastroenterology & Hepatology.
2018;12:1143-1152. DOI: 10.1080/
17474124.2018.1530110

[59] Dewidar B, Meyer C, Dooley S.
TGF-p in hepatic stellate cell activation
and liver fibrogenesis-updated 2019. Cell.
2019;8:1419. DOI: 10.3390/cells8111419

[60] Breuer DA, Pacheco MC,
Washington MK. CD8" T cells regulate
liver injury in obesity-related
nonalcoholic fatty liver disease.
American Journal of Physiology.
Gastrointestinal and Liver Physiology.
2020;318:G211-G224. DOI: 10.1152/
ajpgi.00040.2019

[61] Kefalakes H, Horgan X]J, Jung MK.
Liver-resident bystander CD8" T cells
contribute to liver disease pathogenesis
in chronic hepatitis D virus infection.
Gastroenterology. 2021;161:1567-1583.e9.
DOI: 10.1053/j.gastro.2021.07.027

[62] Anstee QM, Reeves HL, Kotsiliti E.
From NASH to HCC: Current concepts
and future challenges. Nature Reviews.
Gastroenterology & Hepatology.
2019;16:411-428. DOI: 10.1038/
s41575-019-0145-7

[63] Alexopoulos AS, Crowley MJ,

Wang Y. Glycemic control predicts
severity of hepatocyte ballooning and
hepatic fibrosis in nonalcoholic fatty liver
disease. Hepatology. 2021;74:1220-1233.
DOI: 10.1002/hep.31806

81






Chapter 5

Intervention of PAR-2 Mediated

CGRP in Animal Model of Visceral
Hyperalgesia

Manoj Shah

Abstract

Protease-activated receptor-2 (PAR-2) mediates calcitonin gene-related peptide
(CGRP) release and collectively plays a crucial role in inflammation-induced visceral
hyperalgesia (VH). The present review chapter outlines the substantial advances that
elucidated the underlying role of PAR-2 and CGRP in gut inflammation-induced
VH and highlights their relevancies in the management of VH. PAR-2 is expressed
in a wide range of gastrointestinal cells and its activation on primary afferent nerves
by tryptase, trypsin or cathepsin-S is the key mechanism of sensitization during
intestinal inflammation. The activated PAR-2 sensitizes transient receptor potential
vanilloid subtype-1 receptors and triggers the release of substance-P (SP) and CGRP
that are involved both in the transmission and modulation of VH. Approximately,
two-thirds of sensory neurons express PAR-2 and 40% of the PAR-2-expressing
sensory neurons also express SP and CGRP. Accumulating set of experiments devised
that the blockade or antagonism of PAR-2 in inflammatory diseases of the gut depicts
double advantages of reducing inflammation and VH. Simultaneously, the uses of
CGRP-antagonists inhibit VH and completely suppress PAR-2-agonists-induced
intestinal inflammation in animals. However, further study is imperative to improve
our understanding of the blockade or antagonism of PAR-2 and CGRP release before
its implication as a novel therapeutic for the clinical management of VH in human
patients.

Keywords: PAR-2, CGRP, intestinal inflammation, visceral hyperalgesia, activation

1. Introduction

Visceral hyperalgesia (VH) is a pathological state of inflammatory bowel diseases
(IBDs) and irritable bowel syndrome (IBS) or other functional bowel disorders, in
which sensory threshold for abdominal pain and discomfort decreases due to tissue
injury, inflammation, and persistent exposure of tissues/organ to noxious stimuli. In
this state, the continuous release of inflammatory mediators results in sensitization
of primary afferents and abdominal pain, both during the acute flare of diseases
and their remission [1, 2]. Despite several proposed factors including inflammation,
psychology and aberrant sensory-motor function of the gut contribute to peripheral
and central sensitization [3], the exact underlying mechanism of VH has not been
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fully elucidated. The cell-membrane protease-activated receptor-2 (PAR-2) mediates
calcitonin gene-related peptide (CGRP) release, and their associated roles in neuro-
genic inflammation-induced sensitization could be of great interest for the research-
ers to address this persistent nature of VH.

A G-protein coupled receptor PAR-2, distributed throughout the gastrointestinal
(GI) tract, is activated particularly by proteases such as tryptase, trypsin, and cathep-
sin-S [4-6]. PAR-2 activation on several cells (epithelial cells, endothelial cells, neu-
trophils, macrophages, monocytes, mast cells, fibroblasts, neurons, dendritic cells,
lymphocytes, etc.) could lead to the release of cytokines, chemokines, prostaglandins
[7], as well as CGRP and substance-P (SP) in the enteric neurons and afferent neurons
[8, 9]. Numerous reports indicated the diverse SP and CGRP expressions within the
dorsal root ganglia (DRG) and spinal neurons during colitis and ileitis [10-15]. The
expressions of SP and CGRP within the gut not only excite extrinsic afferents but also
perpetuate the central transmission of nociceptive traffic between afferent neurons
and higher-order neurons in the spinal cord and brainstem [16]. Thus, it is worth-
while to consider the key role of PAR-2 in the release of CGRP, which subsequently
triggers neurogenic inflammation mediated VH.

Currently, the pharmacotherapy for VH is unsatisfactory because of its unknown
precise mechanism. Earlier study suggests that the blockade of PAR-2at the periphery
and/or the inhibition of luminal protease activity may be of interest for treating the
VH [17]. Likewise, the administration of CGRP antagonists inhibits VH in animals
[18, 19]. Therefore, the blockade or antagonism of either PAR-2 or CGRP may be a
promising therapeutic target for VH. This review chapter explores the important roles
of PAR-2 and PAR-2-mediated CGRP during inflammatory gut and their antagonism
or blockade for the treatment of VH.

2. PAR-2 activation in the gastrointestinal tract

PAR-2 is activated through proteolytic cleavage by specific serine proteases, such
as trypsin and mast cell (MC)-tryptase [4] and lysosomal macrophagic cysteine
protease cathepsin-S [5, 6]. PAR-2 is generally expressed in the basolateral and apical
side of epithelial cells [20], fibroblasts, MCs, smooth muscle cells, endothelial cells
of the GI tract [21], enteric sensory neurons, terminals of mesenteric afferent nerves,
and immune cells [17]. The higher number of mast cells and mast cell tryptase in
biopsied colonic tissues enhanced the PAR-2 activity to regulate CGRP, SP, and VIP
expressions resulting in symptoms associated with IBD [22]. Recently, Hassler et al.
[23] suggested that PAR2-expressed sensory neurons are a key target for mechani-
cal and spontaneous pain triggered by the release of endogenous proteases from the
many immune cells. In-vitro study exhibits the up-regulation of PAR-2 expression in
cultured endothelial cells of human umbilical vein treated with TNF-a, IL-1a, and
bacterial lipopolysaccharide in a dose-dependent manner [24]. Therefore, it is impor-
tant to note that PAR-2 activation on intestinal immunocytes induces acute enteritis
[9, 25] while its neuronal expression incites neurogenic inflammation [26, 27].

2.1 Role of PAR-2 in inflammation

PAR-2 seems essential in the interplay between nerves, immunocytes, MCs, and
epithelial cells within the luminal wall during GI diseases [17]. Histopathologically,
PAR-2-agonists (SLIGRL) induced acute colitis has been observed with erythema,
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granulocyte infiltrations and thickened colonic wall [25, 28], the colonic tissue
sampled from the PAR-2 knockout mice that are infused intracolonically with
2,4,6-trinitrobenzene sulfonic acid (TNBS) showed lower myeloperoxidase activities,
microscopic- and macroscopic-damage scores [29]. Mediators such as intracellular-
and vascular cell adhesion-molecule-1 were decreased while cyclooxygenase-1 was
increased in the PAR-2 knockout mice, which clearly confirms the pro-inflammatory
role of PAR-2. Notably, PAR-2, inactive during colitis, has been expressed for induc-
ing VH after resolution of colitis [30]. Furthermore, PAR-2 has also been over-
expressed in biopsies obtained from ulcerative colitis (UC) and CD patients, which
strongly suggests its intricate role in IBDs [31-33].

2.2 Effects of PAR-2 on gastrointestinal functions

PAR-2 modulates GI functions, such as motility, ionic exchange, paracellular
permeability, sensory functions, and inflammation [34]. The excitatory, as well as
inhibitory actions of PAR-2-agonists on isolated smooth muscles, have been devised
earlier [35, 36]. In-vitro, PAR-2 activation shows a region-specific role because it
enhances the contractibility of gastric smooth muscles and reduces the contractility
of circular and longitudinal colonic smooth muscles in mice [35, 37]. However, the
intraperitoneal administration of PAR-2-agonists accelerated GI transit in mice [38].
Moreover, Mall et al. (2002) reported that PAR-2 activation on the enterocytes trig-
gers intestinal water secretion through a direct cellular mechanism, while Kong et al.
[20] described the same by a prostaglandin E2-dependent mechanism. Additionally,
activated PAR-2 stimulates mucus secretion by a nerve-mediated mechanism [39].

It weakens the intestinal barrier, resulting in an increased passage of fluids or even
microorganisms across the gut mucosa. The intracolonic administration of PAR-2-
agonist in mice increases colonic permeability and results in a general inflammatory
response [25, 34].

3. CGRP-receptors and their distribution

CGRP-receptor is a heterotrimeric complex, composed of calcitonin receptor-like
receptor (CLR), receptor activity-modifying protein-1, and a small intracellular
protein component and receptor component protein. CLR, a classical G-protein
linked receptor, couples through adenylyl cyclase [40]. CGRP is expressed through-
out the peripheral and central nervous systems (CNS). Of the two forms, a-CGRP
is mainly expressed in the CNS, especially in striatum, amygdalae, hypothalamus,
colliculi, brainstem, cerebellum, and trigeminal complex [41-43], while f-CGRP is
primarily expressed in the enteric neurons and vascular smooth muscle cells [44, 45].
Interestingly, a-CGRP is also found to be expressed in primary spinal afferent C- and
Ad-fibers [46].

The majority of spinal afferents innervated into the GI tract express CGRP and
SP [47]. CGRP has been reported to be expressed markedly higher in the lumbosacral
DRG and spinal cord dorsal horn (SCDH) during visceral inflammation [11, 48].
Zhang et al. [49] confirmed the absence of secondary hyperalgesia in the mice missing
a-CGRP expression in the CNS. The SP and CGRP released from afferent terminals
lead to neurogenic inflammation at the peripheral sites, resulting in MCs degranula-
tion, plasma extravasation, and arteriolar vasodilation [50]. CGRP causes vasodilata-
tion via its receptors on the smooth muscle cells at peripheral synapses. However, at
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central synapses, it acts postsynaptically on the second-order neurons to transmit pain
via the brainstem and midbrain to higher cortical pain regions [51].

3.1 CGRP modulates mast cell functions

CGRP is secreted from non-myelinated C-fibers and thinly myelinated A8-fibers
originating from DRG neurons [52]. Sun et al. [53] showed peak CGRP levels in
the colonic tissues, spinal cord, and hypothalamus of rats with IBS, and its correla-
tion with VH. Our earlier studies also demonstrated the remarkably higher CGRP
expression in DRG and spinal cord that was correlated with VH in the TNBS-
induced ileitis rats and goats, respectively [13, 15]. Therefore, CGRP and CGRP-
receptors are found to be involved in the transmission and modulation of pain in the
periphery and CNS [54, 55].

MCs that reside near the nerve fibers are true candidates for modulating neural
activity and nociception [56]. The mediators such as SP, CGRP, vasoactive intestinal
protein (VIP), dopamine, and arachidonic acid are able to influence MCs activation.
The aforementioned mediators act on nociceptors, send signals to the CNS, and
cause the simultaneous central release of SP and CGRP [57], which further activate
MCs, and create a bidirectional positive feedback-loop for resultant neurogenic
inflammation [58].

3.2 CGRP-release mediated by PAR-2

Activated PAR-2 sensitizes Transient Receptor Potential Vanilloid subtype-1
receptors (TRPV-1) and triggers the release of sensory CGRP and SP [59]. CGRP
and SP released from intestinal afferent terminals cause vascular dilatation, plasma
extravasation, granulocyte infiltrations, and neurogenic inflammation [8, 9, 60]. An
earlier study [8] reported that PAR-2-agonists-induced edema was entirely medi-
ated by the release of SP and CGRP from sensory neurons and further activation
of neurokinin-1 (NK-1)- and CGRP-receptors on endothelial cells. In DRG, PAR-2
co-expresses with TRPV-1, TRPV-4, TRPA-1 (Transient Receptor Potential Cation
Channel, Subfamily-A, Member-1), SP and CGRP [8, 61, 62]. It is also reported that
63% of sensory neurons express PAR-2 and up to 40% of them express both SP and
CGRP [8]. Activated PAR-2 transmits C-fiber afferent input to the SCDH for the
release of excitatory amino acids and neuropeptides from the central terminals [63].

3.3 Role of CGRP in sensitization

Afferent fibers innervating the gut vessels have cell bodies in the DRG. These fibers
are peptidergic, containing both CGRP and SP, and have collaterals in enteric ganglia,
mucosa, muscularis externa, and sympathetic prevertebral ganglia [64]. SP, CGRP, VIP,
and somatostatin act as mediators of neurogenic inflammation in IBDs [65-67]. After
stimulation, TRPV-1 depolarizes sensory neurons either directly or indirectly to initiate
the release of these neuropeptides from the afferent terminals [68]. TRPV-1-positive
nerve fibers co-express with SP, NK-1, and CGRP in mucosa, submucosal layer, deep
muscular plexus, circular muscle, myenteric plexus, and longitudinal muscle layer in the
rectum and colon of mice [69]. CGRP which is expressed largely in splanchnic afferents
and CGRP-immunoreactivities from the GI tract disappears with capsaicin treatment
[70]. Interestingly, about 50% of CGRP-immunoreactive extrinsic afferent neurons
express SP- or NK-1-immunoreactivities [71] and their expressions fluctuate during
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colitis [72]. The earlier decrease of the above neuropeptides may be due to their deple-
tion from the peripheral nerve terminals or the damaged nerves at the initial inflamma-
tory stage. CGRP and SP increase during inflammation or afferent nerve stimulation.
TNBS-induced colitis/ileitis and or colorectal distension (CRD) results in higher expres-
sion of neural activation markers (such as c-Fos, pERK) as well as releases of SP and
CGRP in the SCDH that are commonly linked with pain signaling [15, 73, 74].

Plourde et al. [75] confirmed the role of CGRP in pain modulation because intra-
venously administered CGRP-1-receptor-antagonists (h-CGRP8-37) reversed the sen-
sitization provoked by infusion of intracolonic acetic acid. SP and CGRP may either
increase the peripheral sensory gain of extrinsic afferents within the gut or contribute
to primary afferent transmission within the CNS [16, 76]. Despite irritation, immune
challenge and inflammation cause the release of CGRP and SP from extrinsic afferents
and intrinsic neurons within the gut [45, 77], the precise site at which CGRP-receptor
and NK-1 mediate visceral pain is not known.

4. Role of PAR-2in VH

PAR-2 activation in GI resident cells such as MCs, macrophages, or neutrophils
induces the release of tiny amounts of inflammatory mediators that sensitizes
primary afferents. It regulates vascular tone and causes immense pro- or anti-
inflammatory as well as pro-nociceptive effects in somatic or visceral pain [78].
PAR-2 expressed at the peripheral afferent neurons is more importantly involved in
inflammation-induced VH [29, 30]. The glial cells of the enteric nervous system play
pivotal roles in neuroimmune interactions and modulate enteric neurotransmission,
inflammation, and intestinal barrier functions as they express receptors for purines
and contain precursors for neurotransmitters such as GABA and NO. They can
produce cytokines (TNF-a, IL-1p, IL-6), NGF, and neuropeptides (NK-1, SP, CGRP)
after their activation. Both PAR-2 and proinflammatory cytokines impair the epithe-
lial barrier by decreasing tight junction protein expression and consequently facilitate
the entry of luminal aggressors perpetuating inflammation and pain [9].

PAR-2 expressed in enterocytes increases permeability, which is linked with
the immune activation and generation of VH [25, 79]. It is found that PAR-2-
agonists evoke the transient depolarization of submucosal enteric neurons with
long-lasting hyperexcitability in guinea pigs [80]. Similarly, intracolonically
administered PAR-2 agonist (SLIGRL-NH2, 100 pg/mouse) increased intestinal
permeability and VH in mice [81]. The intracolonic administration of sub-
inflammatory doses of PAR-2-agonist led to prolonging the VH in response to
CRD inrats [78]. PAR-2 activation on enteric neurons is also directly responsible
for the development of VH as it conveys nociceptive signals for the excitability
of submucosal neurons, colonic projections of DRG, and jejunal afferent neu-
rons [7]. Shi et al. [82] reported PAR-2 activation and higher CGRP levels in the
serum and colonic tissue during VH in a rat model of IBS. Accumulating set of
evidence suggests that protease activity is remarkably prominent in diarrheic-IBS
and UC patients. The fecal supernatant or colonic biopsies from these patients
when infused intracolonally into rodents resulted in higher intestinal perme-
ability, mucosal inflammation, and subsequent VH through a PAR-2 activation
mechanism [83-86], while the same treatment failed to cause the VH in the PAR-2
knockout mice [83]. Table 1 summarizes the findings of preclinical studies that
intervened in the effects of PAR-2 on underlying VH.
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PAR Agonist/ antagonist Species Study Effects Ref.
(hypersensitivity type
model)
PAR-2 Agonist (SLIGRL-NH2) Mice In vivo 1 hyperalgesia [39]
(PAR2-agonist)
PAR-2 Agonist (SLIGRL-NH2, Mice, rat KO 1 hyperalgesia, [87]
Te-NH2, trypsin, (PAR-2-agonist) absent in KO
tryptase) mice
PAR-2 Agonist (SLIGRL-NH2, Rat In-vivo 1 hyperalgesia [78]
trypsin) (PAR2-agonist)
PAR-2 PAR-2 agonists Mice received KO Colonic [25]
(trypsin, tryptase, and intracolonically administration
a selective PAR-2- PAR-2 agonists of PAR-2
activating peptide) agonists
up-regulated
PAR-2
expression and
induced colonic
inflammatory
reaction and
permeability.
PAR-2 Agonist (SLIGR) Intracolonic In-vivo Colonic [9]
infusion to mice inflammation
and enhanced
colonic
permeability,
while the
intravenous
injection
of CGRP
antagonist, i.e.,
CGRP (8-37)
prevented PAR-2
induced colonic
inflammation.
PAR-2 Agonist (SL-NH2, Guinea pig Ex-vivo 1 neuron [80]
trypsin, tryptase) submucosal excitability
neurons
(PAR-2-agonist)
PAR-2 Agonist (SLIGR) Intracolonic In-vivo At lower [79]
infusion of SLIGR dose, SLIGRL
(5and 100 pg per increased colonic
mouse) permeability
while higher
dose resulted
in colonic
inflammation
PAR-2 Agonist Mice (capsaicin) KO 1 hyperalgesia, [88]
(2-furoyl-LIGRL-NH2) absent in KO
PAR-2 Antagonist Mice KO | [83]
(ENMD-1068) (IBS-supernatant) hypersensitivity,
absent in KO
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PAR Agonist/ antagonist Species Study Effects Ref.
(hypersensitivity type
model)

PAR-2 PAR-2 deficient TNBS- and KO Endogenous [29]
dextran sodium PAR-2 activation
sulfate-induced controls
colitis in mice leukocyte

recruitment in
the colon and
thus possesses
anew potential
therapeutic
target for the
treatment of
IBD.

PAR-2 PAR-2 activation TNBS-induced In-vivo PAR-2 activation [30]
colitis rats resulted in colitis

and VH

PAR-2 Mediators from colonic Mice DRG (IBS-D KO 1 neuron [89]

biopsies of diarrhea- supernatant) excitability,
predominant IBS absent in KO
patients mice

PAR-2 Colono-scopic biopsies IBS-D and IBS-C In-vivo Elevated PAR-2 [22]
patients expression to

regulate the
expression of
CGRP, VIP and
SP resulting
in symptoms
associated with
IBD
PAR-2 IntracolonicPAR-2 PI-IBS Mouse In-vivo 1 intestinal [81]
agonist (SLIGRL-NH2, Model permeability and
100 pg/mouse) VH

PAR-2 PAR-2 activation TNBS-induced In--vivo 1 visceral [90]
post- hypersensitivity
inflammation
irritable bowel
syndrome
(PI-IBS) rats

PAR-2 PAR-2 activation TNBS-induced In-vivo 1 visceral [15]
ileitis goat hypersensitivity

Abbreviations: DRG, dorsal root ganglia; IBD, inflammatory bowel diseases; IBS, irritable bowel syndrome; KO,
Knock-out; PAR-2, Protease-activated receptor-2.

Table 1.

Preclinical studies investigating the effects of protease activated receptor-2 on visceral hyperalgesia.

Currently, the role of cathepsin-S is considered insightful because it activates spinal
nociceptive neurons through a PAR-2-dependent mechanism and amplifies VH. Over
the years, studies reported that cathepsin-S released from spinal microglial cells during
nerve injury or colitis secretes fractalkine, thereby intensifying and maintaining the
chronic pain [91, 92].
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5. Role of PAR-2 in pain transmission
Proteases directly activate PAR-2 as well as assist other pronociceptive mediators for
the subsequent sensitization of afferent fibers [83]. Figure 1 illustrates the important
role of PAR-2 in pain transmission during GI disorders. PAR-2 activation on affer-
ent neurons leads to specific calcium signals that could participate in conveying pain
messages [93]. Elmariah et al. [6] reported that cathepsin-S played a role in molecular
signaling either alone or together with activated PAR-2. Activation of PAR-2 on DRG
by its agonists enhances potassium chloride ions and the capsaicin (TRPV-1 agonist)-
evoked release of CGRP [8, 94]. Protease-activated receptor-1 and PAR-2 on enteric
afferent fibers facilitate nociceptive input to the CNS, while spinal PAR-2 activation
aggravates pain behaviors [21]. These findings strongly suggest that visceral activation
of PAR-2 has an important role in sensitizing the second-order neurons at spinal level.

(a) Peripheral Sensitization

SP,CGRP

Ca" signal
Potentiation of TRP channels

~~— Spinal Cord

\

Depolariztion
(c) Central Sensitization
PAR-2
Proteases
0 ® .: ...
Sp
. .f. - CGRP
Ty Tryptase Cathepsin-S
- e - -~ |
& ;
'
o A

Lumen \ ¥ Inflammatory cells
00 00

)

Inflammed Intestine

Figure 1.

Role of PAR-2 in pain transmission. (a) Peripheral sensitization. PAR-2 is activated by proteases released from
inflammatory and immune cells as well as from mediators of the intestinal lumen. Proteases sensitize neurons to
innocuous stimuli. After stimulation, TRPV-1 depolarizes sensory neurons either divectly or indirectly to initiate

the release of SP and CGRP from the afferent terminals. PAR-2 activation on afferent neurons leads to specific
calcium signals. (b) Primary affevent fiber. Pain signal is transmitted along primary afferent fibers to the spinal

dorsal horn and subsequently to the brain. (c) Central sensitization. Persistent small-affevent input leads to a
central sensitization associated with local release of SP and CGRP. PAR-2, protease-activated receptor-2;TRE,
Transient Receptor Potential; Ca** calcium ion; SB, substance-P; CGRB calcitonin gene-velated peptide; TRPV-1,

Transient Receptor Potential Vanilloid subtype-1.
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6. Therapies targeting PAR-2 and CGRP for VH

Researchers have come a long way in terms of understanding and controlling
the inflammation-induced VH in experimental animals. An overview of the studies
described in the following paragraph is shown in Table 2. It is worth mentioning

Targeted Antagonist/ Species (VHmodel)  Study Effects Ref.
substances  inhibitors type
PAR-2 PAR-2 antagonist PAR-2-agonists and In-vivo  Acute and chronic colitis | [28]
(GBS88) TNBS-induced colitis
rats
PAR-2 PAR-2 gene Paw inflammationin  In-vivo  Hyperalgesia | [87]
deletion Rats and Mice
PAR-2 PAR-2 agonist PAR-2 agonist In-vivo Increased intestinal [78]
(SLIGRL-NH2) induced colitis and permeability and the
VH activation of NK;
receptors.SLIGRL-NH2
induced hyperalgesia was
inhibited by a NK; receptor
antagonist (SR 140333).
PAR-2 PAR-2 agonist Intrapancreatic In-vivo  PAR-2 expressioninall [95]
administration of thoracic DRG. Increased
PAR-2 c-FOS expression and pain
behaviors.
PAR-2 PAR-2 antagonist ~ Colonic biopsy from  In-vivo  Supernatants from colonic [83]
PAR-2 knockout IBS patients biopsies of IBS patients
showed VH. Serine protease
inhibitors and a PAR-2
antagonist inhibited VH.
However, VH was absent in
PAR-2 knockout mice.
Protease Fecal protease Fecal proteasesfrom  In-vitro  Increased fecal proteaseand  [86]
IBS-D patients amylase in patients with
IBS-D.
PAR-2 Serene protease Fecal supernatant In-vivo Increased VH in mice [96]
inhibitor and from IBS-D patients infused with fecal
PAR-2 antagonist infused into the supernatant while VH was
Knockout colon of mice suppressed in mice infused
with intracolonic serene
protease inhibitor and
PAR-2 antagonist.
PAR-2 PAR-2 antagonist PI-IBS Mouse Model In-vivo  Intestinal permeability and [81]
(FSLLRY-NH?2, VH |
3 mg/kg daily
intraperitoneally
for 5 days)
CGRP Intravenous Acetic acid induced In-vivo VH| [18]
antagonist colitis Intravenous
CGRP [human CGRP to induce VH
CGRP-(8-37)
Intrathecal

administration of
hCGRP-(8-37)
(mid-lumbar)
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Targeted Antagonist/ Species (VHmodel)  Study Effects Ref.
substances  inhibitors type
CGRP CGRP antagonist TNBS-induced colitis  In-vivo  VH [97]
(h-CGRP 8-37)
CGRP Mutant mice DSS induced colitis In-vivo  a-CGRPand p-CGRP play [98]
lacking a-CGRP a protective role in the
or 3-CGRP generation of spontaneous
expression colitis, supporting a role
for both extrinsic and
intrinsic CGRP-containing
neurons.
CGRP CGRP antagonist Intraperitoneal acetic  In-vivo  VH| [99]
(hCGRP8-37) acid-induced VH
CGRP CGRP antagonist TNBS-induced acute  In-vivo Intrathecal administration [19]
(hCGRP8-37) colitis rats of hCGRP8-37 reversed
the CGRP expressions and
alleviated the VH.
CGRP EA Chronic and acute In-vivo EA attenuates VH in [53]
stressed rats with rats with IBS-D through
IBS-D suppressing spinal CGRP.
CGRP Shugan decoction A rat model of IBS In-vivo  Intragastricallyadministered  [82]
(herbal extracts) induced by chronic Shugan decoction abolished
water avoidance VH by attenuating the
stress PAR-2 and CGRP.
PAR-2 and EA at ST-37 and A rat model of IBS In-vivo Attenuation of VH [100]
CGRP ST-25 induced by chronic attributed due to decreasing
water avoidance number of MCs and down-
stress regulation of PAR-2, TRPV1,
CGRP, SP and Try proteins
in the colonic tissues.
PAR-2 and EA at ST-25 and TNBS instilled In-vivo  EA alleviated visceral [90]
CGRP ST-37 into anus to induce hypersensitivity symptoms
post-inflammation through downregulation of
visceral the PAR-2, SP and CGRP
hypersensitivity in colonic tissues in post
inflammation-IBS rats.
PAR-2 and EA at ST-36 TNBS-induced ileitis ~ In-vivo  Repetitive EA therapy [15]
CGRP attenuated visceral
hypersensitivity through the
suppression of spinal PAR-2
and CGRP in goats.
CGRP F(ab’), fragment Chronic Adult Stress ~ In-vivo A single dose of F(ab’), [101]
antibody in rats Induced by fragment antibody inhibited
(30 mg/kg Water Avoidance stress-induced colonic
intraperitoneally) ~ Stress hypersensitivity

Abbreviations: PAR-2, protease-activated receptor-2;TNBS, 2,4,6-trinitrobenzene sulfonic acid; DRG, dorsal root
ganglia; NK-1, neurokinin-L;1BS, irritable bowel syndrome; IBS-D, irritable bowel syndrome with diarrhea; CGRE,
calcitonin gene-velated peptide; a-CGRBE, alpha-calcitonin gene-velated peptide; f-CGRE, beta-calcitonin gene-velated
peptide; VH, visceral hypevalgesia; EA, electroacupuncture.

Table 2.

Preclinical studies targeting the antagonism or blockade of PAR-2 and CGRP as a therapeutic strategy for the
management of inflammation and visceral hyperalgesia.
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that the oral administration of PAR-2-antagonists (GB88) ameliorates acute and
chronic colitis induced by PAR-2-agonists and TNBS, respectively, in rats [28].
Several studies have demonstrated that protease inhibitors and PAR-2-antagonists
relieve the inflammation and resultant VH in animals [78, 83, 86, 87, 95, 96, 102]. In
chronic inflammation and pain syndromes, the blockade of PAR-2 inhibits both pain
signals and inflammatory responses [7]. The intraperitoneal administration of PAR-2
antagonist (FSLLRY-NH2, 3 mg/kg daily for 5 days) reversed intestinal permeability
and also attenuated VH in PI-IBS mice which confirms the therapeutic potential of
PAR-2antagonist in VH [81].

Studies utilizing both CGRP knockout mice and antagonist hCGRP8-37 have
confirmed the protective role of CGRP in colitis and devised its insightful roles
in hyperalgesia [18, 97, 98, 103]. Intravenously administered hCGRP8-37 attenu-
ated distension-evoked pain responses and completely reversed the sensitization
effects in acetic acid-induced acute colitis rats [18]. Julia and Bueno [99] reported
that hCGRP8-37 also suppressed the pain in rats provoked by intraperitoneal
injection of acetic acid. Furthermore, its intrathecal administration reversed
the CGRP expressions and alleviated the VH in both acetic acid-induced acute
and TNBS-induced chronic colitis rats [18, 19]. Recently, Noor-Mohammadi
et al. [101] reported that the single dose of intraperitoneally administered anti-
CGRP, i.e., F(ab’), fragment antibody attenuated the stress-induced colonic
hypersensitivity in rats which confirms the prevailing role of CGRP in persistent
visceral pain.

Nowadays, alternative therapies have been attracting attention due to their
potential in the treatment of VH. Sun et al. [53] described that electroacupuncture
(EA) attenuates VH in rats with diarrheic-IBS by suppressing spinal CGRP. EA
therapy also alleviated the VH symptoms through downregulation of the PAR2, SP,
and CGRP levels in colon tissues in post-inflammation-IBS rats [90]. Likewise, Deng
etal. [100] exhibited that the EA at ST-37 and ST-25 relieved the VH in IBS rats by
decreasing the number of MCs and suppressing the expression of PAR-2, TRPV1,
CGRP, SP and Try proteins in the colonic tissues. Our recent study also reported the
effectiveness of repetitive EA for treating both acute and chronic pain because it
down-regulated the PAR-2-mediated CGRP release in the spinal cord [15]. Shi et al.
[82] administered Shugan decoction (herbal extracts) intragastrically in rats in IBS
model and found that it abolished VH by attenuating the release of PAR-2-mediated
CGRP.

7. Conclusions

GI tract is the organ that is exposed frequently to proteases both during physiolog-
ical and pathophysiological conditions. Besides degradative enzymatic roles, the pro-
teases also act as signaling molecules in various gut diseases. Understanding the exact
mechanism of VH is pivotal to identifying the novel efficacious therapy for IBDs.
PAR-2 activation by tryptase, trypsin, and cathepsin-S causes the release of CGRP
and SP in extrinsic primary afferent fibers and intrinsic enteric neurons [45, 77]. Both
CGRP and SP facilitate the excitation of extrinsic afferents as well as participate in the
central transmission of nociceptive traffic between afferent neurons and higher-order
neurons in the spinal cord and brainstem. The blockade and/or antagonism of PAR-2
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and CGRP release can effectively relieve VH in IBDs, IBS, or other functional bowel
disorders. Further research is required to deepen our understanding of the blockade
or antagonism of PAR-2 or CGRP before these potential therapies can be clinically
translated for the management of VH in humans.
Author contributions

The author confirms sole responsibility for the conception, drafting, revision, and
the approval of final review chapter.

Conflict of interest

The author declares no conflict of interest.

Abbreviations

CGRP calcitonin gene-related peptide
CNS central nervous system

CRD colorectal distension

DRG dorsal root ganglia

GI gastrointestinal
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IBS irritable bowel syndromes

MC mast cell

NK-1 neurokinin-1

PAR-2 protease-activated receptor-2
SCDH spinal cord dorsal horn

SP substance-P

TNBS 2,4,6-trinitrobenzene sulfonic acid
UC ulcerative colitis

VH visceral hyperalgesia

VIP vasoactive intestinal protein
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Abstract

In most research involving female reproductive function, female animals
particularly mice and rats are usually employed. This may perhaps be due to their
well-defined reproductive cycle (estrous cycle) as well as the ability to breed and
handle them easily. The short and precise length of estrus cycle usually 4-5 days make
mice models the choicest mammal when it comes to human related research. Also,
they possess very short reproductive age typically 7-8 months reaching sexual matu-
rity at weeks 4-7 following their birth. Although many similarities exist between this
model and humans, however, there also exist obvious distinctions between the human
female reproductive system and that of mice. Humans have average length of their
reproductive or menstrual cycle of about 28-29 days with their reproductive ages
between 10-40 years. These relevant differences between mice and human reproduc-
tive system constitute the limitations to the use of this models. Therefore, the scope of
this chapter will be to explore the basic knowledge of laboratory mice by examining
their reproductive system anatomy and physiology, the fertilization process, estrous
cycle and genetic make-up. We hope that this will provide many insights to the use of
animal models in female reproductive research.

Keywords: female mice, estrogen and progesterone signaling, female reproductive
cycle, estrous cycle, ovary

1. Introduction

The female reproductive system and processes are dynamic in both humans and
rodents, undergoing morphological and cytological changes in response to hormonal
signals throughout the estrus (for rodent) or menstrual (for human) cycle. These
changes are also observed during pregnancy as well as during menopause or ovarian
aging. Mice and rats are animals belonging to the Rodentia order and the Muridae
family, and so are referred to as murine. Mice and rat models have been established in
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preclinical research involving investigations and assessments of reproductive physio-
logical and pathological processes in humans. Their little size as well as the simplicity
of their housing and maintenance allow them to be commonly employed in research.
Mice and rats are employed as good models of mammalian pathology and physiology
given that the use of people and food animals in studies is hampered by economic and
ethical reasons.

In experiments relating to human development, the mice models have been mostly
utilized to examine the pathogenesis as well as the general attributes in developmental
processes. The ample justification for their relevance to human reproductive tract
development and functions lies in their hormone action. Just like in humans, their
reproductive cycle oscillates periodically through fluctuations in ovarian steroid
concentrations (estrogens and progesterone). There also exist these steroid hormone
receptors (ER, PR) systems in some of their reproductive organs like the uterus and
mammary glands which act as controls to check hormone levels and translate the info
into suitable developmental effects. They possess similar reproductive cycle phases
as humans. Their reproductive cycle is divided into two developmental phases: the
preparatory phase, which is evidenced by high estrogen and progesterone concentra-
tions and occurs throughout proestrus stage. During estrus, this phase leaves the
ovarian target tissues prepared for gestation. The second phase occurs in diestrus
when progesterone levels drop, and it is characterized by the apoptotic elimination of
previous arrangements.

In order to uncover human developmental pathways and gain insight into female
reproductive behaviors, developmental scientists have used a number of animals
to explore the morphogenetic and molecular mechanisms involved in vertebrate
development [1]. Organogenesis and differentiation have been studied extensively
in embryonic, fetal, and neonatal mice and rats, with the unspoken assumption that
morphogenetic and molecular processes in mice are equivalent to those in humans.
This argument is supported by the fact that mice and humans share many develop-
mental features. With a few exceptions, both species share the same range of organs
and developmental phases that appear to be equivalent, if not identical [2, 3].

Whereas the data above illustrate that mice research is important to human
reproductive biology, the mouse and human reproductive systems have distinct
morphogenetic, physiologic, and anatomical distinctions. The lack of information on
human organogenesis, particularly in terms of molecular pathways, makes human/
mouse comparisons challenging.

1.1 Comparison of the basic anatomy of the reproductive organs of the female
mice to humans

The female mice reproductive systems are made up of two ovaries, two small
tightly coiled uterine tubes, two uterine horns, the cervix and the vaginal canal
(Figure 1). The vagina is a tiny gray tube that connects the bladder to the uterus. In
mice, the Mullerian ducts start at the opening of the uterine tube and develop into
the female genital tract while in the rats, the ovarian bursa is formed when the ostium
forms a complete capsule around the ovary. The uterine horns divide the vagina and
reach toward the kidneys. Both the mice and rats possess bicornuate uterus which
may accommodate several embryos known as litters. On the other hand, women
have simple uterus which have only one compartment for the development of one or
two embryo(s) (Figure1). Ovaries in humans are little lumpy glands that sit at the
terminals of the uterine horns and are connected to the uterine horns by oviducts.
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Figure 1.

Anatomical feature of the reproductive system of a female rat and human.

1.1.1 Mice uterus and cervix in comparison with humans

The human uterus is simplex and appears in form of a large pear-like shape with
a unique cavity which measures about 8 cm when assessing it from one cornu to the
other cornu and 5 cm in width (Figure 1). Nevertheless, steroid hormone levels as
well as pregnancy status extensively determines the thickness of the uterus. Other
factors that affect uterus thickness include the existence of leiomyomata. On the other
hand, mouse uterus is bicornuate having two cornua that unite distally to create a sin-
gular body (corpus), but in rats, the uterus is duplex, with twin uterine horns that are
partially linked at the caudal end. A part of the broad ligament known as mesometria
suspend the mouse uterus horns from the dorsal wall and hold them in place. These
ligaments encircle the blood and lymphatic vessels as well as many nerves. Similarly,
from the lateral pelvic side walls, the human uterus is also suspended by comparable
ligaments. The body of the uterus both in humans and mice is made up of the caudal-
cervical and cranial-fundal sections. The caudal-cervical and cranial-fundal regions
of the uterus are also found in mice. However, the cranial portion of the body of
mouse uterus is separated by a median septum into two chambers. On the other hand,
rat uterus is partly connected and has no complete body. Nonetheless, it has a unique
cervix with two uterine horn canals that are distinct. Both dorsally and ventrally,
mice and rats have a continuous cervix and vaginal walls but not laterally. The lateral
vaginal walls continue on both sides forming deep fornices. But then, in humans, the
cervix (ectocervical portion) protrudes into the vaginal canal, having wide posterior
and anterior fornices and thinner lateral fornices.

1.1.2 Comparison of the oviduct (uterine tube)

The oviduct, generally termed the uterine tube in mice and rats is a complex tiny-
curled tube that links to the periovarian area. The mesotubarium helps to suspend the
oviduct to the dorsal body wall, and is connected to the mesovarium, uterine meso-
metrium and ovarian bursa. Whereas the human oviduct is a muscle-lined straight
tube that is about 12 cm long. The human oviduct, like that of rodents, is connected
to the respective ovary by a broad ligament that runs from the uterine cornu (horn)
(Table 1). In both the mice, rat and human oviducts are found the intramuscular seg-
ment, the isthmus, the ampulla, the infundibulum, and a fimbriated terminal [4].
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Feature Rodent (rat and mice) Human

Gross anatomy

Ovary Sphere-shaped and contained in bursa Oval-shaped and opened to
peritoneal cavity

Uterine tube Thin tightly coiled tube, 18-30 mm in Muscle-lined straight tube, 12

length

cm in length

Uterine tube association to
ovary

Open immediately into the ovarian
bursa

Fimbriated end of the ampulla
opens immediately into
peritoneal cavity near the ovary

Segments of uterine tube

Ampulla, infundibulum and intramural

Like rodents

Type of uterus Rat: has duplex and bicornuate uterus Simplex uterus
having double lateral horns.
Mouse: Bicornuate uterus possessing
dual lateral horns and a one body.

Histology

Type of epithelium in the
oviduct

Ampulla segment diffusely ciliated

Scattered peg cells and simple
ciliated columnar cells

Number of ciliated cells

Reduces as the uterine tube move
towards the uterus

The ampulla and infundibulum
have a large number of ciliated
cells, but the intramural portion
has a smaller number

Myometrium Outer longitudinal and Inner circular Single smooth muscular layer
smooth muscle coats
Myometrial glands Mouse: incidence differs by strain rat: Absent
absent
Table1.

Comparison of the female veproductive system of rat and human.

Inside the uterine wall is found the oviduct’s intramuscular section which con-
tinues into the dorsolateral side of uterus wall in rodents, forming the colliculus
tubarius, a modest extension into the uterine cavity. The dimension of this extension
differs although it is usually a smaller number (Imm in length). Depending on uter-
ine size, the human oviduct’s intramuscular section length varies and reaches laterally
from the superior corner of the cornu until it arises from the uterus wall. A brief
segment of the oviduct, the isthmus runs laterally from the uterus wall to the ampulla
(Figure 1). This segment is significantly more firmly twisted in mice than in humans
[5]. The ampulla is a dilated section that connects the oviduct’s infundibulum to the
isthmus. From the infundibulum, the oviduct of mice grows a fimbriated side that
emerges into periovarian area and the peritoneal cavity close to the ovary. In humans,
one of these fimbriae joins the ovary to the oviduct.

1.2 Sexual maturation in female murine (rat and mice) compared to humans

In adult female mice, reproduction is comprised of a sequence of neurological and
hormonal changes that interact to allow the creation of offspring. The connection
between the anterior pituitary and ovarian hormones, as well as placental hormones,
is involved in this process (during pregnancy). The hypothalamus, in particular,
plays a key role in controlling the anterior pituitary’s ability to manufacture and
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secrete gonadotropin hormones (Follicle stimulating hormone, FSH and Luteinizing
hormone, LH). FSH enhances the development of gametes in both male and female
animals, whereas LH stimulates the release of estrogen and progesterone (gonadal
hormones) in females as well as androgen in males. Lactation is regulated by prolac-
tin, an anterior pituitary hormone.

Secondary sexual traits and the correct functioning of the genital tract are main-
tained by gonadal hormones, that also work somewhat on central nervous system to
ensure effective coupling [6]. Each part develops at a varying rate, and normal sexual
maturity in rats relies on a complex and poorly known interaction among them all.

Sexual maturity normally correlates with increasing circulating gonadotropin
titers after 4 weeks of age. In contrast to humans, the specific moment at which
maturity occurs is quite varied, therefore such a comment must be interpreted in
the context of the measurement used to determine when “sexual maturity” has
been attained (Tables 2 and 3). Vaginal introitus and a cornified vaginal smear,
both estrogen-dependent, are the earliest detectable indications of puberty in mice
and rats. Other markers of sexual maturity, such as mate readiness, the capacity to
conceive and carry a litter to term, and maybe sexual maturity as measured by the
ability to produce weanling-age young, have a more convoluted hormonal founda-
tion. The vaginal opening can happen as early as day 26 and is usually complete
by the 7th weeks (Tables 2 and 3). The first vaginal cornification occurs between
24 to 120 hours after the vaginal opening has been created, however this is very
variable. Furthermore, estrus (the urge to mate) does not always occur on a regular
timetable, which can contribute to unpredictability and make it difficult to use as an
experimental tool.

Regardless of how it is measured, the process of achieving sexual maturity is a very
varied one. According to the timing of vaginal opening, inbred mice strains generally
mature by 7 weeks of age, however some researchers have observed a median age of 35
days and a range of 26 to 49 days in C57BL/6 and BALB/c strains [7]. Vaginal opening
has been discovered as early as 24 days in certain experimental animals. Two key driv-
ers to such variety are genetic background and season. Many studies have discovered

Feature Rodent (rat and mice) Human

Puberty

Ageat onset Mouse: Almost 10-11 years, continuing
Approximately 4 weeks rat: for 4 years
26-49 days

Estradiol production by ovaries Effect varies with strains Causes breast and uterus

development as well as pubertal
developmental surge and closure

of epiphyseal plate
Exposure of immature females to Can hasten puberty Not studied
male urine
Exposure of immature females to Mouse: be able to slow down Not studied
urine from group-housed females puberty
Rat: undetermined
Day length and temperature Be able to affect puberty No effect
Table 2.

Sexual maturity and ovulation in rat and human.
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Feature Endometrial Mice and rats Human
phase
Proestrus Proliferative Distended and hyperemic with Glands of tubular shapes with
mitotic epithelium and presence of columnar epithelial cells. Mitotic
leukocytic stroma glands and stroma
Estrus Secretory Full mitoses, little or no leukocytes Columnar epithelium; more
tortuous and distended glands,
subnuclear vacuoles in cells at
the beginning of secretory phase,
after which supranuclear vacuoles
followed by ultimate disappearance
of the vacuoles. Under the effect of
progesterone, gradually increasing
epithelioid stroma ensues through
the last part of the secretory phase
Metestrus Shedding Degenerated epithelium, uterine Condensed stroma; neutrophilic
wall collapse, elevated amounts of infiltration and epithelial
leukocytes disintegration
Diestrus Early Uterus collapses with high leukocytes Lacking
proliferative and redevelopment
Table 3.

Difference between human endometrial cycle and mouse estrous cycle.

that there is some inter-strain variability. For example, Drake et al. [8] discovered that
vaginal introitus occurs at a younger age in the summer than in the winter. He was
able to account for a considerable percentage of the linked variation by matching a
sine curve to the data and accounting for seasonal fluctuations. The season of the year
also has a huge impact. Experimental exposure to cold delays vaginal opening, the
first cornified smear, and the first typical estrus.

1.3 Relationship between menstrual cycle and estrous cycle

The menstrual cycle, as well as the estrus cycle, is controlled by the regular
intermittent fluctuations in the mean value of estradiol (E2) and progesterone (P4)
gonadal steroid hormones in endocrine fashion (Figure 2). In tissues such as the
uterus and ovaries, E2 and P4 receptors (ER, PR) track the concentrations of these
hormones and convert the information into timed developmental feedbacks.

The key integrator of both the menstrual and estrous cycles is gonadotropin
releasing hormone (GnRH), a neurohormone discharged in pulsatile manner by the
hypothalamus. The GnRH, when released is transported via the hypophyseal tract to
the anterior pituitary gland that causes the production of FSH and LH gonadotropic
hormones (Figure 3). These hormones are conveyed in the blood vessels to the ovaries
to cause development of follicles and resultant production of E2. In this regard, FSH
has stronger effects. During the pre-ovulatory stage, E2 confers a positive feedback
effect on GnRH, FSH and LH production thereby increasing its own concentration,
while it elicits a negative feedback effect during the post-ovulation period [9].

Two contrasting developmental phases exist in both menstrual and estrous cycles.
The first is the follicular phase (in humans) also known as pro-estrus phase (in ani-
mals). Itis a preparatory stage evident by the raised E2 and P4 levels (Figures 2 and 4).
These steroid hormones initiate the proliferation of the endometrium and growth of
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Figure 2.

The 4—6 day mouse reproductive cycle (left panel) is compared to the 28-day human menstrual cycle (right
panel). In this diagram, average fluctuations of estradiol, progesterone, LH, and FSH (Maeda et al., 2000).

Relationship between Reproductive Hormones and Oestrus Cycle
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Figure 3.

Activities of reproductive hormones on the ovaries in estrus phase. The hypothalamus through E, positive feedback
loop secretes GnRH which consequently increases FSH concentration. The FSH reaches the ovaries to cause the
development of the follicles which secrets E,. The increased E, levels cause the proliferation of endometrial lining
and inhibition of DA. The inhibition of DA releases PRL from DA suppression. PRL maintains CL formed

after ovulation. After ovulation, E, confer a negative feedback effect on the secretion of GnRH, FSH and LH.

CL formed produces high concentrations of P, and low E, levels leading to secretory activity in oviduct and
endometrium. The low E, concentration veleases the GnRH and DA from inhibition. DA suppresses PRL leading
to CL regression and consequent low levels of P,. GnRH = gonadotropin veleasing hormone, LH = luteinizing
hormone, FSH = follicle stimulating hormone, P, = progesterone, E, = estrogen, PRL = prolactin, DA = dopamine
and CL = corpus luteum.
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The hormonal levels in each phase of mouse reproductive cycle. Diestrus is the end of luteal phase; pro-estrus
is the beginning of follicular phase. DE = diestrus, PE = pro-estrus, E = estrus, ME = metestrus, GaRH =
gonadotropin veleasing hormone, E, = estradiol, P, = progesterone, PRL = prolactin, DA = Dopamine, LH =
luteinizing hormone, FSH = Follicle stimulating hormone.

blood vessels and prime the reproductive tissues for pregnancy [10]. The second is the
luteal phase (in humans) also identified as metestrus phase (in animals). It begins as
E2 and P4 concentrations decline and manifests as apoptotic breaking up of the former
preparations in addition to resorption of the uterine endometrium. The most outstand-
ing peculiarity of the estrous cycle is the steady E2 surge in late diestrus to pro-estrus.
This event marks the border between the two developmental phases of the cycle and
signifies the beginning of a fresh cycle [11].

1.4 Difference between menstrual cycle and estrous cycle

Mice and rats go through estrous cycles, of which if fertilization failed to occur
during the cycle, resorption of endometrium occurs. Humans on the other hand,
experience menstrual cycle of which their endometrium is shed during the course
of menstruation if fertilization and conception failed to occur. One more difference
is in their sexual behavior during ovulation [12]. Female mice and rats are normally
sexually receptive and active solely at some point in their estrous cycle such as during
late proestrus and in estrus phase which are the phases where ovulation occurs. This is
known and referred to as “heat period.” Females of species with menstrual cycle, such
as humans, on the other hand, can be sexually receptive and active all over the course
of their cycle. Humans also undergo covert ovulation with no visible outside displays
of sexual receptivity unlike the mice. Rats, on the contrary frequently display unmis-
takable outward receptivity to demonstrate estral receptivity at ovulation [13].
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A classic menstrual cycle in humans lasts about 28 days, with ovulation taking
place at 14th day (Figure 2). The estrus cycle is considerably shorter than the men-
strual cycle, occurring within 4 to 6 days [14, 15].

Additional key difference between the cycles, aside the overall period necessary
for a full cycle, remains that the E2 and P4 peaks are classically disconnected in
human menstrual cycle, while they intersect in rodent estrous cycle at the pro-estrus
phase [16]. Rodents are furthermore disposed to estrous cycle interference from
sensitivity to external or environmental cues such as light, temperature, stress and
other factors than the humans are [17].

1.5 The mouse estrous cycle and hormonal changes

Hormonal changes always and frequently manifest as regular alterations in the
morphology and cytology of the animal’s reproductive tract.

The estrus cycle in mice is divided into 4 distinctive phases — pro-estrus, estrus,
metestrus and diestrus. The pro-estrus phase corresponds to follicular phase in
humans. At about midday of the beginning of the pro-estrus phase, there exists a
significant surge of estradiol (E2) triggering a fast peaking of the LH and FSH in
the evening of pro-estrus and an increased progesterone (P4) secretion [11]. Asin
humans, the gonadotropin surge prompts ovulation and subsequent formation of
corpus luteum. This high concentration of E2 inhibits dopamine (DA) and simultane-
ously increases the concentration of prolactin (PRL) by relieving it from dopamine
inhibition (Figure 3). All hormones come back to starting levels when ovulation
occurs in estrus.

The PRL and P4 levels increase markedly at the early post-ovulation phase (i.e. late
estrus) and drops abruptly in metestrus phase (Figure 4). The PRL is responsible in
maintaining the corpus luteum. During the estrus and metestrus phases, the corpus
luteum secretes P4 and to a lesser extent E2 as well as inhibin [14]. All these hormones
have combined negative feedback on the GnRH, FSH and LH [9]. By the late diestrus
phase, the corpus luteum regresses due to decrease in PRL levels. This effect conse-
quently leads to a decline in E2, P4 and inhibin levels. All these releases the hypothala-
mus and anterior pituitary from the negative feedback effects of these hormones [11]
and initiates the start of a new phase

1.6 Characterization of menstrual cycle using different phases of estrous cycle
1.6.1 Pro-estrus phase

Pro-estrus phase lasts for 24 hours (approximately 1 day) in mice and rats [15].
This phase parallels the pre-ovulatory day of menstrual cycle. For example, E2
concentration rises and confers a positive feedback mechanism on GnRH release.
At mid pro-estrus phase, E2 concentration reaches its peak to induce the LH and
the FSH surge resulting in ovulation while it confers an inhibitory effect on DA
to release PRL suppression [17]. During this phase, P4 and PRL levels begin to
rise (Figure 4). One or several follicles of the ovaries start(s) to grow and mature
(Figure 3).

The main characteristics of vaginal cytology of this phase is the existence of
large or small, rounded epithelial cells that may be nucleated or enucleated. The cells
are fairly of uniform appearance and size. They are usually seen in cohesive sheets,
clusters, or strands. The appearance might sometimes not be observed particularly in
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hypocellularity samples, therefore should not be taken as a yardstick in determining
pro-estrus. Sometimes no leucocytes will be seen, however, leucocytes can be found
in early pro-estrus.

Moderately low amounts of large epithelial cells plus cornified cells may as
well be detected. As the cycle nears estrus, abundant cornified cells will be pres-
ent (Table 4). The presence of high amounts of cornified cells or low numbers of
leucocytes should not impede the identification of pro-estrus especially when the
usual features of the smear are the small, round epithelial cell population. There
might be presence of the secretion in the smear. Visual observation of the vulva will
reveal wide opened vagina which will be moist, and the tissues appears deep pink or
red. Striations will be seen in both the ventral and dorsal lips of the vulva. The lips
may appear swollen.

1.6.2 Estrus phase

Estrous phase lasts between 12 - 48 hours (approximately 2 day) and signifies
the beginning of the luteal period in humans [18, 19]. Estrus is the stage when
the female mice remain sexually receptive (“on heat” or “in heat”). Under regula-
tion of gonadotropic hormones, estrogen secretions exert their biggest influence.
Throughout the morning of estrus E2 levels remains elevated conferring inhibitory
effect on DA. The action of high E2 on DA releases PRL from DA suppression. PRL
is important in maintenance of CL after ovulation. During the afternoon, E2 falls
back to basal levels and the P4 concentration on the other hand rises and peaks
(Figures 3 and 4). The P4 concentration is important for the secretory activities in
the endometrium. The high level of P4 with corresponding low concentrations of E2
inhibits GnRH and FSH and releases the DA from suppression (Figure 4). DA then
inhibits the PRL causing CL to regress which in turn decreases the concentration of
P4 at late estrus.

This phase is typically recognized by the presence of abundant cornified squamous
cells. These cells appear in clusters and are of irregular shapes. They have no visible
nucleus, and their cytoplasm looks granular. Abundant bacterial cells may be seen.
The bacterial cells may stick to the cells or appear freely in the background of the
smear. During early and mid-estrus phase, no leucocytes are observed however, can
be seen during late phase. There will be predominance of cornified cells (75%) with
epithelial cells (<25%) (Table 4). Cells can appear in clusters or scattered. During
physical visual inspection, the vagina will appear similar to pro-estrus, but it will be
less pink or red, less moist but striations might be very prominent for some animals.
The vulva lips will be swollen.

1.6.3 Metestrus phase

Metestrus phase marks the mid of luteal phase (post-ovulation) in humans.
During this phase, the signs of E2 and P4 stimulation subside. The decline in the
plasma levels of P4 stimulates the hypothalamus to secrete GnRH and consequently
the gonadotropic hormone, FSH. The FSH in the ovaries starts the development of
preantral follicle which secretes E2 (Figures 3 and 4). The Low levels of P4 also lead
to resorption of endometrial lining. This phase typically is brief occurring within
24 hours [18] or may last for 1-3 days [16], personal experience in our lab, data not
published. In this stage, there is presence of leucocytes in combination with few
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Cycle phase Duration (h) Behavior Vaginal smear morphology
Proestrus 14 At the end of this phase male Mostly nucleated and non-
acceptance start nucleated epithelial cells
(75%) present
Estrus 25-27 Lordosis; sexually receptive 75% cornified cells; 25%
nucleated and non-
nucleated epithelial cells
Metestrus 21 Not sexually receptive Many leukocytes (50%)
with nucleated and
cornified cells
Diestrus 55-57 No male acceptance Leukocytes (85-100%)
Cycle phases
Table 4.

Vaginal smear cytology and mice behavior during estrous.

cornified squamous epithelial cells (Table 4). In early metestrus, leucocytes are
sometimes interspersed or may be tightly clumped together around the cornified
cells; the leukocyte cells may equal the quantity of the cornified cells or may be less.
At mid-metestrus, leucocytes become higher in number than the cornified cells [14]
and the smear might be extremely dense and cellular. By late metestrus, the number
of cornified cells decreases with a correspondingly reduction in smear cellularity
displaying conversion to diestrus phase. Visual observation of the vulva is character-
ized by pale coloration. The vaginal canal will be completely sealed and dry. It may
additionally be sloughed with white cellular debris.

1.6.4 Diestrus phase

This phase marks the boundary between luteal phase and follicular phase and lasts
between 55-57 hours (approximately 3 days) (Table 4). If pregnancy fails to occur,
the diestrus stage ends with the recession of the CL. In the late stage of diestrus, the
hypothalamus through E2 positive feedback loop secretes GnRH and consequently
FSH (Figures 3 and 4). The FSH in the ovaries causes the development of the follicles
from preantral follicle to early Graffian follicle which secretes E2. The increased E2
levels cause the endometrial lining to begin to proliferate. The vaginal cells consist
predominantly of leucocytes at the early phase and with nucleated cells but no corni-
fied cells at the late phase. Visual observation will reveal vaginal opening which may
be actually moist. The orifice will be slightly opened or totally closed in some animal.
There will be no tissue swelling or striation.

1.7 Importance of rodent (mice and rats) in research

Because better molecular tools to modify the mouse genome were available in
the past, the mouse was frequently used instead of the rat. Recent improvements
in genetic methods for creating knockout rat models promise to break down these
obstacles, potentially allowing rats to be used in a wider range of scientific studies.
In the end, the rodent model of choice is determined by which species best mimics
the symptoms and illness process seen in humans. It’s evident that rats aren’t just big
mice, and that each species has advantages and disadvantages that vary depending

117



Animal Models and Experimental Research in Medicine

on the process or gene under investigation. It is very important to adopt the right
paradigm for translational medicine because a lot of money is spent exploring medi-
cations and cures that ultimately fail at various levels of pre-clinical and clinical trials.
One explanation for this is that animal trial results do not always correctly represent
human outcomes.

1.8 Limitation of mice as an ideal model of human physiology and disease

When comparing mice and humans, there are several variances in developmen-
tal timing and reproductive organ shape, as well as discrepancies in their metabo-
lism. Poly-ovulation and a brief period of gestation period in mice, for example,
are important variations from humans. Unlike humans, mice are multiparous
species such that exposure to endocrine disrupting compounds during gestation
has complicated effects on the offspring. Morley-Fletcher and colleagues [20]
showed that during sexual differentiation, exposure to sex steroids gave varied
results relative to hormone exchange between the female and male fetuses in mice
uterine horns.

There are further differences in reproductive function to consider when com-
paring humans to other mammals like mice. Human oogenesis determinants, for
example, are far more intricate than those of most other mammalian species, includ-
ing mice. When it comes to studying human reproductive disorders, rodent species/
strains have several important limitations. Except in rare strains with certain genetic
backgrounds, there are still no germ cell tumors (primary ovarian tumors) in the ova-
ries of mice or rats; yet it is a common human malignancy in young adult females [21].
It’s also worth noting that the outcomes responsive to the effect of repro-toxicants
differ amongst mice and rat strains even within the same species. In responding to in
utero exposure to a particular phthalate (dibutyl phthalate (DBP)), Wistar rats show
elevated incidence of cryptorchidism and reduced rates of epididymal hypoplasia
than Sprague-Dawley rats [21].

1.9 Criteria for estrous cycle staging

Changes in estrous cycle can only be effectively predicted and identified if the
investigator is adequately acquainted of the continuous variations and appearance
in the vaginal cytology throughout the several stages of the animal’s reproductive
cycle (Table 5). There are numerous reports on the appearance of normal reproduc-
tive tract of all the different phases of the estrous cycle [14, 16], nevertheless, to

attain consistency in method of staging the cycle, the following criteria should be
followed.

1.To clarify the interval as well as the stages of the reproductive cycle, cytological
samples of the vaginal cells should be collected for a minimum of 14 successive
days (can also be done for up to 19 or 21 days). It has to be prepared at a particu-
lar time of the day preferably in the early periods of the morning between 7 am
and 12 noon [15]. This is vital as Certain short phases may be “missed” particu-
larly if samples are not consistently gathered for instance, in smears harvested
too late or very early in the day, pro-estrus phase might be missed. Irrespective
of what time the samples are harvested, they must be prepared at about same
matching period of the day. This must be maintained throughout the collection
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Mice and rats Humans

Length Roughly 4-6 days of estrous cycles except About 28 days
when disrupted by pregnancy

Onset Starts between 21-26 days after birth Starts at puberty (10-13 years old) until
menopause (40-50 years)

Phases Metestrus, diestrus, proestrus and estrus, Proliferative (follicular) Menstruation,
and secretory (luteal)

Follicle Numerous follicles mature concurrently Several follicles (1-12) start developing,
development/ only one or two follicle(s) become(s)
cycle dominant
Ovareleased Multiple Normally one or two ova per menstrual
at ovulation cycle

Table 5.

Similarities and differences in estrous cycle in mice and ovarian cycle in humans.

period to diminish inconsistency. Vaginal lavage method is ideal for collection of
the samples.

2.The typical interval of the estrous cycle is commonly between 4-6 days for
60%-70% of the sample population. However, some animals may present longer
regular or irregular cycles.

3. A mouse is considered as cycling regularly, when it presents at least two repeated
cycles of the same interval within the 14 days. In other cases, cycling can be de-
termined by checking if estrus immediately follows pro-estrus [22]. This should
be the case when ascertaining cycling in mice as they exhibit more varied cycling
patterns and can lead to erroneous conclusions.

4.Two repetitive cycles with 1-2 days of estrus, 1 day of metestrus, 1 day of pro-
estrus or any with only a day of estrus and 2 to 3 successive days of diestrus in
each cycle will also be considered regular.

5.Cycles will be considered ‘extended’ if there is 4-5 days of estrus or 4-5 days of
diestrus.

6.Irregularities in cycle length or cycle contiguity is greater in mice thanratsi.e., 4
days followed by 5 days instead of 4 days and vice versa [23, 24] although irregu-
lar cycles are predominant with aged animals (6 months and above).

7.Cycles, in which the alternations between the phases do not follow the sequence
pro-estrus to estrous specifically, will be considered irregular. They may not
necessarily follow the consistent pattern of Pro-estrus, estrous, metestrus and
diestrus to conclude as regular. This position is especially advised for mice. Ir-
regular cycles may be characterized by placing them in one group (or they may
be excluded from the experiment).

8. Animals that are pseudo-pregnant before administration should be eliminated
from the experimental protocol. Such animals will exhibit persistent estrous or
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diestrus. Constant light causes persistent estrus and failure to cycle while hous-
ing in large groups causes persistent diestrus [25]. Nonetheless, mice in persis-
tent diestrus will synchronize upon exposure to male urine.

9.If the outcome of drug or extract/compound expression on the cycle is even
in a set (e.g., consequential persistent diestrus or estrous), so this may provide
avaluable summary of the data. Conversely, if some animals exposed to the
compound or extract display persistent diestrus, while others exhibit prolonged
estrous, then such outcomes may possibly not reveal the alterations caused by
the test compound. Therefore, the discrepancy in collection may perhaps result
in a general belief that reproductive cycle remained unaffected. The procedure
should be repeated in such cases.

1.9.1 Vaginal lavage or smear protocol

The vaginal smear technique for describing the phases of the estrous cycle was
initially probed in 1917 by Stockard and Papanicolaou [26, 27]. A slight adjust-
ment of the method is implemented for this procedure, but it essentially involves
the recognition of the cell categories and their relative amounts existing in the
sample gotten from flushing walls of the vagina. Ascriptions of the features to
explicit phases of the estrous cycle were attributed and recorded by Elvis-Offiah
and Bafor [28].

1.9.1.1 Preparations

1. Normal saline: use normal saline for intravenous drips or weigh 0.9 g of NaCl
(MW 58.44) powder and dissolve in 100 mL distilled water. Thereafter, stocked
in a securely air- and watertight vessel at room temperature till required.

2.Slides: clean and label the glass slides according to animal’s number and groups.

3.Methanol: Cold 100% methanol is recommended for fixing cells. Though 95%
ethanol from absolute ethanol (>99.8% GC) can also be used. It can be prepared
by measuring 95 ml of absolute ethanol into a calibrated cylinder and adding 5
mL of distilled water to make it up to 100 mL.

4. Stains: monochromatic stains are recommended. These include Wright-Giemsa
stain, methylene blue, eosin, and crystal violet (5%). For RHERG, we will be
using methylene blue/eosin staining. Prepare 0.1% methylene blue in a separate
bottle and 0.1% eosin is also prepared separately.

1.9.1.2 Collecting vaginal cells (vaginal lavage)

1. Vaginal smears should be steadily collected daily between 9 am and 12 noon
by washing out the vaginal epithelium with normal saline using a dispos-
able Pasteur pipette. The tips of the pipette to be used must compulsorily be
even and pointed with an endorsed inner tip bore of >1.5 mm for pipette tips
(OECD n.d.) [29]. The practice of using a new dropper or tip for each animal
is best. Should a lone dropper or tip be employed on different animals, it
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must be meticulously cleaned with fresh sterile or distilled water. Thorough
cleaning is appropriate to avoid sample contamination between animals
which may result in erroneousness staging or, occasionally, reproductive tract
infection.

2.Draw around 0.2 mL (rats) or 0.1 mL (mice) of saline water into the dropper or
pipette.

3.Pick up the animal from the cage to the cage lid (hopper) with its rear end placed
in your direction. Grasp the tail firmly and raise the hind feet. The animal will
use merely her forelimbs to grasp the hopper. On the spot, urination may ensue.
If so, pause till urination ends. It is advised to clean the vaginal orifice with the
saline and with a different tip should urine is left at the vaginal canal opening.

4.The dropper tip should be carefully and softly inserted without penetration into
the vaginal opening. At that point, the vaginal wall should be flushed with the
saline 2 or 3 times. Draw little amount of vaginal fluid out. If the fluid is milky at
the initial draw, then successive flushing is not needed (OECD n.d.) [29]. Insert-
ing the tip too deep into the vaginal orifice may stimulate the cervix to induce
pseudo pregnancy therefore care must be taken. Pseudo pregnancy may appear
as persistent diestrus or estrus for up to 14 days [11].

5.Gently transfer the fluid comprising the cells on a clean, pre-labelled glass slide
bearing the appropriate animal’s identity.

6. Allow the smears to air dry then fix with 100% cold methanol for 5-10 minutes
on the laboratory bench and allow to dry. Drying can be done by air-drying or by
placing on heated surface set at 50°C.

7.Add one-two drops of methylene blue (0.1%) on the slide for 3 minutes. Remove
surplus stain by placing a piece of filter paper, cotton wool or any absorbent for a
second. Afterward, add 2 drops of eosin (1%) on the slide for 2 minutes. All work
must be carried out at room temperature. Avoid heavy staining.

8.Rinse the slide briefly and appropriately with small amount of tap water and
keep in standing position to dry.

9.View the slides under light microscope starting from the least eyepiece magnifi-
cation. Koehler illumination: this gives optimal resolution and contrast [30].

2. Conclusion

Both in humans and rats, the female reproductive system and processes are
dynamic, changing morphologically and cytologically in response to hormonal cues
during the course of the estrus or monthly cycle. Along with menopause and ovar-
ian age, these changes are also seen during pregnancy. For preclinical evaluations of
human reproductive physiological and pathological processes, mice and rats are ideal
models. They are frequently used in research due to their small size, simplicity of
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housing, and maintenance requirements. Their reproductive cycle oscillates periodi-
cally because to variations in ovarian steroid concentrations, just like in humans
(estrogens and progesterone). However, there are morphogenetic, physiological, and
anatomical differences between the mouse and human reproductive systems.
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Chapter7

The Use of Astaxanthin as a Natural
Antioxidant on Ovarian Damage

Abdulsamed Kiikiirt, Mahmut Karapehlivan and Volkan Gelen

Abstract

The ovaries are defined as the organs that secrete sex hormones and ensure the
formation of the ovum in females. The proper functioning of the physiological
functions of the ovaries is very important for the health of both the body and the
female reproductive system. Reactive oxygen species are produced as byproducts
of the normal physiological metabolism of the ovary. Antioxidants are among the
factors that work to maintain the balance between the production and excretion of
reactive oxygen species. Since the deterioration in the antioxidant system can cause
pathological results, antioxidant supplementation is considered a possible strategy for
the treatment of reproductive diseases by keeping oxidative stress under control. This
chapter provides information about the use of astaxanthin as a natural antioxidant
against ovarian damage.

Keywords: astaxanthin, haematococcus pluvialis, oxidative stress, antioxidant, ovarian
damage

1. Introduction

The ovaries, which are the main reproductive organs of female mammals, consist
of structures called follicles. These follicles contain granulosa cells in the early devel-
opmental stages and oocyte that can be translated by two somatic cell types called
theca cells in the later stages of follicular development. These granulosa and theca
cells together produce the sex steroid hormones estrogen and progesterone. At birth,
an ovarian follicle reserve is established, which is generally regarded as a nonrenew-
able pool. It is noted that these limited number of follicles are required to support
fertility throughout a female’s lifetime through the production of a fertilizable
gamete [1].

Reserve follicles that exist in the ovary after birth are activated by developmental
stages called follicular waves throughout life. Follicle excretion occurs with the onset
of ovulation cycles, especially with puberty. Therefore, a female continues her life
with the number of oocytes present in her ovaries at birth. The number of these
reserves, which exist with follicular waves, decreases over time and is depleted. In
humans, this situation appears as menopause [2, 3].

Due to today’s bad environmental conditions, uncontrolled use of pesticides,
cheats in the food sector and various poisonings, there is a decrease in fertility rates or
serious decreases in fertility in males and females. Infertility occurs and reproductive
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ability is disrupted, especially as the chemicals taken to impair the quality of the
oocyte, prevent implantation, impair the quality of life of the sperm in the female
genital tract after mating, cause early embryonal deaths, and directly or indirectly
affect sexual activity [4].

It has been reported that physiologically low levels of reactive oxygen species
(ROS) play an important role as an important regulator in various signal transduction
pathways from folliculogenesis, oogenesis, embryogenesis, and pregnancy [5]. It has
been stated that high levels of ROS, caused by increased production of oxidant species
and/or decreased effectiveness of the antioxidant system, can lead to oxidative stress
[6]. Nitric oxide is a mediator involved in vital functions such as the release of gonad-
otropins, steroidogenesis, folliculogenesis, ovulation, luteal development, luteolysis,
and pregnancy. Thanks to the functions it has loaded in line with a dynamic order in
the body, reproductive activities are fulfilled, while the opposite effect can be seen in
excess. However, the fact that nitric oxide and nitric oxide synthases (eNOS, iNOS)
are involved in the production of oocyte is an indication that it takes a role even in
activities necessary for the continuation of life [7].

Excessive ROS production can occur in the organism due to many factors (expo-
sure to chemicals, infectious agents, diseases, etc.). It has been suggested that the
accumulation of high concentrations of ROS in the ovary causes detrimental effects
on follicular function and plays an important role in the development of female repro-
ductive diseases [8]. It has been suggested that oxidative stress in the ovaries causes
granulosa cell apoptosis and follicular atresia in the follicles and damages oocytes [9].
Many studies have reported that granulosa cell apoptosis, one of the main causes of
follicular atresia in mammals, is caused by oxidative stress [6, 10-12]. There are many
defense mechanisms to prevent the formation of ROS so that it does not harm the
organism. These mechanisms are often referred to as “antioxidant defense systems” or
“antioxidants”. Antioxidants control the metabolism and free radical levels that occur
in normal metabolic or pathological conditions and prevent or repair the damage that
these radicals can cause [13-15].

It is reported that antioxidants are defense agents that play an important role in
maintaining oxidative balance in the organism and protecting cells from the harmful
effects of oxidative stress [6, 16, 17]. This chapter aimed to provide information about
the use of antioxidants against experimentally induced oxidative ovarian damage.

2. Astaxanthin

Astaxanthin is a xanthophyll carotenoid found in various microorganisms and
marine organisms [18]. Carotenoids can be synthesized naturally by cyanobacteria,
algae, plants, some fungi, and some bacteria, but not by mammals. It has been noted
that intake of carotenoids from food sources reduces the risk of many diseases such as
breast, lung, ovary, colorectal, prostate cancer, and cardiovascular or eye diseases due
to the antioxidant properties of carotenoids [19]. It has been reported that astaxan-
thin has stronger biological activity than other carotenoids [20].

Astaxanthin is obtained from seafood or Haematococcus pluvialis. Haematococcus
pluvialis is a green microalgae that accumulates high astaxanthin content under stress
conditions such as high salinity, nitrogen deficiency, high temperature, and light [21].
Astaxanthin produced from Haematococcus pluvialis is the main source for human con-
sumption [22]. Astaxanthin is used as a pigment source in salmon, trout, and shrimp
feeds [18]. It is stated that the consumption of astaxanthin, which is used as a dietary
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supplement in humans and animals, can prevent or reduce the risks of various disorders
in humans and animals [23]. It is stated that the use of astaxanthin as a nutritional
supplement is increasing rapidly in foods, feeds, nutraceuticals, and drugs [24].

Natural sources of astaxanthin are algae, moss, yeast, salmon, trout, krill,
shrimp, and crayfish. Commercial astaxanthin is mainly produced by Phaffia yeast,
Haematococcus, and chemical synthesis. Haematococcus pluvialis constitutes one of the
best sources of natural astaxanthin [25]. It has been reported that shrimp, crab, and
salmon can be preferred for dietary astaxanthin intake. It is suggested that 3.6 mg of
astaxanthin supplementation per day may be beneficial for health [26].

Astaxanthin is a carotenoid containing carbon, hydrogen, and oxygen atoms in
its structure (Figure 1). Consisting of two terminal rings linked by a polyene chain,
this molecule has two asymmetric carbons located at the 3.3’ positions of the p-ionone
ring with a hydroxyl (-OH) group at both ends. If the -OH group reacts with a fatty
acid, a mono-ester is formed, and when both -OH groups react with fatty acids, a
di-ester is formed as a result [18].

Astaxanthin can be found in various forms such as stereoisomer, geometric
isomer, free and esterified [18]. Stereoisomers (3S, 3'S) and (3R 3'R) are the most
abundant in nature. While Haematococcus biosynthesizes the (3S, 3'S)-isomer, yeast
produces the Xanthophyllomyces dendrorhous (3R,3'R)-isomer [27]. It consists of
synthetic astaxanthin (3S, 3'S) (3R, 3'S) and (3R, 3'R) isomers [28]. Astaxanthin has
the molecular formula C4oHs,0,4 and its molar mass is 596.84 g/mol [18].

Astaxanthin contains conjugated double bond, -OH, and keto groups and has
both lipophilic and hydrophilic properties [18]. The red color is due to the conjugated
double bond in the middle of the compound. It is noted that due to the presence of
such double bonds, they act as a strong antioxidant by donating electrons and react-
ing with free radicals to become a more stable product [23]. It has been reported that
the ability to bind with the cell membrane from the inside out gives astaxanthin the
ability to display better biological activity than other antioxidants [29, 30]. It is noted
that oxidative molecules, which are reported to cause oxidative damage, can be inhib-
ited by endogenous and exogenous antioxidants such as carotenoids, and astaxanthin
is one of the antioxidant molecules that can inhibit oxidation [31].

Carotenoids are composed of a long-conjugated double-linked polyene chain
that exerts antioxidant activity by quenching singlet oxygen and scavenger radicals
to terminate chain reactions. It has been suggested that the biological benefits of
carotenoids are due to their antioxidant properties resulting from their physical and
chemical interaction with cell membranes and that astaxanthin has higher antioxi-
dant activity compared to various carotenoids such as lutein, lycopene, a-carotene,
and B-carotene [31, 32].

Figure 1.
Molecular structure of astaxanthin [18].
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2.1 Possible effects of astaxanthin on ovaries

The ovarian follicle reserve created in fetal life is not renewed throughout the
life of the creature. These limited number of reserve follicles are activated by devel-
opmental stages called follicular waves throughout life. Especially with the onset of
ovulating cycles with puberty, follicle excretion occurs. Therefore, a female continues
her life with the gradual decrease in the number of oocytes in her ovaries. Today, due
to bad environmental conditions, uncontrolled use of pesticides, cheats in the food
sector and various poisonings, there is a decrease in fertility rates or serious decreases
in fertility in males and females. The chemicals taken especially impair the quality of
the oocyte, prevent implantation, impair the quality of life of the sperm in the female
genital tract after mating, cause early embryonal deaths, or affect sexual activity
directly or indirectly, causing infertility and hindering reproductive ability [4, 33].

Physiologically low levels of ROS play a role as an important regulator of various
signal transduction pathways in folliculogenesis, oogenesis, embryogenesis, and
pregnancy [5]. High levels of ROS, caused by increased production of oxidant species
and/or decreased effectiveness of the antioxidant system, lead to oxidative stress [14,
34-39]. Therefore, ovarian oxidative stress models will make important contribu-
tions to the understanding of these relationships, since the relationships between
oxidative stress induced by ROS and the female reproductive system are not fully
understood [40].

In the study in which experimental ovarian damage was created with 3-nitropro-
pionic acid, the protective effect of astaxanthin against oxidative damage caused by
3-nitropropionic acid-induced ovarian toxicity was associated with its strong antioxi-
dant effect. It was determined by the researchers that 3-nitropropionic acid injection
caused a decrease in total antioxidant capacity levels and significant increases in total
oxidant capacity and oxidative stress index levels in both ovaries and plasma. Also,
while 3-nitropropionic acid caused an increase in sialic acid levels, this increase was
suppressed by astaxanthin. In the study, it was determined that astaxanthin stopped
the decrease in 3-nitropropionic acid-induced paraoxonase activity. It has been sug-
gested that the use of astaxanthin may be beneficial in the prophylaxis and treatment
of oxidative stress-related diseases, especially in infertility problems caused by ovar-
ian degeneration [17].

In a study by Toktay et al. [41], they tried astaxanthin treatment against oxidative
stress caused by ischemia-reperfusion in rat ovaries and achieved positive results. In
the study, it was found that astaxanthin decreased lipid peroxidation and increased
superoxide dismutase activity. In the same study, it was determined that astaxanthin
decreased the increased caspase 3, IL-1 B, and IL-6 expressions. In another study;, it
was found that oxidative stress (total antioxidant status, total oxidant status, and
oxidative stress index), apoptosis (caspase-3), and inflammation (c-reaktif protein,
inducible nitric oxide synthase, granulocyte colony-stimulating factors) caused by
methotrexate treatment in the urogenital tissue were improved with astaxanthin [42].
Ebrahimi et al. [43] reported that the administration of astaxanthin could reduce the
oxidative stress factor H,0, and apoptosis, while it increased the level of AKT protein
expression.

A histopathological study revealed that the reduction in apico-basal height and
cellular disruption in the uterine epithelium elicited by ovariectomy, signs of degen-
eration of the uterine glands, and inflammation in the stroma showed near-control
improvement in astaxanthin-treated rats [44]. In an in vitro study, Kamada et al. [45]
found that low concentrations of astaxanthin (0.1 to 10 nM) increased progesterone

128



The Use of Astaxanthin as a Natuval Antioxidant on Ovarian Damage
DOI: http://dx.doi.org/10.5772/intechopen.108854

production in cultured bovine luteal cells, demonstrating the potential to improve
corpus luteum function in cows. In ruminants, the oxidative stress index in the luteal
phase where progesterone is high is higher than in the follicular phase. During the
critical period of pregnancy, the high index of oxidative stress-induced progesterone
causes embryonic death. Stress-inducing factors in high milk-yielding cows may
affect the amount of progesterone synthesis by inhibiting luteal cell function due to
excessive free radical production [46]. Abdel-Ghani et al. [47] showed that astaxan-
thin significantly increased the synthesis and secretion of estradiol in follicles and
decreased the synthesis and secretion of progesterone. Li et al. [48] revealed that
astaxanthin improves the development of follicles and oocytes by increasing the
antioxidant capacity of follicles and oocytes and alleviating bisphenol A-induced
oxidative stress during follicular development and oocyte maturation. Jia et al. [49]
reported that astaxanthin treatment significantly reduced the production of reactive
species in oocytes and improved the quality of oocytes. Xiu-Zhen et al. [50] showed
that astaxanthin combined treatment considerably inhibited nuclear factor kappa

B expression and translocation to the nucleus, thereby improving the astaxanthin-
induced cytotoxic effect on the ovarian cystadenocarcinoma cell line.

3. Conclusion

The reproductive ability of the ovaries, which have an important role in female
health, is impaired and infertility occurs due to many other problems that directly or
indirectly affect sexual activity, such as bad environmental conditions, uncontrolled
pesticide use, cheating in the food sector, and various poisonings. It is necessary to
protect the health of the ovaries against the aforementioned negative factors for the
prevention of infertility and therefore the continuation of the living species. For this
purpose, the effects of the use of astaxanthin as a protective or therapeutic antioxi-
dant agent against various agents that negatively affect ovarian health are discussed.
As aresult, when the studies were viewed, it was seen that astaxanthin can be used as
a preventive and therapeutic in various ovarian damage cases due to its antioxidant,
anti-inflammatory, antiapoptotic, and anticancer effects. In the light of all these data,
we believe that the use of astaxanthin, a natural antioxidant agent, will be beneficial
for the protection of the ovaries.
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Chapter 8

Erythrocytes and Hemoglobin
of Fish: Potential Indicators of
Ecological Biomonitoring

Atanas Arnaudov and Dessislava Arnaudova

Abstract

Anthropogenic pollution of the freshwater basins is a serious environmental
problem. This has necessitated the search for different approaches to the detection of
different pollutants in water bodies. Many authors point out that the hematological
parameters of freshwater fish are sensitive to the action of various pollutants in fresh-
water basins. This chapter summarizes the results of studies on the effects of current
water pollutants (heavy metals, organic matter, etc.) on erythrocytes and hemoglobin
in fish. An analysis of the possibility of the use of erythrocyte damage and the change
in the hemoglobin content of the tested animals for the purposes of ecological bio-
monitoring of freshwater pollution will be made.

Keywords: anemia, biomonitoring, ecotoxicology, erythrocyte abnormalities, teleost,
water pollution

1. Introduction

The state of the environment is signaled by a group of different biological
species known as bioindicators. They are responsible for demonstrating the impact
of different types of pollutants. The selection of a specific biological species as
an indicator should be done considering its sensitivity to various changes in the
environment [1]. Fishes are valuable species as bioindicators for the pollution of
water bodies. A very large number and essentially different methods can be applied
to them, which allow assessment of the severity of toxic effects by determining
the accumulation of toxic substances in the tissues, by using histological and
hematological approaches. Thus, bioindication using fish represents a good tool for
biomonitoring, regarding both pollution and river engineering aspects, e.g., river
restoration and management [2].

In this chapter, our and other authors’ summarized data on the possibilities of
using the erythrocyte indicators of teleost fishes for the purposes of biomonitoring
will be presented.
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2. Erythrocytes and hemoglobin in teleost in the norm and under toxic
effects

2.1 Erythrocytes and hemoglobin in teleost in the norm

The erythrocytes of teleost fishes have a similar morphology to the erythrocytes
of other non-mammalian vertebrates. They are nucleated cells with an elliptical to
oval shape. Their cytoplasm is eosinophilic, and the nucleus is centrally located,
deeply basophilic, with an oval to elliptical shape. Erythrocyte sizes range from
102 to 800 fl [3, 4]. Moderate anisocytosis and polychromasia are normal in teleost
species.

Their life span is 13-500 days. The number of erythrocytes in the peripheral blood
depends on many factors—fish activity, water temperature, and dissolved oxygen
concentration, as well as other environmental factors and shows significant seasonal
variability. Furthermore, it depends on age, sex, nutritional and reproductive status,
and may differ between populations of the same species. It typically ranges from
0.5-1.5 x 10°/mm” in less active species to 3.0-4.2 x 10°/mm? in more active spe-
cies. Antarctic icefishes, adapted to cold and well-oxygenated water, do not have
erythrocytes.

The main erythropoietic organ in teleost is the head kidney. Erythropoiesis is simi-
lar to that of other vertebrates and involves the same precursors. Characteristically, in
teleost fishes, the barrier between the hematopoietic tissue and the circulatory system
is weak, and therefore in the circulating blood, many immature red blood cells are
found, often constituting more than 10% of all erythrocytes. Immature erythrocytes
are round rather than oval in shape, their cytoplasm is blue-stained, and their nucleus
is larger and heterochromatic.

As in other vertebrates, fish erythrocytes contain tetrameric hemoglobins, but
with different oxygen affinities. It is lower in species living in well-oxygenated water
than in those exposed to hypoxia. Several hemoglobin isoforms with different oxygen
affinities are often present in the blood of fish, which is considered an adaptation to
variable oxygen concentration in the water. Fish erythrocytes are sensitive to environ-
mental pollution, and their morphological assessment can be used as a bioindicator of
toxicity [3].

2.2 Hematological disorders in teleost as a biomarker for water pollution

Hematologic studies in fish have been performed for more than 70 years now.
Recently, they have gained great importance because they are an effective and sensi-
tive indicator for evaluating physiological and pathological changes caused by natural
or anthropogenic pollution of water sources. Hematological indicators are therefore
considered an important tool to identify the functional state of the body in response
to various stressors [5]. However, for the correct interpretation of the obtained
results, it is necessary to consider a set of variables, such as reproductive cycle, age,
sex, feeding behavior, stress, nutritional status, and water quality, as well as the habi-
tat of the species, since poikilothermic animals are under the impact of environmental
changes [6].

Hematological disorders in boteleost include anemia, polycythemia, abnormal
morphology, and cytoplasmic and nuclear inclusions [4], and according to Witeska
[3], they also include changes in the size and color of erythrocytes.
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Anemia is well described in teleost. It is defined as a decrease in hemoglobin
concentration below the reference level of an established threshold for a population
of healthy organisms [7]. In teleost it is extremely difficult to establish reference
values for hematological parameters, due to their strong variation caused by their
poikilothermism and high sensitivity to the action of various factors (age, sex, water
quality, photoperiod, season, diet, etc.). For example, hematocrit values strongly
depend on the level of biological activity of the fish. Thus, actively swimming species
such as tuna and other pelagic species generally have much higher hematocrit values
than bottom-dwelling fish such as flatfish. Therefore, hematological parameters are
very relative, and there is no clear definition of normal and abnormal values [8].
Therefore, anemia in fish is usually recognized by a significant reduction in red blood
parameters compared with the values obtained for a reference group of animals not
exposed to the specific damaging factor. According to Clauss et al. [4], hematocrit
values (PCV) below 20% are indicative of anemia. The hematological parameters
that are affected when anemia occurs in fish are mainly: red blood cell count (RBC),
hemoglobin concentration (Hb), hematocrit, mean corpuscular volume (MCV),
mean corpuscular hemoglobin content (MCH), and mean corpuscular hemoglobin
concentration (MCHC). Examination of these indicators (along with WBC values) is
recommended for routine monitoring of fish health status in fish farms [9].

Anemia in teleost fishes occurs under both natural and aquaculture conditions
and can be caused by various effects, including the toxic effect of a number of
pollutants in water bodies (nitrates, pesticides, heavy metal ions, cyanobacterial
toxins, etc.) [3].

Depending on the causes of anemia, it can be hemorrhagic, hemolytic, or hypo-
plastic. Depending on the manifestations, the different types of anemia in fish are
divided into microcytic, normocytic, and macrocytic (depending on the size of the
erythrocytes), as well as hypochromic or normochromic (depending on the hemoglo-
bin concentration) [4].

2.3 Hematological disorders of fish under toxic effects
2.3.1 Hematological disorders caused by the action of nitrites

Toxic concentrations of nitrites in fish breeding ponds can occur in intensive
aquaculture systems as a consequence of high stocking density and feeding intensity.
In natural water bodies, elevated nitrite levels usually result from sewage pollution.
Prolonged exposure to nitrite induces oxidative stress in fish [10]. According to
Witeska, nitrite intoxication can result in anemia, followed by oxidation of hemo-
globin to methemoglobin [3]. Da Costa et al. [11] reported methemoglobinemia in
Colossoma macropomum, caused by nitrite intoxication, accompanied by hemolytic
anemia due to reduced erythrocyte life span. Erythrocyte hemolysis with prolonged
exposure to nitrites results from a high expenditure of cellular energy to reduce
methemoglobin, which shortens the average life span of red blood cells [10]. There is
much evidence to show that the symptoms of anemia caused by nitrites can be differ-
ent, which depends both on the severity of intoxication and on the biological species
of the fish. Witeska [3] reported that in different types of fish, there can be a decrease
in different parameters. Thus, in Dicentricus labrax, only the hemoglobin content
tends to decrease, but in other species decrease is observed also in RBC and/or hema-
tocrit, and in Colossoma macropotum and Sander vitreus, increase is even observed of
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MCHC (probably as a compensatory reaction to the impaired oxygen transport from
the blood). According to Zhelev et al. [12], elevated nitrate levels in a natural water
basin (Sazliyka River, Bulgaria) induce erythrocytosis and hyperchromia in adult
Carassius gibelio females.

Data on the effect of nitrate pollution of water bodies on the morphology of
erythrocytes of fish are scarce.

2.3.2 Hematological disorders caused by the action of metals and microelements

The impact of toxic concentrations of metal ions in water bodies causes morpho-
functional changes in erythrocytes, which can result in various negative effects: direct
damage to erythrocyte cells, reduction of their life span, acceleration of hemolysis or
inhibition of erythropoiesis.

There is a large number of publications on this subject in the literature, and in
most cases the authors describe and explain the mechanisms of action of each indi-
vidual heavy metal toxicant. According to Fedeli et al. [13], copper induces oxidative
damage to erythrocytes and increases their susceptibility to hemolysis. Our studies
confirm this, showing that the hematocrit of C. gibelio is reliably reduced even by the
action of copper at concentrations lower than the threshold limit values (TLVs) for
freshwater bodies (0.1 mg/1), but by the action of high concentrations (2.0 mg/1),
its values are comparable to those of the controls. In our opinion, this is due to a
compensatory increase in erythropoiesis, as a result of which young erythrocytes
with insufficient hemoglobin content are found in the peripheral blood of the fish.
Enhanced erythropoiesis under the action of high concentrations of copper was
indirectly proven by histological examination of the spleen of C. gibelio [14]. Unlike
the control group, in fish exposed to 2.0 mg/I copper sulfate, no presence of hemosid-
erin was detected in the spleen. This is an indication of mobilization of iron reserve
in fish organisms. The type of anemia was different under the influence of different
concentrations of copper sulfate: under the influence of concentrations of 0.1 and
2.0 mg/l, it was microcytic and hypochromic, under the influence of a concentra-
tion of 0.5 mg/l, it was microcytic and normochromic, and under the influence of a
concentration of 1.0 mg/l, normocytic and normochromic.

Som et al. [15] reported a decrease in the amount of erythropoietic precursors
in the head kidney of Labeo rohita associated with the level of copper intoxication.
Cadmium, like copper, damages hematopoietic precursors in the kidney of Ictalurus
nebulosus [16]. According to Kondera and Witeska [17], this may be due to an increase
in apoptosis in precursor cells in copper or cadmium intoxication.

Results of our study [18] allow indicating some features related to changes in the
sizes of erythrocytes and their nuclei under the influence of different concentrations
of copper in water. Under the influence of low concentrations of copper (even below
TLV), a decrease in the size of the cells and of their nuclei is identified. However,
under the influence of higher concentrations of copper, an increase in the size of the
cells is caused, which can be explained by the activation of compensatory processes.

The bases of Prise-Jones curves gave the following results:

* At the big diameter of erythrocytes, anisocytosis in concentrations of 0.1 and
1.0 mg/1 was found.

¢ At the small diameter of erythrocytes, there is a widening of the curves bases,
especially well expressed in 1.0 mg/1 concentration.
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* At the big diameter of the nuclei, there was a tendency of decreasing anisocytosis.

¢ At the small diameter of the nuclei, the fluctuations are near to the values of the
controls.

A conclusion can be made that copper, even in concentrations below TLV for
waters, causes atrophic changes in the erythrocytes of C. gibelio. This fact can be
used for the purposes of ecological biomonitoring of copper contamination of water
bodies.

According to Akahori et al. [19] and Gabryelak et al. [20], zinc induced hemolytic
anemia in fish, which resulted from its adverse effect on the lipid layer of the erythrocyte
membrane. In our studies, a negative effect of the action of different concentrations of
zinc on different hematological parameters of C. gibelio was found. Changes were found
in RBC, erythrocyte morphology, and size, Hb, PCV, MCV, MCH, and MCHC. From
the analysis of the obtained results, it can be concluded that zinc causes hypochromic
anemia even in low concentrations (below TLV). A trend of transition from microcytic
to macrocytic type of anemia was observed with increasing zinc concentration. Witeska
and Kosciuk [21] reported that hematocrit and frequency of abnormal erythrocytes in
Common carp increased after a 3-hour exposure to 20 mg/dm zinc (ZnO).

The changes in the shape (poikilocytosis) and in the sizes of erythrocytes were
also different, under the action of the different concentrations of zinc. The begin-
ning of the processes of karyopyknosis, hypertrophy and anisocytosis were detected
[22-24]. Similar to the effect of copper, compensatory changes in erythrocyte size and
erythrocyte indices were observed here as zinc concentration increased. In this case,
similar to the effect of copper, an absence of hemosiderin was found in the spleen
of fish subjected to the action of 2.0 mg/1 zinc, which is an indication that a similar
process of mobilization of the body’s iron reserves is taking place.

Lead reduces the activity of ALA-D (a key enzyme involved in heme synthesis)
[25, 26]. In our studies, we found that carp lead caused erythrocyte deformations with
a clear upward trend proportional to increase in concentration [27]. After short-term
exposure (96 h LC50), lead caused increase in frequency of morphological anomalies
in carp erythrocytes over the entire experimental period. Cromatin condensation at
the nucleus border and nuclear malformation were the most common anomalies. No
complete recovery took place until the end of the experiment [28].

The effect of other metal pollutants in water (nickel, mercury, chromium, selenium,
etc.) has been less studied. In our studies, it was found that nickel causes erythrocyte
changes in carp, including with concentrations far below TLV [29]. Its main effect is
damage to the cell membrane (which causes the appearance of poikilocytosis) and
changes in the shape of cell nuclei. Under the influence of concentrations above TLV,
necrotic changes occur in the nuclei (karyopyknosis). The established erythrocyte
changes may be explained by the finding of De Luca et al. [30] that nickel affects
cellular metabolism, causing an enhancement of oxidative stress in erythrocytes.

In Cirrhinus mrigala, nickel causes significant decrease of RBC, Hb, and PCV [31].
According to Moosavi et al. [32], hematological and biochemical parameters can be
used as an indicator of nickel-related stress in fish on exposure to elevated nickel status.

In general, it can be summarized that metal pollutants in water bodies cause a
decrease in the values of hematological parameters of fish—most often (Hb, RBC,
and PCV, and in some cases also MCV, MCH, and MCHC), but for some metals, there
may be an increase in MCV (under the influence of copper and chromium) or in
MCH under the influence of cadmium [3].
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In natural conditions, hematological disorders can be caused by the action of
mixtures of metal pollutants, and their effect on fish is the result of the combination
of mechanisms of action of the contained metal pollutants in water bodies [33].

In 2007-2008, we conducted a study of hematological parameters of three species
of freshwater fish—bleak (Alburnus alburnus L.), common rudd (Scardinus eryth-
rophtalmus L.), and European perch (redfin perch) (Perca fluviatilis L.), inhabiting
Studen Kladenets Dam (Arda River area, Bulgaria) [34]. Elevated levels of manganese
and lead have been found in the waters of the dam. Anemic changes were found in the
blood of the three species in both the summer and winter seasons. Each species, how-
ever, developed a different type of anemia—macrocytic and hyperchromic in bleak,
hypochromic type in common rudd, and normochromic anemia, which developed into
microcytic normochromic anemia in winter in redfin perch. Morphological examina-
tion of the erythrocytes of all three species of freshwater fish demonstrated a wide
range of erythrocyte changes, as well as a large number of “amitotic” erythrocytes in
the peripheral blood of common rudd and redfin perch. These changes showed inter-
species differences. Later Omar et al. [35] found that high concentrations of heavy
metal mixtures (Cu**, Zn*, Pb*, Fe?* and Mn?*) have a potential genotoxic effect
on erythrocytes, in studies of cultured and wild Nile tilapia, Oreochromis niloticus
and mullet Mugil cephalus, inhabiting a water body, contaminated with agricultural
wastewater and domestic untreated water discharges (Lake Qaroun, Egypt). It has
been shown that the genotoxic effect (measured by a micronucleus test) depends
proportionally on the type and concentration of pollutants in the water body. In addi-
tion to micronuclei, other nuclear and cellular abnormalities have been reported in fish
erythrocytes—lobular, vesicular, binucleate, dentate, budded, vacuolated and other
deformed nuclei, karyolysis, nuclear retraction, as well as microcytes and vacuolated
cytoplasm. Degradation of the studied aquatic habitats reveals species-specific effects.

In 2014/2015, a study of the cytometric characteristics of the erythrocytes of C.
gibelio Bloch, 1782, and Rutilus rutilus (Linnaeus, 1758), inhabiting the Zaporizhya
Reservoir (Ukraine), was conducted [36]. The species characteristic of accumulation of
heavy metals in the body of carp fish was also investigated. It was established that young
specimens of C. gibelio and R. rutilus accumulate essential elements, especially zinc, to
a greater extent than adults. The level of intensity of occurrence of erythropoiesis was
higher in young fish of both species. Specific features of the cytometric characteristics of
fish erythrocytes were identified: the relative amount of mature red blood cells predomi-
nated in R. rutilus, and the area of mature red blood cells was significantly higher in C.
gibelio. In addition, a significantly higher percentage of polychromatophilic normoblasts
was found among the immature forms of red blood cells in juvenile R. rutilus.

According to Zhelev et al. [12], elevated levels of heavy metals in a natural water
basin (Topolnitsa River, Bulgaria) induce erythrocytosis and microcytic hypochromic
anemia in adult female C. gibelio.

2.3.3 Hematological disorders caused by the action of pesticides

Various pesticides used in agriculture and draining into water bodies have also
been reported as agents causing various hematological disorders [3, 37, 38]. According
to Mikula et al. [39], the pesticide alachlor in subchronic doses induced pathological
changes in hematopoietic organs of carps (Cyprinus carpio L.) As a result, all hemato-
logical parameters were lower compared with the control group fish, except for PCV.
Dogan and Can [40] suggested that dimethoate probably also has a damaging effect
on fish erythropoietic tissue. In Oncorhynchus mykiss, in sublethal concentrations this

142



Erythrocytes and Hemoglobin of Fish: Potential Indicators of Ecological Biomonitoring
DOI: http://dx.doi.org/10.5772/intechopen.107053

pesticide caused a significant decrease in RBC, Hb, PCV, MCV, and MCH, indicating
the occurrence of microcytic hypochromic anemia.

As reported by Ghaffar et al. [41], Fipronil causes a decrease of RBC, Hb, and PCV. It
is assumed that the decrease of Hb may be due to its oxidation to methemoglobin, poorer
gas exchange, and damage caused by free radicals. The authors assume that anemic
changes are a marker of the weak role of hematopoietic tissues, inappropriate osmoregu-
latory mechanisms, and increased damage of red blood cells in hematopoietic organs.

In another case, in L. rohita, exposure to Fipronil for 9 days at a dose of 0.03-0.15 mg/L
showed various nuclear changes in addition to RBC reduction in erythrocytes.

According to Tahir et al., [37] a large number of pesticides (cypermethrin, triazo-
phos, butachlor, DDT, BHC, aldrin, dieldrin, chlordane, permethrin, cypermethrin,
karate, delmethrin sulfane, endosulfan, etc.) cause anemic changes in various teleost,
with L. rohita being a suitable model for studying the damaging effects of pesticides.

In some cases, the hematopoietic system of fish has the ability to compensate for
the action of pesticides. This was found by Hii et al. [42], who reported that endosul-
fan induced in Monopterus albus a short-term increase of RBC, Hb, and PCV, which is
followed by a significant decrease in the values of these indicators, due to the damag-
ing effect of the pesticide on the erythrocyte membrane.

Some pesticides have also been found to cause DNA damage in fish erythrocytes
[37], in addition to affecting the main hematological parameters (RBC, Hb, and PCV,
etc.). Thus, naphthalene-2-sulphonate caused genotoxic effects on Channa punctatus,
which was detected by comet assay and micronucleus assay. A mixture of endosulfan
and Chlorpyrifos can also induce DNA damage in the erythrocytes of O. niloticus,
which was found by Ambreen and Javed [43] by comet assay.

The data cited above show that the study of erythrocyte indicators in natural and
laboratory conditions is a good opportunity to establish the harmful effect of newly
synthesized pesticides, which would help to determine their harmful effects, and
based on these studies, more less toxic and environmentally friendly chemicals could

be used [37].
2.3.4 Hematological disorders caused by the action of cyanobacterial toxins

Cyanobacteria inhabit both freshwater and saltwater bodies throughout the world.
In case of excessive growth leading to eutrophication, they can produce specific toxins
(cyanotoxins) in quantities causing toxicity, including in humans. Cyanotoxins are
cyclic peptides and alkaloids. Cyclic peptides include microcystins and nodularins.
Alkaloids include anatoxin-a, anatoxin-a(S), cylindrospermopsin, saxitoxins (STXs),
aplisiatoxins, and lingbiatoxin [44]. The effects of microcystin have been best studied
on teleost. According to Witeska [3], there are species differences in the sensitivity
of fish to the action of this toxin. According to Zhang et al. [45], microcystin in high
doses caused in Carassius auratus a significant decrease of RBC, Hb, and PCV in the
high-dose group and Hb, while the erythrocyte sedimentation rate (ESR) was sig-
nificantly increased, indicating the occurrence of normocytic anemia. No significant
deviations were found in MCV, MCH, and MCHC. Under the action of low doses
of the toxin, hematological disorders are reversible. According to the authors, such
hematological disorders are due to impairment of erythropoiesis. In the same species,
Zhou et al. [46] found that microcystin significantly increased lipid peroxidation
as well as the activity of antioxidant enzymes. These changes cause erythrocyte
malformation, cell membrane damage that increases hemolysis, i.e., there is another
mechanism causing anemia (oxidative damage to erythrocytes).
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Based on data, provided by Navratil et al. [47], microcystin induces in Cyprinus
caprio hemorrhagic anemia, which is a consequence of extensive hemorrhages in
the skin, hepatopancreas, and eyes. On the other hand, however, there are data that
microcystin formed both by natural eutrophication and by cyanobacterial isolates
does not cause any anemic changes in Cyprinus caprio (according to Witeska [3]).

3. Conclusion

Teleost fishes possess a high compensatory potential for improving oxygen transport
under the influence of adverse environmental factors [48]. It includes synthesis of
erythrocytes and hemoglobin, amitotic division of erythrocytes, release of erythrocytes
from blood depots (spleen and main kidney), as well as activation of hematopoiesis.

A low-cost response to oxygen deficiency is realized by increasing the MCV. The
increase in cell volume, together with the increase in erythrocyte pH, improves oxy-
gen transport under hypoxic conditions [3]. They result from adrenergic activation of
Na‘*/proton exchange across the erythrocyte membrane [49]. Knowledge, on the one
hand, of anemic and genotoxic effects of aquatic pollutants, and on the other hand, of
adaptive-compensatory responses to the action of aquatic toxicants, is a good basis for
using a large set of freshwater bony fish for ecological biomonitoring purposes.
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Chapter 9

Behaviour of a Sialo-Oligosaccharide
from Glycophorin in Teleost Red
Blood Cell Membranes

Takahiko Aoki

Abstract

Glycophorins (GPs) in red blood cell (RBC) membranes of carp (Cyprinus carpio L.)
exhibit bacteriostatic activity against various gram-negative and gram-positive
bacteria including fish pathogens. This physiological property also exists in the GPs
of yellow tail (Seriola quinqueradiata) and red sea bream (Pagrus magjor). Thus, we
concluded that this antimicrobial activity is not confined to these teleost species but
can be found in all fish. This bacteriostatic activity is caused by the sialo-oligosac-
charide from these teleost GPs. Only the N-glycolylneuraminic acid (NeuGc) form
of sialic acid was detected in the carp. Using NMR and GC-MS, we determined that
the structure of the bacteriostatic sialo-oligosaccharide from carp was NeuGco2—6
(Fucal—4) (Glcal—3) Galpl—4GalNAc-ol. The bacteriostatic activity of this mono-
sialyl-oligosaccharide is due to the property of the lectin receptor. It is supposed
that some lectin-like proteins exist on the surface of gram-positive bacteria or the
flagellum of gram-negative bacteria. Based on the electron microscope observations,
teleost GPs containing the sialo-oligosaccharide are released from RBC membranes
and then adsorbed onto the surface or the flagellum of invading bacteria in the blood.

Keywords: teleost, carp, yellow tail, red sea bream, red blood cell membranes,
glycophorin, antibiotic activity, oligosaccharide, sialic acid

1. Introduction

The blood of mammals such as humans, as well as birds, reptiles and teleosts,
contains red blood cells (RBCs; erythrocytes). Human RBCs are the most commonly
studied cells for structural and physiological analysis. While human RBCs are approx-
imately 7 pm in diameter, and their centre has a dented discoid shape, teleost RBCs
are slightly larger than human RBCs, have nuclei, and have a not dented orbicularity
or oval shape (Figure1) [1, 2].

Studies on biological membranes normally use human RBCs since they have no
nuclei and are easy to obtain for RBC membrane preparation after the hemolysis
procedure. For the preparation of RBC membrane proteins, it is necessary to use
detergents for the solubilization of the phospholipid bilayer. Fairbanks et al. [3]
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Figure 1.
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Figure 2.

Illg:;mtian showing the location of band 3 and GPs in human RBC membranes. This illustration is based on
several reviews [4—6]. According to Lux [4], the location of substoichiometric proteins remains unclear. In this
illustration, these glycoproteins are omitted, the actin junctional complex (4.1R complex) is simplified, and the
topology of band 3 and glycophorins is defined.

developed a method in which RBC membranes were solubilized by sodium dodecyl
sulfate (SDS), and then the extracted membrane proteins were separated on poly-
acrylamide gel by electrophoresis (SDS-PAGE). Using the method of SDS-PAGE,
major membrane proteins and glycoproteins in RBCs could be detected on SDS gels.
However, minor components in human RBC membranes such as substoichiometric
proteins (e.g., CD44, CD47, Lu, Kell, Duffy), are not detected clearly on SDS-gels [4].
Figure 2 shows a schematic drawing of the human RBC membrane structure, with
reference to reviews of the RBC membrane skeleton [4-6].
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2. Membrane proteins of the human and teleost RBC membranes

By using SDS-PAGE, membrane proteins could be detected on SDS gels by
staining with Coomassie brilliant blue (CBB). Figure 3 Lane 2 shows typical human
RBC membrane proteins separated by SDS-PAGE using the method of Laemmli [7],
which was later improved by Fairbanks et al. [3]. The number depicts the nomencla-
ture of each cell membrane protein according to Fairbanks et al. [3]. Band 3, band
4.1 and band 4.2 are currently called the proper names. Band 3, which is an anion
transporter as AE1, is detectable as a diffuse band on the SDS-gel due to the microhet-
erogeneity of the oligosaccharides attached to GPs [8]. Although Band 3 is a glyco-
protein, it is detectable on SDS gel using protein staining with CBB. This is attributed
to a small amount of oligosaccharides in band 3 compared to the protein amount.
Approximately 7% of carbohydrates have been contained in Band 3, and contributes
to 10% of the total membrane carbohydrate [9].

We examined the membrane proteins in the RBCs of carp (Cyprinus carpio L.)
(Figure 3 Lane 5), yellow tail (Seriola quinqueradiata) and red sea bream (Pagrus
major) (Figure 4 Lanes 2 and 5) by SDS-PAGE. By comparison with molecular mass
standards, the prominent protein bands of carp, yellow tail and red sea bream RBC
membranes were band 3, band 1 (spectrin a chain) and band 2 (spectrin § chain), and
band 4.1, band 5 (actin) and band 7 were designated for human membrane proteins.
The general profiles of the CBB stain pattern on the SDS-gels were not strikingly dif-
ferent compared to that of human RBC membranes.

In the red sea bream, the presence of lipids led to broadening of the low-molecular-
weight bands (Figure 4 Lane 5). In the yellow tail membranes, spectrin bands were
fainter than those in other fish species (Figure 4 Lane 2). It is suggested that the
cysteine protease, cathepsin L, hydrolysed these cytoskeletal fibers. Ahimbisibwe
etal. [10] reported the presence of cathepsin L in the RBC membranes of several
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Figure 3.

SDS-PAGE of carp and human RBC membranes. (a) Coomassie brilliant blue R-250 (CBB)- and PAS-stained
human RBC membranes. Lane 1, CBB-stained molecular mass standards: myosin (205 kDa); p-galactosidase
(116 kDa); phosphorylase b (97 kDa); bovine albumin (66 kDa); egg albumin (45 kDa); and carbonic anhydrase
(29 kDa). Lane 2, CBB-stained human RBC membranes. Lane 3, PAS-stained human RBC membranes. (b)
CBB- and PAS-stained carp RBC membranes. Lane 4, CBB-stained molecular mass standards. Lane 5, CBB-
stained carp RBC membranes. Lane 6, PAS-stained carp RBC membranes. GB, glycophovin. The number denotes
the membrane protein designations for human RBC membrane proteins. Approximately 30 ug of membrane
protein were applied per lane.
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Figure 4.

SDg;PAGE of yellow tail and red sea bream RBC membranes. (a) CBB- and PAS-stained yellow tail RBC
membranes. Lane 1, CBB-stained molecular mass standards. Lane 2, CBB-stained yellow tail RBC membranes.
Lane 3, PAS-stained yellow tail RBC membranes. (b) CBB- and PAS-stained ved sea bream RBC membranes.
Lane 4, CBB-stained molecular mass standards. Lane 5, CBB-stained red sea bream RBC membranes. Lane

6, PAS-stained ved sea bream RBC membranes. GB, glycophorin. The number denotes the membrane protein

designations for human RBC membrane proteins. Approximately 30 ug of membrane protein were applied per
lane.
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Figure 5.
Basic structures of O-linked oligosaccharides of GPs of mammalian and carp origins.
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teleosts (carp, amberjack and red sea bream), and the specific activity of cathepsin

L was highest in the RBC membranes of amberjack, followed by carp and red sea
bream. Aoki and Ueno [11] also reported that cathepsin L in mackerel muscle signifi-
cantly hydrolysed myofibrils.

3. Glycophorins of human RBC membranes

Apart from the membrane proteins that Fairbanks et al. designated, glycophorins
(GPs) exist as transmembrane glycoproteins that contain sialic acid. These sialo-oli-
gosaccharide-rich glycoproteins are detectable on SDS-gels by staining with periodic
acid-Schiff (PAS) reagent [3, 12]. Figure 3 Lane 3 shows the nomenclature of human
RBC membrane sialo-glycoproteins. These GPs are found in the RBC membranes
of humans [13-16] and other mammals [17-20] and birds [21, 22]. In human RBC
membranes, GP A (dimer) is observed below band 3 on SDS-gels (Figure 3 Lane 3).
GP A is a major component of red cell membrane glycoproteins. The electrophoretic
migration of GP on SDS gels is relatively low when compared to other membrane
proteins because GP is heavily glycosylated. Although the molecular mass of the other
membrane proteins can be estimated by migration on SDS-PAGE, each GPs molecu-
lar mass cannot be estimated in this manner.

GPs C and D are thought to link to the band 4.1 protein and connect the cyto-
skeleton structure under the phospholipid bilayer [23-26]. These GPs C, D, and
band 3 are associated with the cytoskeleton closely and contributed to the main-
tenance of the shape and mechanical properties of the RBC after passing through
capillary vessels [27]. This information suggested that GPs C and D are anchored to
the RBC membrane by the cytoskeleton. In contrast, it is believed that GPs A and
B are not associated with the cytoskeleton, thus enabling them to be easily released
from the RBC membrane [28].

While GP C and its shorter form, GP D, are antigenically distinct from GPs A and
B. GP C carries several blood group antigens (Gerbich, Yus, Wb, Ana, Dha, and oth-
ers) [29-31]. According to Podbielska et al. [32], O-linked oligosaccharides isolated
from GP A carry the A, B, or H blood group antigen. Although these oligosaccharides
reacted with ABH blood group antigens, the reaction was estimated at a relatively low
level. Moreover, GP A-deficient RBCs did not clearly demonstrate the physiological
role of GP A [33].

4. Glycoproteins of teleost RBC membranes

We examined the GPs in the RBCs of carp (Figure 3 Lane 6), yellow tail and red
sea bream (Figure 4 Lanes 3 and 6) by SDS-PAGE under the same conditions as the
human preparation, followed by staining with PAS reagent.

The PAS-stained bands in all teleost preparations were stained poorly in the same
way as avian GPs [34]. The carp and yellow tail RBC membrane preparations yielded
one major band on the SDS-gels (Figures 3 Lane 6 and 4 Lane 3). The PAS stain pat-
tern on the SDS-gels suggests that the carp and yellow tail RBC membranes had fewer
forms of GP than the human RBC membrane. The main carp GP was located near the
position of the carp and human band-3 proteins. In addition, the main carp GP was
positioned near human GP A (dimer).
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In the red sea bream, one major band and a faint band with lower molecular
weight were observed (Figure 4 Lane 6). Aoki et al. [35] detected some GP bands in
rainbow trout preparation. There was one major band and two faint bands with lower
molecular weights were detected. It was presumed that the major band was the GP
dimer, while the faint band beneath the major band and the faint band with lower
molecular weight were the incomplete polymer and monomer forms respectively. It is
suggested that the major band in the red sea bream was a polymer form.

While membrane protein patterns (CBC-stained band patterns) are gener-
ally similar to those in humans, GP patterns (PAS-stained band patterns) are
different in humans. These differences are caused by the components containing
sialo-oligosaccharides.

5. Structure of a sialo-oligosaccharide from carp RBC membranes

We examined the amino acid composition of carp GP followed by the kind of
sialic acid. While the amino acid composition was not strikingly different compared
to that of human GP A, with the exception of valine, lysine and arginine, only the
N-glycolylneuraminic acid (NeuGc) form of sialic acid was detected in the carp GP by
TLC and a colorimetric method [36].

There are several reports on the sialic acid component of mammals sources of GP.
In humans, GP contains N-acetylneuraminic acid (NeuAc), whereas the presence of
NeuGc has been reported in GPs of horses [37], bovine [38], pig [39], and monkeys
(Macaca fuscata) [19] and others. However, to date, little is known about sialic acid in
teleost GPs. Compared to the sialic acids from nonhuman sources, this result sug-
gested that teleosts contained the NeuGc, not as NeuAc. Interestingly, NeuGc has also
been reported in the eggs of rainbow trout, chum salmon and land-locked cherry
salmon [40].

The carbohydrate fraction of carp GP was separated into two components (P-1 and
P-2) using a Glyco-Pak DEAE column with a continuous linear gradient of 0-100 mM
NaCl. This fraction contained at least two kinds of O-linked oligosaccharides. Based
on the chromatogram obtained using a NeuAc oligomer («,2—8), the electro-nega-
tivity suggested that P-1 contained one sialic acid residue, whereas P-2 contained two
residues [36].

We obtained ca. 190 pg P-1and ca. 7.0 pg P-2 (as total carbohydrate) by HPLC from
carp GP (ca. 4.0 mg protein). Using the graphite carbon column with ammonium
bicarbonate in acetonitrile solution as an eluent, the yield of desalted oligosaccharide
was satisfactory (P-1: ca. 90% and P-2: ca. 100%) [36].

These O-linked oligosaccharides (P-1 and P-2) were composed of glucose, galac-
tose, fucose, N-acetylgalactosamine (GalNAc) and NeuGc. Using NMR and GC-MS,
we determined that the structures of P-1 and P-2 were NeuGco2—6(Fucal—4)
(Glcal—3) Galp1—-4GalNAc-ol [41] and NeuGco2—6(Fucal—4) (Glcal—3)
(NeuGea2—2) Galpl—4GalNAc-ol, respectively (Figure 5). These O-linked oligo-
saccharides were unique to vertebrates with respect to the hexosamine and hexose
linkages and their nonchain structure.

Human GPs contain O-linked sialo-oligosaccharides, and the structure of
these oligosaccharides has been analysed [42]. The most commonly elucidated GP
oligosaccharides from mammals sources are reported as below: tetra-saccharide
core, NeuAco2—3Galpl—3(NeuAca2—6)GalNAc-ol; tri-saccharide cores,
Galpl—3(NeuAca2—6)GalNAc-ol or NeuAco2—3Galpl—3GalNAc-ol (Figure 5).
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O-linked oligosaccharides containing NeuGc have also been reported among horse,
pig, and rabbit GPs, and the most commonly reported structure is a trisaccharide,
Galp1-3(NeuGca2—6) GalNAc-ol [20]. Other derivatives are synthesized by attach-
ing NeuGc and Gal residues to the trisaccharide core [28].

Although Glc residue in O-linked oligosaccharides has not been reported to
detect in mammalian [20] and chicken GPs [43], Guérardel et al. [44] reported that
O-glycans synthesized by nematodes contained the Glc residue, whereas the Fuc
residue was detected in the O-linked oligosaccharides of human GP A [32].

From the NMR spectra obtained using the asialo P-1 fraction, the characterized
proton signals revealed an overall downfield shift in the resonance of aGlc and aFuc,
except for the H-1 signals [41]. This O-linked oligosaccharide indicates a globule form
rather than chain-like structure. Furthermore, the linkage between Gal and GalNAc-ol
is 1—4, unlike the 13 standard linkage for O-linked oligosaccharides. The 1—4 linkage
of GalNAc is unique compared with other O-linked oligosaccharides of mammals
sources of GP. Interestingly, the glycosidic linkage of xylan from the seaweed cell wall
is the p1—3 unlike the standard p1—4 linkage of xylan from land plants [45]. It seems
possible to detect the f1—4 linkage of GalNAc in marine organisms.

6. Physiological activity of GPs from carp, yellow tail and red sea bream

We performed a sensitivity test using GP preparations from the carp RBC mem-
branes. The sensitivity test for the growth of test bacteria was performed using
the disc-plate method [36, 46]. All of the test bacteria (gram-positive bacteria:
Micrococcus luteus and Bacillus subtilis, gram-negative bacteria: Aeromonas hydrophila,
Vibrio anguillarum, Pseudomonas fluorescens, Edwardsiella tavda and Escherichia coli)
formed inhibition zones around the paper disc containing the GP fraction (Figure 6).
For E. tarda, the inhibition zones were observed over a light box to discern the produc-
tion of FeS from SS agar medium (Figure 6f). M. luteus and E. coli produced yellow
pigments and white pigments, respectively (Figure 6d and g). While the outer zone
of M. luteus and E. coli did not produce pigments, the inner zone represented growth
inhibition. In contrast, the inhibition zone was not formed around the paper discs
containing PBS (Figure 6g).

To clarify the physiological activity of teleost fish GPs other than those from carp,
we performed a sensitivity test for the growth of M. luteus using GP preparations
from the RBC membranes of yellow tail and red sea bream (Figure 7) [47]. These
results showed that not only carp GP preparations but also yellow tail and red sea
bream GPs had antibiotic activities.

Compared with the profile of forming an inhibition zone, these results also
suggested that the yellow tail or red sea bream GPs have a broad-spectrum antibiotic
activity similar to that of carp GP. While carp are freshwater fish, yellow tail and
red sea bream are marine red-flesh fish and white-flesh fish, respectively. Thus, it
is assumed that the antimicrobial activity of sialo-origosaccharide from GP is not
confined to these teleost species but can be found in all fish.

Then, we examined which GP fraction demonstrates bacteriostatic activity by
using a sensitivity test [36]. The carp RBC membrane preparation, GP preparation,
carbohydrate and P-1 fractions also exhibited bacteriostatic activity (Figure 8a—f).
The P-2 fraction exhibited bacteriostatic activity within the area of the disc paper
(Figure 8e and f). In contrast, the inhibition zones were not observed using the GP
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Figure 6.

Se;gzsitz'vity test of the carp GP fraction for the growth of several bactevia by the disc-plate method. (a) Carp
GP fraction (ca. 15 pg-protein/disc) to B. subtilis; (b) GP fraction (ca. 15 ug-protein/disc) to A. hydrophila;
(c) GP fraction (ca. 15 pg-protein/disc) to V. anguillarum; (d) GP fraction (ca. 15 ug-protein/disc) to

M. luteus; (e) GP fraction (ca. 15 pg-protein/disc) to P, fluovescens; (e) GP fraction (ca. 15 pg-protein/disc)

to P. fluovescens; (f) GP fraction (ca. 15 pg-protein/disc) to E. tavda; (g) GP fraction (ca. 15 ug-protein/disc)
to E. coli (left disc; GP fraction, right disc; PBS). A paper disc (8 mm diameter) containing each fraction was
placed on the medium and incubated at 20°C. After 2448 h, the inhibition zone was observed on each plate.

fraction that lacked sialic acid or the human GP. These results suggest that the test
bacteria are sensitive to monosialyl-oligosaccharides from teleost GPs.

Based on electron microscope observations [36], the carp GP molecules attach
to the flagellum of V. anguillarum rather than the cell itself (Figure 9a). Conversely,
the GP molecules attach to the cell surface (contained cleavage line) on M. luteus
(Figure 9b). Carp GP exists with the size of various molecules and has a diameter of
40-220 nm from TEM images (Figure 9c-3). It seems that the smallest GP molecules
selectively possessed bacteriostatic activity.
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b

Figure7.

Sensitivity test for M. luteus by the disc-plate method. (a) GP preparation from carp (ca. 15 g protein/disc). GE,
carp GP; control, PBS; (b) GP preparation from yellow tail (ca. 10 ug protein/disc). GP, yellow tail GP; control,
PBS; (c¢) GP preparation from red sea bream (ca. 10 ug protein/disc). GB, red sea bream GP; control, PBS.

Figure 8.

Sensitivity test for the growth of E. tarda and M. luteus. (a) Carp RBC membranes (ca. 5 mg-protein/disc); (b)
carp GP fraction without streptomycin treatment (ca. 17 pg-protein/disc); (c) carp GP fraction (ca. 15 ug-protein/
disc); (d) carbohydrate fraction from carp GP (ca. 4 pg/disc); (e, f) P-1 and P-2 fractions (ca. 8 pg/disc each);
upper left disc, P-1; upper right disc, P-2; lower disc, PBS. (a—e) Plates containing E. tavda; (f) plate containing
M. luteus.
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Figure 9.

Elgctmn microscope images of the bacteria and carp GP. (a) V. anguillarum and carp GP. 1, V. anguillarum
without carp GP; 2, V. anguillarum with carp GP. An equal volume of glycophorin solution (ca.

0.4 pg-protein/20 uL) was added to the cell suspension (ca. 3 x 10° cfu/20 uL) at 25°C. (b) M. luteus and carp

GP. 1, M. luteus without carp GP; 2, M. luteus with carp GP. An equal volume of glycophorin solution (ca.

0.4 pg-protein/20 pL) was added to the cell suspension (ca. 3 x 10° cfu/20 uL) at 25°C. (c) Carp GP. 1, SEM image
under the same conditions of V. anguillarum with carp GP; 2, SEM image under the same conditions of M. luteus
with carp GP; 3, TEM image.

7. Behaviour of a sialo-oligosaccharide from GP in RBC membranes

These bacteriostatic activities of teleost GP are caused by the contained mono-
sialyl-oligosaccharide and are attributed to the property of the lectin receptor. It is
supposed that some lectin-like proteins exist on the surface of gram-positive bacteria
or the component of flagellum of gram-negative bacteria. Based on the obtained
observations, (1) the teleost GPs are released from RBC membranes and aggregated
with each other by hydrophobic areas within the protein moiety of GP. (2) The sialo-
oligosaccharides are exposed on the outer layer of the aggregated GP molecules. (3)
Aggregated GP molecules are adsorbed onto the surface or the flagellum of invading
bacteria in the blood plasma. (4) The bacteria attached to GP molecules will be led to
a bacteriostatic state (Figure 10) [28].

The bacteriostatic activity of sialo-oligosaccharides from carp GP is attributed to pen-
tose formation. This may be related to the bacteriostatic activity caused by the penta- or
hexa-saccharides obtained from chitin [48]. In the bacteriostatic reaction by teleost GP,
itis supposed that the size of the oligosaccharide corresponds to that of the cleft occurs
in the lectin-like protein and also might contribute to the negative charge of sialic acid. In
teleost blood, IgG does not exist unlike human blood, and other antibodies exist at low
levels [49]. It is suggested that GP may exist as a substitute for antibodies such as IgG in
teleost blood on the immune system. Although the physiological function of human GP
has not yet been clarified, the structure of human GP’s O-linked tetra-oligosaccharide is
asimpler form than that of carp’s pentose. And NeuAc in human GP is also simpler than
carp’s NeuGe. IgG is considered a major component in the human immune system, and
the bacteriostatic activity of human GPs has been lost in the process of evolution.
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Figure 10.
Schematic representation of the teleost GP interaction with invading bacteria in fish blood.
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Chapter 10

The Biological and Structural
Organization of the Squid Brain

Diego Torrecillas Paula Lico

Abstract

Marine invertebrate models (squid, sepia, and octopus) made important
contributions to description mammals’ nervous system. Being a very simple nervous
system relatively easy to be manipulated experimentally and visualized by simple
microscope or magnifying glass, the giant synapses at stellate ganglion and the large
synaptosomes prepared from the squid photoreceptor neurons served as an attrac-
tive model to Histology and Anatomy studies. This sophisticated nervous system has
elucidated synaptic transmission in detail with their numerous proteins at presynap-
tic terminal, synaptic vesicle biogenesis, neurotransmitter secretion, vesicle recycling
and, allowed the study of postsynaptic complex with their membranes receptors.
However, there are few studies with biochemical and molecular approaches, which
lead to a better understanding of their physiological functions and verify operation of
such nervous system.

Keywords: nervous system, axons and giant synapses, synaptosomes and hnRNP
proteins

1. Introduction

The brain is the control center that transmits the information of neurons to other
groups of neurons. A single neuron can be affected simultaneously by excitatory
and inhibitory stimuli from one axon or many other axons. Billions of neurons have
different functions and constantly check the internal environment and external
universe: light, touch, pressure, sound, balance, images, pain, emotion, conscious-
ness. The nervous system from different external stimuli produces a continuous flow
of information, memory, learning, and this conscious state throughout life seems
infinite.

The nervous system of vertebrate is complex to be studied in individual or small
groups of neurons. The cephalopods Coleoidea group (squid, sepia, and octopus), in
addition to sea snails and nematodes, which contain few neurons and large structures,
are relatively easy to manipulate experimentally and contributed to most of the cur-
rent knowledge about the nervous system.

In general, these studies can be applicable to nervous system complexes, such as
the human system. For example, mammals have a complexity of the Neuropil, an
area composed of mostly unmyelinated axons, dendrites, and glial cell processes.
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For few (p?) at Neuropil mammals, we find hundreds of bud’s terminals with their
corresponding dendritic spines and pre-postsynaptic terminals, where pointing them
out individually would be a difficult task.

It was noticed that the Neuropil from squid nervous system also has many pre-
postsynaptic terminals such as a mammal. However, these are much larger in the
squid nervous system and allow different types of experimental manipulations. In
fact, light microscopy cannot resolve synaptic densities and synaptic vesicles, but
the active zones in synapses can be observed easily from squid nervous system using
low-power electron microscopy.

Thus, the squid nervous system with giant synapses and giant axon system have
contributed to the current knowledge of Electrophysiology, Molecular Biology, and
Biochemistry and allowed to verify the synaptic transmission and synaptic plasticity.

2. Nature history of Doryteuthis SSP: in the South and North Atlantic

According to the classification by Young [1], cephalopod can be grouped in the
subclasses Nautiloidea (nautiluses) and Coleoidea (all the others) or in the general
morphology to include in taxonomic descriptions [2].

During the summer in the South and North Atlantic, the mature specimens of
Doryteuthis plei or Doryteuthis pealeii (or Doryteuthis ssp) were collected with supports
of Marine Biology Center at University of Sdo Paulo (CEBIMar-USP) and Marine
Biological Laboratory (MBL) at Woods Hole, US, respectively.

The squid survives chasing food by capturing prey and escaping predators. An
ability to accelerate quickly and make sudden changes in the direction of swimming
help them to avoid danger. This agility is ensured by the sophisticated nervous system
[3, 4] specialized for propellant jets: that pull the water into mantle and then, with the
aid of a muscular body wall, which is rapidly contracted, the water is expelled, thus
propelling it through the water.

To obtain this muscle contraction result, the squid requires a nervous system that
can conduct signals with great speed throughout the body. The optic lobe or “brain”
located on each side of the squid head is the control center that transmits the informa-
tion to the chain of giant nerve cells in the mantle (Figure 1a).

The giant axon can reach 10 cm in length and is about one hundred times than the
axon diameter of mammal [5, 6]. The giant axon model made important contribu-
tions to the description of axoplasmatic flow mechanisms [7], ion transport across the
plasma membrane [8], and neurotransmission [9], and also allowed micro-injections
using specific antibodies such a tool for the study of molecules involved in the syn-
aptic function [10, 11]. In addition, the neuronal system contributed to discovery
that mRNAs are present in the presynaptic region [12, 13] and new proteins synthesis
occurs locally in this region [14].

Here, the stellate ganglion and the large synaptosome from photoreceptor neurons
were isolated from squid nervous system and showed a biological and structural
organization of brain by biochemical and immunohistochemistry studies.

3. Ultrastructure: giant synapse

Intact stellate ganglion in the mantle was removed (Figure 1b see in pin). The stel-
late ganglion in seawater can be observed by glass magnification (Figure 1c). In more
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Optic lobes

Stellate ganglion

head §5)
mantle

Figure 1.

Thge optic lobes and stellate ganglion with giant nevve fibers. a) Illustration shows a squid animal model with
optic lobes on each side of head and stellate ganglion with chain of giant nerve cells on each side of the midline in
the mantle. b) The stellate ganglion in mantle (seen in pin). c) The stellate ganglion visualized in seawater with
glass vision 10x magnification.

detail, the presynaptic axon (Pre), postsynaptic axon (Post) and giant nerve fibers
(Ax) are seen in Figure 2a.

In light microscopy, cross-sectional region from stellate ganglion shows synaptic
contact region between the pre- and postsynaptic terminal at giant synapse when
visualized by H&E staining (Figure 2b).

Low-power electron micrograph of same region from stellate ganglion shows syn-
aptic densities and clustering of synaptic vesicles that can be observed in the active
zones (Figure 3). The presynaptic (Pre) terminal is lighter than the postsynaptic
(Post) terminal and can be characterized by the presence of synaptic vesicles. In the
contact areas, the postsynaptic sends digitiform processes and forms the active zones
in the limits of interaction between presynaptic terminals. The electron micrograph
shows two synaptic densities with clustering of synaptic vesicles in correspondence
active zones at the giant synapse (arrows Figure 3).

In general, synapses are local of communication where the neurons pass signals
through their axons to postsynaptic target (dendrites, axon or cell body of another
neuron, muscle cells, or glandular cells). There are two types of synapses (electrical
and chemical) that differ in structure and function. The neurons that communicate
through electrical synapses outlets are connected by gap junctions, through which the
electrical impulse signals are passed directly from pre- to postsynaptic terminals with
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Figure 2.

The giant synapse. a) Stellate ganglion visualized in seawater show presynaptic axon (pre); postsynaptic axon
(post) and giant nerve fibers (Ax). The horizontal (line red) illustrates the cross-sectional region from stellate
ganglion at giant synapse. b) Light microscopy of cross-sectional vegion from stellate ganglion shows synaptic
contact region between the presynaptic and postsynaptic terminal at giant synapse visualized by H.E. with 40x
magnification.

high speed. On the other hand, chemical synapses contain the synaptic vesicles at the
presynaptic terminal, which carry specific neurotransmitters and have ion channels
in the plasma membrane. What differs between chemical and electrical synapses by
electrophysiology approach is their impulse speed with a delay feature around 0.5 ms
between them, respectively.

Each synaptic vesicles (SV) consists of an apparatus with hundreds of specific
proteins to produce fusion of their membranes with the presynaptic membrane and
secrete the neurotransmitters at the synapses. It is integrated by corresponding area
of neuron, which contains a part of the postsynaptic density (PSD) with ion channel
receptors at the postsynaptic membrane for neurotransmitters [10, 15].

The size of synaptic vesicles is variable and dependent of neurotransmitter
type [16]. In general, there are two types of vesicles: electron-dense center vesicle
and electron-lucent center vesicle. Electron-dense vesicles are subdivided into two
types: containing catecholamines (80 nm) and, large synaptic vesicles that contain
neuropeptides (200 nm). On the other hand, electron-lucent vesicles have 50 nm of
diameter and been carried out with acetylcholine, glycine, GABA, or glutamate. These
vesicles are accumulated close at the active zone with 0.5 mm of distance from the
plasma membrane.

168



The Biological and Structural Organization of the Squid Brain
DOI: http://dx.doi.org/10.5772/intechopen.107217

Figure 3.

Ultrastructure of the giant synapse. Electron micrographs of the giant synapse showing clustering of synaptic
vesicles (SV) and active zones (AZ). The insert left shows giant synapse with presynaptic and postsynaptic
terminal visualized by H.E with 40x magnification. Scale bar represent 0.5 microns (courtesy of Dr. Jorge
Moreira-FMRP).

The membrane proteins (SV) are synthesized in the endoplasmic reticulum
granular (REG) and carried through vesicles of the Golgi complex to the presynaptic
terminal. The motor proteins (kinesin and dynein) make the transport through
microtubules [7] and myosin proteins [17-19] through actin filaments [20]. The
membrane proteins (SV) probably are selected in the primary endosome, which give
rise to the synaptic vesicle that to be filled with neurotransmitters.

In summary, when an action potential reaches in the presynaptic terminal least
vesicles fuse with specify region at the presynaptic membrane. The action potential in
the presynaptic terminal is a very fast process, which have voltage-operated channels
allowing rapid and transient entry of calcium (Ca”*) that interacts with several group
of vesicular proteins and membrane protein into presynaptic terminal [7, 21, 22].
However, are many proteins involved with endocytosis and exocytosis process of
synaptic vesicles.

The calcium triggers fusion of synaptic vesicle with the presynaptic membrane,
whereas the central protein involved in fusion of synaptic vesicles is Synaptotagmin
protein, which is defined such a calcium sensor due to its C2A domain. The C2A
domain through its interaction with calcium undergoes a conformational change,
causing it to fuse phospholipids from vesicle and presynaptic membranes. On the
other hand, the C2B domain of Synaptotagmin is involved with recycling of synaptic
vesicles [23-25]. Finally, electrophysiology and biochemical approaches of synaptic
events have been obtained from the squid nervous system studies, in which specific
antibodies and homologous proteins were used for knowledge of synaptic events
[10, 11, 15, 26-28], and also more recently, genetic approach was showed a knockout
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of the squid pigmentation gene [29]. This method demonstrated efficient gene knock-
out in the squid Doryteuthis pealeii using CRISPR-Cas9 and should be readily adopted

by other research groups because this method does not require specialized equipment

and squid are available worldwide.

4. Immunohistochemistry and immunofluorescence studies: squid optic
lobe and synaptosome

The complexity of subcellular domains in neurons and their distances of nucleus
demand a spatial and temporal control of protein synthesis. We have identified a
novel member of hnRNP A/B type, of 65 kDa, in the presynaptic terminal of squid
neuron [30-32]. Squid p65 was phylogenetically conserved hnRNP type A/B protein
in mammals [33]. In this scenario, these hnRNPs have emerged as major components
of mechanisms for the local protein synthesis and synaptic plasticity.

To assess their presynaptic terminal location in squid photoreceptors neurons, the
immunohistochemistry of slices from optic lobe was incubated with the anti-synaptic
vesicle glycoprotein 2A (a-SV2) antibody and developed by peroxidase-DAB (see
in method). The a-SV2 antibody recognizes the corresponding bands in the outer
plexiform layer (Figure 4a), which is a synaptic connection region [34]. This image
was similar to those previously obtained with the Synaptotagmin antibody [31]. These
data showed an anatomy is highly complex with outer cortical layers and a central
medulla from squid optic lobe [35-37].

To further indicate the subcellular localization of hnRNPs is involved in presynap-
tic terminal localization in squid photoreceptors neurons, the synaptosomes isolated
from optic lobes were double probed with a-SV2 antibody and anti-squid ribonucleo-
protein motif 2 (a-sqRNP2) antibody raised in rabbits [30]. Immunofluorescence
microscopy of synaptosomes showed intense granular staining with both antibodies
frequently close to the plasma membrane, suggesting a spatial relationship between
both proteins to clustering synaptic vesicle at the presynaptic terminal (Figure 4b).

In fact, hnRNP protein shuttles mature mRNA from nucleus to the cytoplasm and
are also involved in packaging mRNAs into cytoplasmic granule transport, which have
been more clearly evidenced in dendrite cells. However, the exact function of hnRNPs
in the presynaptic terminal has yet to be clarified [31, 38].

5. hnRNP proteins and degenerative diseases

Several cellular compartments not enclosed by membranes are called ribonucleo-
protein granules, due to the high concentration of proteins and mRNAs (mRNPs). For
example, mRNPs can be found in the nucleus in Cajal bodies, paraspeckles, speckles,
etc., but they can also be found in the cytoplasm, such as stress granules and process-
ing bodies (Pbodies).

Stress granules are cytoplasmic complexes made up of proteins and RNA, found
in most cell types in culture (from yeast to humans), and are formed under specific
conditions of cellular stress [39]. In vitro experiments with different conditions can
induce the formation of stress granules such as lack of nutrients, heating, protein
complex and protein degradation inhibitors (proteasome), genotoxic drugs (such as
UV radiation), and drugs that cause oxidative stress (sodium arsenite) or osmotic
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a-sqRNP2
Figure 4.

Immunolocalization of presynaptic terminal in the optic lobe “chickpeas-like.” a) Immunohistochemistry of the
10 nm slice through the squid optic lobe labeled with anti-vesicle protein 2 antibody (a-SV2) and secondary
antibody by the peroxidase-DAB (method described by [31]). The arrows indicate the immunopositive bands
for both antibodies in the outer plexiform layer (opx). The morphological layers of the optic lobe cortex are
indicated to the right: Outer nuclear (on), outer plexiform (opx), inner nuclear (in), inner plexiform (ipx), and
mononuclear (mn) layers with optic nerve terminals at the outer plexiform layer (opx) from optic lobe cortex.
Scale bars 100 um. b) Confocal images of two representative synaptosomes that were double immunolabeled with
anti-sqRNP2 antibody (a-sqRNP2, green) and anti-vesicle protein 2 antibody (a-SV2, ved). The merged images
show yellow where overlap occurs. Scale bars 2 pm.

agent (sorbitol) [39, 40]. Many studies showed an association of mRNPs to neurode-
generative diseases [41-45].

Of course, stress granules are generated as a cellular response to a physiologically
unfavorable environment, and their prevalence in neurological disorders suggests
that their formation in affected neurons is, at least initially, a cytoprotective response
to disease-associated stress. However, the persistence of stress granules can contribute
to the development of several degenerative diseases, such as amyotrophic lateral
sclerosis (ALS), frontotemporal lobar degeneration (FTLD), and some myopathies
and neurodegenerative diseases [46].

The mutations in RNA-binding proteins appear to increase the propensity of these
proteins to aggregate and form stress granules. For example, diseases linked to mutations
promote aggregation in the proteins such as TDP-43 (TAR DNA-binding protein 43) and
FUS (Fused in Sarcoma) [43-45, 47-49].
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In previous studies [30, 50] showed molecular and biochemical evidence that
p65 is a dimer resistant to SDS treatment, composed of two protein subunits of
the hnRNP A/B type with molecular weight around 37 kDa, and this propensity of
these proteins to aggregate and form stress granules involves endogenous modifica-
tion factors. Nevertheless, it did not clear show how such endogenous factors could
act to produce alterations in hnRNP A/B-like protein that induces dimerization.
Immunohistochemical studies demonstrate the presence of p65 in presynaptic nerve
terminals and its propensity to oligomerize led us to further investigate their cellular
and molecular properties in presynaptic nerve terminals [50].

In conclusion, based on these points presented here, we suggest that hnRNP A/B
protein could be a link between local RNA processing and synaptic function at the
presynaptic terminal. Understanding this can bring insights into evolution of several
neurodegenerative diseases and verify if they resemble the function performed in
vertebrates.

This brief summary has shown that the cephalopods have structure’s power that
served in comparative studies and useful alternative to invertebrate experimental
research that, in general, is applicable to mammalian systems. However, are few stud-
ies with biochemical and molecular approach, which could lead to a better under-
standing of their physiological functions.

6. Materials and methods
6.1 Animals and tissue preparation

The optic lobes were dissected from freshly killed D. pealei obtained from the
Marine Biological Laboratory in Woods Hole or from D. plei obtained from the
Centro de Biologia Marinha-CEBIMar, University of Sdo Paulo, Sdo Sebastido, Brazil.
For immunohistochemistry and immunofluorescence procedures freshly dissected
optic lobes are from D. ssp [31]. The synaptosomes (isolated nerve terminals from
photoreceptor cells) were prepared from tissue according to Pekkurnaz et al. [51]
with slight modifications. Briefly, optic lobes were quickly dissected from squid
onto ice-cold Petri dishes and weighed. Each g of tissue was homogenized in 5 ml of
ice-cold homogenization buffer (HB) (1.0 M sucrose in 20 mM Tris-HCl, pH 74) ina
Wheaton glass homogenizer with a loose-fitting pestle, by 10-15 gentle strokes. The
homogenate was spun at 1000xg for 11 min at 4 °C and then spun at 13,000xg for
45 min. The floating synaptosome layer was carefully decanted into a small Petri dish,
gently washed in HB and resuspended in 0.5 ml of HB.

6.2 Antibodies

Anti-squid ribonucleoprotein motif 2 (a-sqRNP2) antibody was raised in
rabbits. The a-sqRNP2 antibody raised in rabbits against the synthetic peptide
CLFIGGLSYDTNEDTIK corresponds to an internal sequence determined by mass
spectrometry from tissue-purified p65 [30]. The rabbit serum after inoculation was
purified on a HiTrap Recombinant Protein A column (GE Health Science, Chalfont
St.Giles, UK) by Fast protein liquid chromatography (AKTAFPLC system). The mono-
clonal anti-synaptic vesicle glycoprotein 2A (a-SV2) antibody (64,051, Invitrogen,
Carlsbad, CA) was raised in mouse and secondary antibodies conjugated to Alexa 488
for immunofluorescence from Molecular Probes (Invitrogen, Carlsbad, CA).
172



The Biological and Structural Organization of the Squid Brain
DOI: http://dx.doi.org/10.5772/intechopen.107217

6.3 Ultrastructure

The stellate ganglion was removed from squid mantle on the seawater, fixed by
immersion in 2% formaldehyde plus 2% glutaraldehyde in buffered calcium-free
seawater, postfixed in osmium tetroxide, stained with uranium acetate, dehydrated,
and embedded in Araldite plastic CY212 (EMS). Ultra-thin sections in carbon-coated
single-slot grids were contrasted with uranyl acetate and lead citrate. Electron
micrographs were taken at an initial magnification of x14,000 and photographically
enlarged to a magnification of x35,000.

6.4 Immunohistochemistry

Fixed, 1-mm transversal slices of optic lobes were included in Paraplast (Oxford
Labwase, St. Louis, MO, USA) following the manufacturer’s instructions. Microtome
slices of 10 pm were cut, transferred to glass slides, de-parafinized, and rehydrated by
standard procedures. Slices were incubated in PBS pH 74 containing 0.1 M glycine for
30 min at 4°C to block aldehyde groups and then washed three times for 10 min in PBS.
They were then incubated in the dark at room temperature for 30 min in methanol
containing 0.9% hydrogen peroxide solution to inhibit endogenous peroxidase activity,
followed by washing in PBS. The samples were permeabilized and blocked by incubation
in PBS containing 1% Triton X-100, 3% BSA, and 0.5% sheep serum and then incubated
for 1 h with primary antibodies in PBS containing 0.1% Triton X-100, 3% BSA, and
0.5% sheep serum. After washing in PBS containing 0.1% Triton X-100, the slices were
incubated for 1 h with secondary antibodies conjugated to horse radish peroxidase (KPL,
Gaithersburg, MD, USA) diluted 1:400 in PBS containing 0.1% Triton X-100, 3% BSA,
and 0.5% sheep serum and developed using 3,3-diaminobenzidina (DAB) as substrate.

6.5 Immunofluorescence

Synaptosomes in suspension were fixed in 1% paraformaldehyde for 6 hr. at room
temperature, adhered to glass microscope slides by incubation for 1 hr. After gentle
washing with PBS, slides were incubated for 30 min in 0.1 M glycine, 0.3% Triton
X-100 in PBS, pH 74, and washed and blocked in 1 mg/ml BSA, 1% goat serum, and
1% Triton X-100 for 1 hr. at room temperature. The slides were washed with PBS con-
taining 0.3% Triton X-100 and incubated with primary antibody in PBS containing
1 mg/ml BSA, 1% goat serum, and 0.3% Triton X-100 for 2 hrs. at room temperature.
The slides were washed in PBS and incubated with appropriate secondary antibody
for 1 hr. and washed again. The slides were mounted in Fluoromount G (EMS) diluted
2:1in PBS and examined on a Zeiss 510 confocal microscope.
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Abstract

Studies of not only preclinical cardiovascular research but also those of life
science, medical, and pharmacological fields commonly utilize small animal models.
However, for the advancement of cardiovascular medicine, researches using large
animal models are important step for preclinical validation of therapeutic efficacy
and safety by virtue of having models with a body and heart size comparable with
that of a human, providing clinically relevant experiments without the concern of
over- or under-estimating therapeutic effects and risks. In particular, pigs are consid-
ered as a suitable animal model for research in cardiovascular medicine because of the
similarities in physiology, metabolism, genomics, and proteomics to those in humans.
Another advantage of pigs is the availability of various heart disease models such
as myocardial infarction and genetically established cardiomyopathy. The present
review updates the contributions of large animal model-based research to the devel-
opment of cardiovascular medicine, especially focusing on the utility of pig models.

Keywords: large animal models, cardiovascular research, translational research,
pig models, disease models

1. Introduction

Studies of not only preclinical cardiovascular research but also those of life science,
medical, and pharmacological fields commonly utilize small animal models such as
rodents. However, the translation of the rodent-based results to clinical trials does not
always provide relevant results in humans possibly due to anatomical differences between
humans and small animals, or variations in physiological characteristics and mechanisms
of the disease development [1-3]. To confirm safety and efficacy in clinical studies, the
transition from small-to-large animal studies, which comprise anatomical, biological,
and physiological features similar to humans, is anticipated. Therefore, the selection of
animal species and preparation of suitable disease models are crucial to obtain clinically
relevant results leading to a better translation to human clinical practices [4, 5].

Among traditionally used large animal models in research like non-human pri-
mates, horses, bovines, sheep, goats, dogs, cats, and pigs, the pig model is considered
to be a desirable experimental model because of its similarity to humans in terms of
body and heart size to humans, enabling the researcher to prepare clinically relevant
disease models such as a myocardial infarction model [6]. Other advantages of the
pig model are its similarities in physiology, metabolism, genomics, and proteomics
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to humans [7-10]. Genetically modified pig disease models, such as the genetic
cardiomyopathy model, have also been developed [11]. The current review updates
the contributions of large animal models for research of cardiovascular medicine,
especially focusing on the utility of pig models.

2. Advantages of large animal models for cardiovascular research
2.1 Clinical relevance by virtue of the proximity in size to humans

To develop therapeutic materials and procedures in cardiovascular medicine,
preclinical validation of therapeutic efficacy and safety of medical materials using
large animal models is an important step considering the comparable body and heart
size with those in humans, which provides clinically relevant experimental
procedures (Figure1).

Since Gibbon first described cardiac surgery using cardiopulmonary bypass more
than a half century ago [12], it is no overstatement to say that the history of cardiac
surgery is the history of cardiopulmonary bypass development. Large animal models
such as sheep and baboons have been used for the development of cardiopulmonary
bypass and perioperative management, including anesthesia management models
[13-17]. In the recent development of left ventricular assist devices (LVADs) for
severe heart failure, large animal models such as bovine, dog, goat, pig, and sheep
have been used. The device itself and cannula design, the surgical technique, per-
formance, and the integration within the cardiovascular system must translate from
these large animals to human patients [18]. Bovines, such as calves, are considered the
most useful large animal model for this study [19].

On the other hand, Stephenson et al. reported the feasibility of the usage of
Holstein calves in developing a robotically assisted microsurgical system to perform
coronary artery anastomoses [20]. In another review, studies on the pathophysiology

Animal models Body weight Heart rate
(ko) (bpm)
Small | Mouse, . 0.02-0.063 310-840
Rat = 0.225-0.52 250-493
Canine 7-16 70-160 D
1
Allows human-like therapeutic manipulation jgl
Non-human
primates | 3-7 160
Large | Sheep % 20-160 60-120
Eody weight 50-86 (kg)
% Prevents under or overestimation of the effects & rean het)
Pig 200-300 50-116 and side effects of cellular and genetic drugs &
Horse, \ - % 30-50
Béidna (s 5 500-1800 50.90

Advantages of the usage of large animal models

Figure 1.
Advantages of the usage of large animal models.
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of chronic thromboembolic pulmonary hypertension using large animal models such
as dogs and pigs using either indwelling or Swan Ganz catheters are summarized [21].
An important translational feature of pig models is the possibility of percutaneous
coronary intervention using human clinical equipment, and the procedures using
metallic stents or angioplasty balloons [22, 23]. These previous reports indicate the
importance of using large animal models with similar cardiovascular system sizes to
that of humans, enabling human-like experiments.

Additionally, in primary screening tests of drug discovery and toxicology stud-
ies, rodents such as mice and rats are mainly used [5]. However, the risk of under- or
overestimation of the therapeutic efficacy or side effects remains in studies using
animal models where the size of the body and the organs differ so much from humans.
Recently, large animals are increasingly taking place as an alternative to rodents [9, 10].
Especially, mini-pigs have been largely utilized as they are easier to handle and suitable
for drug discovery and toxicology researches. In addition to their anatomical and physi-
ological similarities to humans, mini-pigs can be used for all routes of drug administra-
tion, such as the dietary, continuous intravenous infusion, dermal, or inhalation routes.
Furthermore, compared to other laboratory animals, mini-pigs have a much closer
metabolism of chemicals to humans [24-26].

Large animal models have been recently introduced not only in pharmaceutical
toxicology evaluations but also in cardiovascular regenerative medicine using cell-free
materials such as exosomes, microRNAs, proteins such as growth factors, and extra-
cellular matrix components [27]. Therefore, it would be possible that the validation of
therapeutical dosage in cardiovascular regenerative medicine would also be tested in
preclinical efficacy and safety tests using large animal models [28].

2.2 Advantage of pigs as a large animal model

Pigs are considered a suitable model for cardiovascular research because of the
similarities in anatomy, physiology, metabolism, genomics, and proteomics to those
in humans (Figure 2). Compared with other animal models, pigs acquire early sexual
maturity, sizeable litter size, and have a quick reproduction time. They also breed
year-round, which makes them highly suitable for biomedical research programs [29].
On the other hand, like other animals, there is moderate genetic variation between
breeds (such as the human population) and within breeds that makes variations in the
occurrence of abiogenetic diseases [30].

There are several advantages of pigs as a model animal for research in cardiovas-
cular medicine as listed below:

i. The heart size of pigs and its relative weight to body weight is similar to those
of the human heart, therefore similar to human patients. In this context,
multiple and longitudinal measurements using imaging modalities (echocardi-
ography, computed tomography, magnetic resonance imaging, etc.) and access
to biopsies and postmortem samples are possible.

ii. Resemblance to human cardiac physiology, such as ventricular performance
and electrophysiology: there is a functional equivalence of various diseases in
humans and pigs.

iii. Pigs have negligible collateral circulation, so each coronary artery supplies a
specific cardiac region, unlike other laboratory animals [5, 31, 32].
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Figure 2.
Significance of the pig model.

Furthermore, the porcine cardiovascular system shares many similarities with
those of humans, not only in the anatomical structure but also in the lipid profiles and
lipoprotein metabolism, and is known to develop spontaneous lesions in the vascu-
lature and cardiac valves [33]. Likewise, pigs show greater similarity to humans as
neutrophils are also the predominant circulating blood cell population [34].

Based on these advantages, pig models are widely used in preclinical models in
toxicology evaluations or developing medical materials, taking advantage of their
anatomical characteristics. Their natural characteristics have also been widely used
in the research of aortic valve stenosis, vascular calcification, and atherosclerosis
[35-37]. In transplantation medicine, pigs have also been proposed as xenotransplan-
tation donors. Due to the donor shortage, these procedures might enable the future
xenotransplantation of porcine organs into humans as the main approach for trans-
plantation medicine [38, 39].

Large animal models are also advantageous allowing much more precise disease
model preparations compared to those in small animal models, which enables to
create predictable injury sizes at a preferred region of the myocardium [40]. In this
context, pig modes are largely used to create myocardial infarction models for stem-
cell-based regenerative medicine research [6, 41]. Munz et al. reported a surgical
myocardial infarction through permanent coronary ligation that provided a reproduc-
ible and standardized pig myocardial infarction model. They showed that the optimal
occlusion site in terms of morbidity, mortality, and lesion extent was the midpoint
of the left anterior descending artery [31]. On the other hand, ameroid constrictors
have been used to create a gradual coronary artery occlusion that might avoid lethal
arrhythmia during surgical ischemia induction [42, 43]. Catheter-based coronary
occlusion models are reported as well [44, 45].
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3. Genetic modification to create disease models
3.1 Genetically modified clinically relevant disease large animal models

Precise and efficient gene-editing technologies enable the generation of
tailored large animal models of human diseases that could contribute to the
development of new diagnostic tests and therapeutic procedures [35, 46].
Developmental engineering technology has been used to create large animal
models. In 1985, Hammer et al. reported genetically engineered livestock ani-
mals [47]. In 1997, Petters et al. presented the first transgenic livestock animal
disease model, a pig model of retinitis pigmentosa, which expressed a mutated
rhodopsin gene [48]. Recent advances in innovative methods, such as intra-
cytoplasmic sperm injection-mediated gene transfer and somatic cell nuclear
transfer (SNCT), enabled design-specific animal models, such as “Dolly,” a
cloned sheep [49]. Since then, many genetically engineered models of human
disease have been generated through large animal models. By integrating SNCT
technology and recently developed gene-editing platforms, including TALENs
and the CRISPR/Cas9 system, even more diverse modifications of the genomes
of livestock species will be seen in the future [50-52]. The commonly used
SCNT approach allows concurrent production of transgenic animals expressing
a marker gene and non-transgenic clone siblings from the same nuclear donor
cells. The cloned animals would provide a useful syngeneic transplantation
model [53].

3.2 Specific disease models in pigs

The pig genome has been extensively sequenced and gene-editing technology
has been applied to multiple pig strains so far [5, 54]. These techniques have been
already largely applied to pigs to create a model for several diseases, such as cystic
fibrosis, diabetes mellitus, and neuromuscular disorder [50].

Regarding a model for cardiovascular diseases, Matsunari et al. recently estab-
lished a genetically modified pig cardiomyopathy model in which they knocked
out the §-sarcoglycan (6-SG) gene (SGCD) of domestic pigs by the combination
of efficient de novo gene editing and SCNT. SGCD-/- cloned pigs exhibit systolic
dysfunction similar to that found in human dilated cardiomyopathy and are expected
to be highly applicable for the exploration of the feasibility, safety, and efficacy of
therapeutic strategies, as well as for elucidating the underlying mechanisms of new
treatments for genetic cardiomyopathy [11, 53].

Blutke et al. established a comprehensive biobank of long-term diabetic
INSC94Y transgenic pigs, a model of mutant INS gene-induced diabetes of youth
(MIDY), which is a model of poorly controlled diabetes mellitus. It is designed to
help diabetes researchers discover the molecules and mechanisms involved in the
long-term complications of the disease [7, 55]. Furthermore, it would be possible
to create human-like atherosclerotic disease models using this severe diabetes
mellitus model in the future. Klymiuk et al. established a tailored pig model of
Duchenne muscular dystrophy (DMD) by deleting DMD exon 52 in male pig
cells and showed the similarity of the transcriptome in dystrophin-deficient pigs
with patients with DMD [8]. This technology might pave the way to establish a
DMD-related cardiomyopathy model.
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3.3 Genetic labeling of somatic cells for the investigations of therapeutic
mechanisms

Genetically modified animal models with fluorescent marker genes by SCNT are
highly useful as they enable a more efficient monitoring method of cell survival and
cellular kinetics in vivo after cell product transplantation [53, 56]. Matsunari et al.
produced transgenic-cloned pigs carrying the humanized Kusabira-Orange (huKO)
gene, yielding an orange-red fluorescence in its dimeric form. The clear red fluores-
cence of the huKO protein is maintained in paraffin-embedded tissue sections. The
pigs express fluorescent protein not only in various organs but also in pig stem cells or
progenitor cells [57].

In hepatocytes or liver organoid transplantation experiments, donor cells/organ-
oids were derived from transgenic KO-expressing pigs and transplanted KO-negative
littermate, which showed the distribution and survival of transplanted materials
[58, 59]. These techniques are also used in allograft ligament construction to analyze
intrinsic and extrinsic cellular dynamics during graft healing [60]. It would also be
applicable in research of cardiac regenerative medicine using stem cells in which the
tracing of survived cells after transplantation and the mechanisms of graft and host
interaction have been investigated by 3-dimensional (3D) imaging of heart tissue
after tissue clearing using light-sheet microscopy [61, 62]. Upon distinguishing
recipient and donor cells in transplanted grafts, KO-expressing pigs may become
sufficient genetic modification models for the 3D posttransplantation analysis of
vascular network formation inside of the graft.

4. Future directions of large animal model-based cardiovascular research
4.1 Pig proteomics and the extrapolation to humans

Recent efforts have been focused on the characterization of experimental animals
at the molecular level such as genomics, transcriptomics, and proteomics [35] which
revealed the close similarity of proteomics in pigs and humans. Since matrix-assisted
laser desorption/ionization mass spectrometry (MALDI-MS) was first reported
in the 1980s, the technologies have been successfully used in genome, proteome,
metabolome, and clinical diagnostic research [63]. It is useful in qualitative and
quantitative analyses of disease biomarkers in various specimens that lead to not
only diagnosis but also risk stratification and guidance in the selection of therapeutic
modalities [64]. Linscheid et al. recently performed systematic analyses of cardiac
proteomes across cardiac chambers in humans, pigs, and four commonly used animal
models and identified and quantified approximately 7,000 proteins, comparing
them with respect to cardiac function and mechanisms of diseases [65]. Tamiyakul
etal. performed a proteome analysis on the myocardium of the DMD pig model that
showed an altered abundance of several proteins such as reduction of myosin-6,
which is directly involved in muscle contraction [66]. Miiller et al. reported a pig
cardiac transcriptome analysis. They assembled 15,926 transcripts, stratified them,
and validated the results by complementary mass spectrometry [67]. These attempts
to analyze the proteome and transcriptome in animal models and even in humans
will play an important role in the future of cardiovascular regenerative medicine. The
knowledge of novel heart failure biomarkers may allow a more personalized medicine
in the future [68].

186



Large Animal Models in Cardiovascular Research
DOI: http://dx.doi.org/10.5772/intechopen.105754

4.2 Allogeneic transplantation models for cardiovascular regenerative medicine

In pluripotent stem cell-based cardiovascular regenerative medicine, the advan-
tage of induced pluripotent stem cells (iPSCs)over embryonic stem cells (ESCs) is the
availability of autologous cells for the treatment. When iPSC products are generated
autologously, better engraftment free from the risk of immune rejection after the
transplantation of cell products is theoretically anticipated [69]. Human iPSCs are
also expected to mitigate immune rejection after cell/tissue transplantation in human
leucocyte antigen (HLA)-controlled allogeneic use, which is investigated in various
animal allogeneic transplantation models [70, 71]. The allogeneic use of iPSCs is
expected to avoid disadvantages of autologous iPSCs transplantation, such as the cost
and time required for quality control of each individual cell line [72]. Furthermore,
autologous cell products from patients with genetic disorders such as genetic cardio-
myopathy may take over its diseased phenotype that would hamper the therapeutic
effects of the products.

Medicetty et al. introduced allogeneic bone marrow-derived cell transplantation to
a pig myocardial infarction model in which cells are delivered by catheter directly to
the coronary artery. They showed a significant positive modulation of left ventricular
function and remodeling [73]. Regarding iPSC-based cardiovascular regenerative
medicine, Shiba et al. reported an allogeneic transplantation experiment using
cynomolgus monkeys (Macaca fascicularis). iPSC-derived cardiomyocytes from
major histocompatibility complex (MHC)-homozygous animals were transplanted
into MHC-matched monkeys by direct intra-myocardial injection. Transplanted
cardiomyocytes showed electrical coupling to the recipient’s heart tissue and survived
without immune rejection in monkeys treated with clinically relevant doses of immu-
nosuppressants, whereas the transplantation of cardiomyocytes to MHC-mismatched
monkeys even treated with immunosuppressants exhibited immune rejection of
grafted cardiomyocytes with severe infiltration of T lymphocytes [74]. Kawamura
etal. reported a cynomolgus monkey-based allogeneic transplantation experiment
using cell sheets prepared from iPSC-derived cardiomyocytes. In the experiments,
the monkeys with immunosuppressants could show fair engraftment of iPSC-derived
cardiomyocyte sheets regardless of MHC matching, whereas even MHC-matched
iPSC-derived cardiomyocyte sheets could not be sufficiently engrafted without
immunosuppressants, indicating the requirement of immunosuppressants even in
MHC-matched transplantation, which may prevent minor antigen-triggered immune
rejection [75]. These results may indicate that the significance of MHC matching
would be attenuated in iPSC-based cardiac regenerative therapy [76]. The establish-
ment of a swine leukocyte antigen (SLA)-identified allogeneic transplantation pig
model [77] and investigations of histological and molecular mechanisms of immune
rejection attributed by cell transplantation would contribute to develop the strategy
to avoid immune rejection associated with allogeneic human iPSC therapies as well as
therapeutic mechanisms of the allogeneic transplantation.

Additionally, researchers have been struggling to establish pig somatic stem cell
lines such as bone marrow-derived stem cells or live progenitor cells using somatic
cell cloning technology, which may realize a syngeneic donor-recipient system in
pigs [53]. Furthermore, attempts are being made to establish pluripotent stem cells
from pigs such as pig iPSCs or ESCs. Xu et al. reported pig iPSCs generated by infect-
ing pig pericytes and embryonic fibroblasts with a retroviral vector encoding Oct4,
Sox2, KlIf4, and c-Myc. The pig iPSCs could be differentiated into cell derivatives of
all three primary germ layers in vitro [78]. Chakritbudsabong et al. also reported the
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generation of pig embryonic fibroblast-derived iPSCs and their differentiation ability
into cardiomyocytes [79]. Choi et al. reported the generation of pluripotent pig ESCs
derived from in vitro-fertilized and parthenogenetic embryos [80]. Although iPSC
generation from various animal species has been attempted and criticized [81], it

will largely contribute to the autologous/allogeneic transplantation experiments in
the future, which may further promote stem cell-based cardiovascular regenerative
medicine.

5. Conclusion

The usefulness of large animal models in cardiovascular medicine, especially pigs,
was outlined on the basis of literature. Although the advantages and disadvantages
of large animals should be further evaluated, there is a possibility that large animal-
based approaches may contribute to the investigations in cardiovascular medicine.
On the other hand, it is also recognized that there are opinions not to welcome large
animal models for research purpose use and accurate regulation is indispensable.

The number of animals used should be reduced to a minimum following the three R’s
principle (to reduce, refine, and replace animal models). Experiments using animals
should be optimized and standardized considering their translatability and the
welfare of the animals [82].
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