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Abstract:

This working group of the International Society of Hepatic Encephalopathy and Nitrogen
Metabolism (ISHEN) was commissioned to summarize and update current efforts in the
development and characterization of animal models of hepatic encephalopathy (HE). As
defined in humans, HE in animal models is based on the underlying degree and severity
of liver pathology. Although hyperammonemia remains the key focus in the pathogenesis
of HE, other factors associated with HE have been identified, together with recommended
animal models, to help explore the pathogenesis and pathophysiological mechanisms of
HE. While numerous methods to induce liver failure and disease exist, less have been
characterized with neurological and neurobehavioral impairments. Moreover, there still
remains a paucity of adequate animal models of Type C HE induced by alcohol, viruses

and non-alcoholic fatty liver disease; the most common etiologies of chronic liver disease.

Key words: hepatic encephalopathy, acute liver failure, chronic liver disease, liver
toxins, hyperammonemia, neurological deficits, behavior, bile duct ligation, portocaval

anastomosis.



Key points

e Valid animal models of liver failure/disease which manifest features/elements
of HE currently exist.

e A suitable animal model of HE must have; (i) some degree of liver injury,
failure and/or vascular impairment, (i) hyperammonemia and (iii) some degree
of neurological, behavioral or motor impairment.

¢ New animal models are warranted with a particular emphasis on the common
etiologies associated with chronic liver disease (alcohol, hepatic viral
infections and fatty liver disease) and their impact on the development of HE.

e An appropriate animal model should be selected once the interested feature(s)

of HE have been identified.




Introduction:

Hepatic encephalopathy (HE) is a debilitating neurological complication of liver
disease/failure characterized by cognitive, psychiatric and motor disturbances. Due to
existing animal models of HE, many new insights into the pathogenesis and
pathophysiology of this disorder have been realized. In addition, many animal models
have been used for pre-clinical studies testing new therapeutic strategies for HE. Three
types of HE have been defined based on degree and severity of liver failure, disease or
impairment (including degree of portal-systemic shunting); (1) Type A HE: associated with
acute liver failure (ALF) resulting from the rapid onset of hepatocyte necrosis and severe
inflammation without pre-existing liver impairment; (2) Type B HE: associated with portal-
systemic shunting in the absence of liver disease or failure; (3) Type C HE: associated
with chronic liver disease (CLD; severe fibrosis or cirrhosis). A common feature of the
three types of HE is that the overall capacity of the liver to remove ammonia is reduced

and hyperammonemia ensues.

What defines a good model of HE?

The fundamental basis for an animal model of HE is the presence of liver injury, failure
and/or impairment that consequently leads to hyperammonemia. In addition, an animal
model of HE should also exhibit some degree of neurological, behavioral or motor
impairments. Other features believed to be implicated in HE include systemic
inflammation® and oxidative stress? as well as neuroinflammation®®. However, their roles
in the pathogenesis of HE in the absence of hyperammonemia as well whether they are

contributory factors or consequential effects remains undetermined. The cardinal features



of a Type A HE animal model is progression to overt neurological symptoms such as loss
of corneal reflex (coma) and loss of righting reflex (pre-coma) within hours or days upon
induction of ALF. Moreover, intracranial hypertension is another HE landmark associated
with ALF which depicts cerebral edema, which is commonly observed in most animal
models of Type A HE. In addition, various scoring scales have been developed for HE in
ALF based on observed behavioral changes, impairment in reflexes and/or the presence
of ataxia®’. A commonly used methodology involves assigning the animals to a particular
stage of HE based on their observed behaviors, with the data presented as the average
stage of HE per experimental cohort at any time point®. Recently, an improved categorical
neurological scoring system was developed whereby 5 individual reflexes and presence
of ataxia were each assessed and assigned a score from 0-2 (2 = reflexes intact, no
ataxia; 1 = reflexes delayed, minor ataxia, O = reflexes absent, significant ataxia). The
neurological score is the sum of scores for each reflex at any time point’ (Table 1). Type
B HE, as well as Type C HE, both chronic models of HE, do not develop evident or overt
neurological symptoms (including obvious behavioral changes, reflex impairments). As a
result, HE is evaluated through different neurobehavioral tests® such as Open Field,
Morris Water Maze and Y-Maze tests which assess exploratory behavior, locomotor
activity, anxiety and memory (including spatial and working), respectively (Table 2).
Furthermore, while an increase in intracranial pressure (ICP) is rare in Type C HE, brain
edema is still present. However, whether low-grade edema or age-related brain atrophy

prevents an increase in ICP in patients with CLD still remains unresolved®.



Various degrees of liver failure/injury and hepatic vascular impairment can be induced by
i) numerous liver toxins (including azoxymethane (AOM), acetaminophen (APAP),
thioacetamide (TAA), carbon tetrachloride (CCls4) and galactosamine (D-GAL)), with the
dose (+/- barbiturate pre-treatment to enhance the sensitivity to the toxin), and length of
treatment dictating the type of HE model: Type A vs. Type C and ii) surgical interventions
(bile-duct ligation (BDL), portacaval anastomosis (PCA) and PCA + hepatic artery ligation
(HAL)) (Figure 1). Whereas the major etiologies of CLD in humans include alcohol, viral
hepatitis and non-alcoholic fatty liver disease (NAFLD), for which appropriate animal
models of severe fibrosis/cirrhosis currently do not exist. This is primarily due to the
resistance of rodents to such etiological factors which do not develop severe
fibrosis/cirrhosis. Consequently, this remains a major obstacle in the field which hinders
the understanding of the independent role of each of the etiological factors on brain

function.

Sampling and measuring ammonia:

Since elevated blood ammonia levels are a cardinal feature of HE, measuring ammonia
is imperative and various methods to quantify ammonia currently exist. The most
commonly used method to measure ammonia involves an enzymatic kinetic assay in
which ammonia reacts with a-ketoglutarate and nicotinamide adenine dinucleotide
phosphate (reduced form NADPH) to form glutamate and NADP+. The amount of
ammonia is related to the amount of NADPH oxidized, which is measured photometrically.
Regardless of the method, the measurement of ammonia is extremely sensitive, with the

stability of the molecule being an important issue which needs to be carefully controlled.



As a result, anomalous plasma ammonia concentrations can be due to pre-analytical
events such as delayed sample processing, temperature, type of test matrices, hemolysis
and storage time in freezer'®1, Accordingly, it is important to place the sample on ice and
immediately remove the plasma from cells to reduce the reaction rate of ammonia
metabolism. The delay between sampling and analysis should be kept within 2hrs?2.
Heparin, EDTA and oxalate anticoagulated plasma have been tested with an EDTA-
anticoagulated matrix found to be superior'3. Frozen samples have been shown to affect
ammonia levels when extensively kept frozen as well as multiple freezing and thawing
cycles having a profound effect. Measuring brain tissue ammonia is further challenging
due to the multiple pre-analytical steps including extraction of the brain and post-mortem
metabolic changes. Aside from using liquid nitrogen, brains can be fixed for analysis by
using focused beam microwave irradiation. This is a technique which causes permanent
inactivation of enzymes in less than 1s, thereby minimizing enzyme-dependent post-
mortem metabolic changes!*. Nessler’s staining is a histological method to identify high
levels of ammonia (corresponding plasma levels 2150uM) which has been demonstrated
in liver'>. However, this techniqgue has not been validated in brain. Alternatively,
cerebrospinal fluid and microdialysate measurements of ammonia have been performed

which are believed to better reflect brain ammonia concentrations6.

Current animal models of HE:
There are a number of advantages and disadvantages in using small animals vs. large
animals which may explain the choice of a particular animal model (Figure 2). Primarily

mice, rats and pigs have been used in recent years for studies in HE and therefore we



will focus on these species. Type A HE have been developed to induce ALF and
subsequent overt, progressive neurological decline. In a majority of these models care
must be taken to control associated features such as body temperature, blood glucose
and potassium levels to prevent these confounders from interfering with outcomes and
interpretation of data. Models of Type B and C HE mimic features of covert/minimal HE

where overt symptoms do not develop and are not observed.

Type A HE:

Liver toxin models:

Acetaminophen:

Rodents: Also known as paracetamol, APAP is commonly used clinically as an antipyretic
and analgesic. APAP is metabolized by p450s leading to N-acetyl-p-benzoquinoneimine
(NAPQI) when intracellular glutathione levels are saturated. Therefore, high doses of
APAP lead to centrilobular hepatocyte necrosis. While the APAP-treated experimental
model of Type A HE was not well established prior to the 2009 ISHEN guidelines?'’, there
is substantial use of APAP to induce Type A HE both in rats and mice. APAP is injected
at various dosages (from 300 mg/kg — 5 g/kg, ip) with mice being more susceptible than
rats'®. APAP-induced ALF in mice leads to brain edema and coma together with
increased blood ammonia levels!®. Additionally, activation of intracellular signaling
mechanisms, including elevated levels of cytokines, activation of brain transcription
factors (increased levels of NF-kB, NRf2 etc.), induction of oxidative stress, glial fibrillary
acidic protein expression, as well as autophagy-related events have been observed in the

brains of these animals19?7,



Pigs: Large animal models of ALF have been a long-standing topic of interest for testing
of ‘human scale’ therapeutic devices. However, there was considerable difficulty in
creating a stable, reproducible model that reflected the development of human toxicity?2.
In 2011 work by Thiel et al. demonstrated that a reproducible model of ALF can be
achieved through careful monitoring of blood APAP levels within a narrow window (300-
450 mg/dL)?®, which was further refined by Lee et al. to show that effective studies could
be conducted in relatively few animals3. This APAP-induced ALF model demonstrates
core features of disease as a consequence of progressive hepatic necrosis and the
consequent systemic inflammatory response. Hyperammonemia develops progressively
once liver failure is established to levels in excess of 300 uM at exitus, concomitant with
the occurrence of increased intracranial pressure (ICP) elevation (>30 mmHg)?°. The
model is conducted in a terminally anesthetized animal with continuous intensive care
support, preventing testing of any behavioral or cognitive impairments. However, the
availability of samples and the ability to use invasive tools to investigate specific
mechanisms has allowed a better understanding of the pathophysiology of the

condition31-33,

Azoxymethane:

Rodents: AOM is an active metabolite of the cycad palm nut (found primarily on the island
of Guam) which is hepatotoxic. The AOM model of ALF has been used to characterize
the molecular changes associated with the development of HE in mice. It involves a single
intraperitoneal (ip) injection of AOM at doses ranging from 50 mg/kg to 100 mg/kg®7:3435,

Characterized by massive hepatocyte cell death, metabolism of AOM by cytochrome



p450s generates toxic metabolites in the liver resulting in the formation of DNA adducts3®.
Associated with acute severe liver injury is a progressive loss of reflexes, acquisition of
cognitive dysfunction, and ultimately hepatic coma®7:34 within 24hr to 48hr. It is associated
with hyperammonemia®3* cerebral edema®343’, presence of neuromuscular deficits
(manifested by ataxia), microglia activation and the upregulation of neuroinflammatory
signals®7:24, Additionally, studies demonstrating AOM induces ALF and HE in rats are

lacking.

Galactosamine:

Rodents: Type A HE animal models using D-GAL have been reported since 1970. D-
GAL is an amino sugar, which when metabolized in the liver consequently disturbs
hepatocyte RNA metabolism, resulting in hepatocyte necrosis. The D-GAL model of Type
A HE in rats replicates characteristic features of HE including the characteristic stages of
HE, altered liver enzymes and histopathological changes similar to that observed in
humans with Type A HE®83°, D-GAL given at a dose of up to 1.5g/kg (single dose, ip)
leads to severe hepatic necrosis (diffuse degenerative changes with focal coagulative
necrosis and the appearance of eosinophilic bodies), inflammatory infiltration of periportal
areas and serum levels of liver enzymes are greatly increased while prothrombin is
reduced®. There is a vast array of studies demonstrating diverse effects with different
doses of D-GAL with 2.5g/kg (ip) leading to progressive HE and death within 48hrs,
accompanied with an increase in ICP%L. D-GAL induced HE studies in mice are few and

therefore lacking. Furthermore, the limitations of this model include a lack of



reproducibility since animals die unexpectedly and even brain edema, increased ICP and
coma are not consistently observed.

Pigs: An alternative large animal of Type A model that has attracted attention in recent
years is that of a bolus injection of D-GAL in pigs (0.75g/kg iv)*2. This model has
demonstrated the core symptoms of Type A HE within 48 hours, with blood biochemistry
meeting the criteria for ALF, elevated plasma ammonia levels and raised ICP (>25mmHg)
in combination with histological evidence of ALF obtained from sequential biopsies*?.
Animals are supported throughout the study with dextrose and crystalloid solutions as
required and without further intervention, survival is expected to be between 72-90 hours.
There are several advantages to using this model including the ability to study awake
animals and observe the development of the stages of HE progressing to pre-coma and
eventually coma, at which time point the animals are euthanized. However, it should be
noted that a high degree of variability has also been found in this model*® and there have

been guestions raised as to its clinical relevance?®.

Thioacetamide:

Rodents: TAA’s toxicity is induced by the production of thioacetamide-s-oxide (a reactive
oxygen species) through flavin adenine dinucleotide monooxygenase®4. The TAA-treated
rat model of Type A HE has been well-established relative to the clinical status, liver
function, and brain edema development*>52, In this model, rats are given TAA in doses
ranging from 300 to 500 mg/kg by ip injection on consecutive days for 2-3 days. While not
as well characterized in mice, TAA-induced hepatotoxicity has shown to induce ALF and

subsequent HE following the administration of TAA (100-300 mg/kg, ip) for 3 consecutive



days®36, TAA treatment in both species results in severe hepatocellular and bridging
necrosis without cholestasis*”#%. Furthermore, increased blood and brain ammonia have
been observed*®. Associated with the decline in neurological function and brain edema®*
are enlarged, vacuolated nuclei and pale/expanded cytoplasm in the astrocytes of the
cerebral cortex®* with the neuropil highly vacuolated (spongiotic), especially around blood

vessels and neurons®®.

Surgical Models:

Hepatic devascularization:

Rodents: Hepatic devascularization in rats is an established model of Type A HE which
has been commonly used since 2010579, Investigators have typically studied models of
ALF by employing anastomosis of the portal vein to the vena cava and ligating the hepatic
artery, seizing all blood flow to the liver. This model manifests a reproducible progression
of Type A HE. A consistent and progressive increase in blood and brain ammonia as well
as astrocyte swelling and brain edema have been characterized in this model®:. Altered
gene expression and CNS inflammation have also been identified®?63, Hepatic
devascularization in smaller rodents is technically challenging and therefore is yet to be
developed or characterized in mice.

Pigs: There is no standardization in the literature on the use of hepatic devascularization
models in large animals. Studies have reported the use of additional hepatic artery
occlusion resulting in total devascularization with®* or without reversal of the procedure®®.
Other investigators have combined portal shunting with varying degrees of

hepatectomy®%-%° to create Type A models. As such, these models display a degree of



heterogeneity in their findings and a spectrum of severities’® from to intensively monitored
terminal models limited to several hours post procedure to those with a recover phase’..
Porcine models of hepatic devascularization demonstrate central features of Type A HE,
including cerebral edema, intracranial hypertension, hyperammonemia and blood brain
barrier (BBB) breakdown’?74, along with hyperlactatemia and significant hemodynamic
perturbation’>6, Due to the fact that the majority of studies have been conducted in
anesthetized models, there is scarce information on cognitive impairment in these models
other than the reported changes in ICP’3, and the lack of a standardized approach to

experimental design makes direct comparison difficult.

Type B HE:

Portacaval anastomosis:

Portal-systemic shunting (when the normal flow from the portal vein is diverted, either
partially or completely, to the systemic circulation, thus bypassing the liver) leads a
decrease in hepatic ammonia extraction and consequently the development of
hyperammonemia, even in the absence of liver disease. Congenital shunts’’ occur in
humans but are commonly observed in dogs which present with hyperammonemia and
psychomotor dysfunction’® and are often admitted to veterinarian clinics with various
symptoms, including behavioral changes. Congenital shunts are believed to be strain
specific as has been reported in C57BL/6J mice’’. In rats, an end-to-side portacaval
anastomosis is a surgical procedure which leads to a rise in blood ammonia levels and
neurological impairment’. The diversion of blood during portal systemic shunting

consequently leads to liver atrophy®%-82, These surgical procedures are also achievable



in larger animals such as pigs® whereas it is very difficult to realize this surgery in mice.
Alternatively, graded portal-vein stenosis which leads to spontaneous portal-systemic
shunts and various degrees of portal-systemic shunting, is a much easier model to
develop but with greater variability and therefore less reproducible®*. In CLD, an increase
in hepatic resistance can lead to acquired liver shunts where the degree of shunting
increases the risk of developing severe HE®®. Portal-systemic shunting without liver
impairment is evidently not a model of liver disease, nor is it a model of transjugular
intrahepatic portosystemic shunt (TIPS). Ideally, performing a portal-systemic shunt in an

animal model of CLD would be a valuable model for studying post-TIPS HE.

Type C HE:

Liver toxin models:

Carbon Tetrachloride:

Rodents: CClsis mainly metabolized by centrilobular hepatocytes producing the toxic
metabolite trichloromethyl (CCls’) via cytochrome p-450s, causing centrilobular liver
damage. CCls administration in rodents vary in terms of route of administration (injections
(ip, sc), gavage), dosage, frequency of dosing and duration. Long term treatment of rats
or mice with CCls leads to repeated insults to the liver causing hepatocyte damage,
ductular reaction and myofibroblast activation, hepatic stellate cell activation, imbalance
between extra cellular matrix production and degradation and development of progressive
liver fibrosis®®7, In mice, doses used range from 0.5 mL/kg to 1 mL/kg, administered
either via oral gavage or ip injection, twice per week for up to 16 weeks®-°l, These

treatments result in hyperammonemia®®, hyperpermeability of the BBB%, increased



neuroinflammatory signals88%°, microglia/glial cell activation®®8°, and increased GABA
signaling®. In rats, CCls administration (0.1 - 0.2 mL/kg twice per week; ip for up to 5
months)®792.93 results in hyperammonemia®’:°?2, impaired memory acquisition as
determined using the Morris Water Maze®’ % and a decrease in hippocampal

neurogenesis?’.

Thioacetamide:

Rodents: Similar to CCls, TAA primarily causes centrilobular hepatocyte damage*+. A
TAA-treated rat model of Type C HE has recently been established relative to the clinical
status, liver function, and behavioral and cognitive deficits®+. In this model, rats were
given TAA (100 mg/kg, ip) for 10 consecutive days. Hepatic damage (ballooning
degeneration, hydropic changes and the presence of eosinophilic bodies, affecting
approximately 60-70% of the liver parenchyma) as well as increased serum ALT and AST
levels were observed in this model. The presence of Alzheimer type Il astrocytosis
(predominantly in the cerebral cortex), behavioral abnormalities associated with cognitive
dysfunction are observed, including drowsiness, decreased wakefulness, impaired
attentiveness, decreased grooming and exploratory behavior®® together with increased
blood and brain ammonia®*®. In addition, many studies have administered 12 weeks of
TAA by its addition to the drinking water®’-192, TAA-induced type C HE models in mice are

lacking.

Surgical models:

Bile-Duct Ligation:




Rodents: The BDL rat model is the most widely used model of type C HE and has been
shown to be a reproducible model of biliary CLD, simulating metabolic aspects of
cirrhosis. In this model the common bile duct is ligated (2 or 3 points) and then resected
to avoid reversibility. BDL rats survive to 6 to 8 weeks post ligation, develop liver failure,
jaundice, portal hypertension, portal-systemic shunting, bacterial translocation and
immune system dysfunction'”103-195 The signs of CLD in these rats include increased
levels of plasma bilirubin, liver enzymes (AST and ALT) and histological changes in the
liver architecture (i.e. bile duct epithelial cell proliferation, disturbed cytoarchitecture,
formation of septae between portal areas and a noticeable increase in collagen fibers)*,
BDL rats also develop hyperammonemia and show motor and learning deficits05-198, |n
Vivo neuro-imaging studies performed on BDL rats have reproduced the changes
observed in humans (i.e. increased brain glutamine and decrease in brain osmolytes as
an osmotic response and other more subtle changes including a decrease in antioxidants
and creatine)t05107.109-111 "The changes in water content (i.e. brain edema) measured in
BDL rats are subtle'”:111 (details on brain water measurements and brain edema can be
found in the following reviews®°112), Systemic oxidative stress, as a result of primary liver
injury, combined with hyperammonemia was shown to stimulate an increase in brain
water content in BDL rats”®. Inflammation (systemic and central) has not been thoroughly
characterized in these rats and results to date remain controversialt*3-11°,

In contrast, BDL mice have been primary used to study cholestatic liver injury and liver
inflammation. The survival rate of BDL mice is much less than BDL rats, with studies
lasting between 5 days post ligation till 2 weeks''6:117 It is possible to prolong survival in

BDL mice, but this requires intensive care (i.e., cage warming, wet food placed on the



cage floor, and potentially dextrose supplementation subcutaneously)!*®. The BDL mice
are characterized by decreased social investigative behavior and increased immobility
together with increased serum bilirubin, changes in liver enzymes (ALT) and the presence
of portal based inflammatory cells in stained liver sections'’. Beyond these observations,

no features of HE have been observed, likely due to the short survival time of the mice.

Models of overt HE in chronic liver disease:

In order to study the precipitating factors of overt HE and hence the pathogenic factors
involved in the acute neurological impairment in CLD, insults are used to induce overt HE
in animals. Ammonia, a driver of a number of precipitating factors, has been administered
to rats to induce an overt episode of HE. Exacerbating hyperammonemia through diet in
BDL rats has also elucidated overt symptoms of HE %3, The use of PCA to shunt blood
away from the liver to establish hepatic insufficiency prior to the administration of a
secondary insult has similarly been extensively studied’®'1%. Whereas early studies
sought to investigate impaired hepatic clearance of bacteria'?® post PCA, more recent
studies have investigated episodic HE induced by repeated administration of endotoxin
or ammonia which demonstrated neuronal loss and cerebral inflammation'2%122, Other
studies in this model have explored the effects of simulated esophageal bleeding'?® as a
source of hyperammonemia, and the effects of superadded ammonia on other body
systems'?4125, Lipopolysaccharide (LPS) injected into BDL rats is used to mimic severe
inflammation and infection; a precipitating factor of overt HE. This model is the creation
of a single inflammatory event on a background of established liver injury, after which the

animals are euthanized for sample collection. The BDL with a secondary insult of bacterial



endotoxin (BDL + LPS) was originally described in 1999 by Harry et al.'?6 in which the
heightened response to the inflammatory insult was observed. Subsequently this BDL +
LPS model was shown to demonstrate the key features of HE with evidence of cerebral
inflammation'!4. However, the key point was that there was significant worsening of most
measured parameters following the administration of endotoxin in a relatively short time
frame (3 hours), indicating the possibility of a priming effect during CLD development

leading to a hyper-responsiveness to the secondary insult.

Ammonia supplementation to induce hyperammonemia:

In order to study the effect of neurotoxicity from elevated blood ammonia levels without
the impact of liver disease, hyperammonemia is induced in naive rats through an
ammonia supplemented standard diet (ammonia acetate; 20% w/w)*?"to study the effects
of hyperammonemia on brain function and metabolism in absence of liver dysfunction.
Hyperammonemia is induced within 10 days and studies have demonstrated rats can
tolerate this ammonia-supplemented diet for up to 100 days. Ammonium acetate is much
more effective in the diet as oppose to in the drinking water. Also, other ammonia salts,
such as ammonium carbonate are not well tolerated. In these diet-induced models, pair-
fed animals are highly recommended as controls. Cognitive impairment has been
demonstrated after 7 days of ammonia-supplemented diet!''3. This is a simple,

reproducible animal model of chronic hyperammonemia.

Preclinical models for HE treatments:

Preclinical models of HE are imperative for testing novel treatments for HE. Even though

treating the liver disease itself may resolve HE, it is very difficult to improve the liver at



end-stage liver disease. Therefore, novel therapeutic strategies for HE primarily target a
pathogenic factor which is precipitating the observed neurological impairment. In the CLD
setting, the BDL rat is an excellent model to assess the efficacy of ammonia-lowering
strategies. AST-120 carbon microspheres, when administered by gavage, were shown to
lower blood ammonia in BDL rats, was associated with a reduction in brain edema and
HE symptomatic behavior®®. Ornithine-phenylacetate (OP) and liposome-supported
peritoneal dialysis have also shown to be beneficial in lowering blood ammonia levels in
BDL rats?®12%, The probiotic VIVOMIXX has been recently shown to attenuate
hyperammonemia and improve both the performance in behavioral tests and the
neurometabolic profile of BDL treated rats'*°. OP has also been shown to lower blood
ammonia in rats with portal-caval anastomosis'?3. Interestingly, GABA-A receptor
antagonists have shown to be beneficial in PCA rats as well as rats administered
ammonia in the diet*®. In ALF, L-ornithine-L-aspartate, minocycline, N-acetylcysteine
and hypothermia have all shown to be beneficial in liver devascularized rats®0.132-134,
Similarly, OP was beneficial in lowering ammonia and ICP in liver devascularized pigs*®.
In the AOM mouse model, strategies to inhibit cerebral inflammation, such as targeting
proinflammatory cytokine signaling, or inducing mild hypothermia were shown to
attenuate parameters of HE®%135-137  Furthermore, emerging evidence suggesting that
aberrant bile acid signaling in the brain may contribute to the pathogenesis of HE in the
AOM mouse model and that inhibition of bile acid receptors such as farnesoid X receptor

or sphingosine-1-phosphate receptor 2 was recently shown to be beneficiall38-14°,



Concerns when using animal models of HE

Several limitations exist in using toxin models of both Type A and C HE. Firstly, there is
controversy surrounding the reported off-target effects of the toxins that may confound
the interpretation of the data. For example, direct effects of AOM on BBB
hyperpermeability have been suggested using a monolayer of mouse brain microvascular
endothelia cells*!, which has not been confirmed in other studies3’142. However, in vivo,
the hyperpermeability of the BBB is either not observed'4® or if it is, it is not until the later
stages of HE3"142-144 and requires the presence of systemic proinflammatory signalss”:145,
suggesting that direct effects of AOM on the permeability of the BBB is negligible in vivo.
APAP has been demonstrated to have a direct toxic effect on the brain in rats??2° and
issues may be present in other toxin models as well and therefore experiments should be
designed to consider these possible off target effects. Secondly, issues with
reproducibility of these models, both between laboratories and between experiments
within a single laboratory are often observed. These variations may arise due to a
multitude of reasons including animal strains. It has been clearly demonstrated that BDL
Wistar rats can be studied at longer time points (8 weeks) than BDL Sprague-Dawley rats
(6 weeks)104105109  QOther factors include variations in lot quality of the toxin,
environmental differences, male vs female, as well as alterations in standard animal
husbandry and nature of the supportive care provided. Variations between experiments
within one lab may be somewhat mitigated by careful experimental design, and strict
adherence to the supportive care regime (e.g monitoring body temperature, dextrose
supplementation to prevent hypoglycemia etc!4®). Differences in outcomes between

laboratories are a little more difficult to control for, although a thorough description of the



experimental conditions, to include strain details, analgesics, and other supportive care
strategies used should be included in publications to aide in the reproducibility of the

experimental model.

Future Directions:

Even though a substantial amount of new evidence and insights have emerged from using
the above-mentioned animal models of HE, some aspects still remain to be developed or
improved on. Specifically;

1. There remains a distinct lack of CLD models that progress to HE and mirror the
common etiologies of HE in humans (e.g., alcoholic liver disease, viral hepatitis
and NAFLD). These etiological factors may exhibit features of mild fibrosis but fail
to exhibit features of severe liver fibrosis or cirrhosis in animal models. The impact
of etiological factors on HE merits to be investigated.

2. Many existing models of liver fibrosis, in particular genetic models such as the
MDR2 knockout mouse or the PDGF-B transgenic mouse, have not yet been fully
characterized for features of HE146-148,

3. Cholestatic liver disease affects both children and adults. In children, there is
emerging evidence that chronic cholestasis early in life may be associated with
long-term neurocognitive and neuromotor impairment4%-151 but studies examining
the effect of liver disease during brain development are missing. In this context,
ligation of the bile-duct can also be performed in young rats (i.e. 15 or 21 days

after birth) leading to a model of type C HE in the developing brain!®2,



4. Differences between sex in children with biliary atresia have been observed®s,
with more women presenting with cholestatic liver disease than men. In this
context, sex differences in animal models of HE warrants further investigation.

5. Cognitive tests including those with increased sensitivity (touchscreen cognitive
testing) merit to be implicated in the evaluation of HE in rodents (Figure 3).
Electroencephalography (EEG) in rodents also warrants further studies>*.

6. Monitoring the brain using magnetic resonance imaging, magnetic resonance
spectroscopy, microdialysis, positron emission tomography are excellent tools to
elucidate the relationship between liver function, brain metabolic alterations,
cellular changes, cell swelling/edema, and neurological manifestations in HE.

Further longitudinal, multiparametric and multimodal studies are warranted.

Recommendations of the ISHEN working group

Numerous different animal models of HE currently exist and have been well-
characterized. Based on practicality and reproducibility, certain models are
recommended (Figure 4). These recommendations were based on the consensus
agreement of our working group and are based on ease and reproducibility of the liver
disease, the development of HE-associated neurological deficits and hyperammonemia.
We have not based these recommendations on other features that may be associated
with HE pathogenesis (e.g. biochemical analyses, or imaging studies) as these have not
been consistently studied in the majority of models. However, an animal model that
exactly mirrors the etiology and subsequent effects on the brain in humans does not exist,

highlighting the need for further refinement of existing models and the development of



novel animal models for HE. New models should be developed with a particular emphasis
on both the etiology (for example a rodent model of end-stage alcoholic liver disease
resulting in HE), the underlying liver pathology and the pathogenic features that are
associated with the development of each type of HE. To this end, key features that should
be characterized when developing and classifying a novel animal model of HE include: i)
type of underlying liver pathology, ii) hyperammonemia and iii) cognitive and neurological

deficits.

In conclusion, limitations are found of each of the current HE models just as no animal
model exists that replicates the full human condition. However, animal models are critical
for answering specific pathophysiological questions. They are also valuable in allowing to
initially investigate, understand and test novel therapeutic strategies which could not be
conducted in humans. It is therefore vital to choose the appropriate model when

considering key features of HE to be studied.



Legends:
Table 1: Neurological score assessment in acute liver failure in mice

A categorical neurological scoring system based on 5 individual reflexes and presence
of ataxia in mice. Neurological score is determined by assigning a semi-quantitative
evaluation to each of the above-mentioned parameters. 0 (no reflex evident/significant
ataxia), 1 (weak or delayed reflex/minor ataxia), or 2 (intact reflex/no ataxia). The
summation of these six reflexes and ataxia gives a neurological score between 0 and
12. This scoring system has been developed for the assessment of acute liver failure in

mice. The applicability of this scale to rat models of acute liver failure are lacking

Table 2: Examples of behavioral tests and main findings in different models of
type B and C HE.

Figure 1: Common methods for the induction of liver failure/disease
Various ways of inducing acute liver failure or chronic liver disease. Red boxes; surgical

methods, grey boxes; toxin approaches.

Figure 2: Advantages and disadvantages of working with different experimental

animals.

Figure 3: Behavioral tests for investigating HE in rodents
Various and numerous tests or methods are available to evaluate cognitive impairment,

sensory-motor deficits as well as anxiety and depression.

Figure 4: Recommendations for Type A, B and C HE animal models
The practicality, reproducibility and recommendations for the different animal models of
type A, B and C HE. *** Excellent, ** Moderate * Poor.



References

1.

10.

11.

12.

13.

14.

15.

Cabrera-Pastor A, Llansola M, Montoliu C, et al. Peripheral inflammation induces
neuroinflammation that alters neurotransmission and cognitive and motor
function in hepatic encephalopathy: Underlying mechanisms and therapeutic
implications. Acta Physiol (Oxf). 2019;226(2):e13270.

Bosoi CR, Rose CF. Oxidative stress: a systemic factor implicated in the
pathogenesis of hepatic encephalopathy. Metab Brain Dis. 2013;28(2):175-178.
McMillin M, Frampton G, Thompson M, et al. Neuronal CCL2 is upregulated
during hepatic encephalopathy and contributes to microglia activation and
neurological decline. J Neuroinflammation. 2014;11:121.

McMillin M, Grant S, Frampton G, Andry S, Brown A, DeMorrow S. Fractalkine
suppression during hepatic encephalopathy promotes neuroinflammation in mice.
J Neuroinflammation. 2016;13(1):198.

McMillin M, Grant S, Frampton G, et al. Elevated circulating TGFbetal during
acute liver failure activates TGFbetaR2 on cortical neurons and exacerbates
neuroinflammation and hepatic encephalopathy in mice. J Neuroinflammation.
2019;16(1):69.

Matkowskyj KA, Marrero JA, Carroll RE, Danilkovich AV, Green RM, Benya RV.
Azoxymethane-induced fulminant hepatic failure in C57BL/6J mice:
characterization of a new animal model. Am J Physiol. 1999;277(2):G455-462.
McMillin M, Galindo C, Pae HY, et al. Glil activation and protection against
hepatic encephalopathy is suppressed by circulating transforming growth factor
betal in mice. J Hepatol. 2014;61(6):1260-1266.

Bemeur C, Cudalbu C, Dam G, Thrane AS, Cooper AJ, Rose CF. Brain edema: a
valid endpoint for measuring hepatic encephalopathy? Metab Brain Dis.
2016;31(6):1249-1258.

Bosoi CR, Rose CF. Brain edema in acute liver failure and chronic liver disease:
similarities and differences. Neurochem Int. 2013;62(4):446-457.

Bajaj JS, Bloom PP, Chung RT, et al. Variability and Lability of Ammonia Levels
in Healthy Volunteers and Patients With Cirrhosis: Implications for Trial Design
and Clinical Practice. Am J Gastroenterol. 2020;115(5):783-785.

Hashim IA, Cuthbert JA. Elevated ammonia concentrations: potential for pre-
analytical and analytical contributing factors. Clin Biochem. 2014;47(16-17):233-
236.

El-Khoury JM, Bunch DR, Wang S. Is the effect of hemolysis on plasma
ammonia measurement overrated? Arch Pathol Lab Med. 2012;136(5):471-472.
Goldstein BN, Wesler J, Nowacki AS, Reineks E, Natowicz MR. Investigations of
blood ammonia analysis: Test matrices, storage, and stability. Clin Biochem.
2017;50(9):537-539.

de Graaf RA, Chowdhury GM, Brown PB, Rothman DL, Behar KL. In situ 3D
magnetic resonance metabolic imaging of microwave-irradiated rodent brain: a
new tool for metabolomics research. J Neurochem. 2009;109(2):494-501.

De Chiara F, Thomsen KL, Habtesion A, et al. Ammonia Scavenging Prevents
Progression of Fibrosis in Experimental Nonalcoholic Fatty Liver Disease.
Hepatology. 2020;71(3):874-892.



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Ytrebo LM, Kristiansen RG, Maehre H, et al. L-ornithine phenylacetate
attenuates increased arterial and extracellular brain ammonia and prevents
intracranial hypertension in pigs with acute liver failure. Hepatology.
2009;50(1):165-174.

Butterworth RF, Norenberg MD, Felipo V, et al. Experimental models of hepatic
encephalopathy: ISHEN guidelines. Liver Int. 2009;29(6):783-788.

McGill MR, Williams CD, Xie Y, Ramachandran A, Jaeschke H. Acetaminophen-
induced liver injury in rats and mice: comparison of protein adducts,
mitochondrial dysfunction, and oxidative stress in the mechanism of toxicity.
Toxicol Appl Pharmacol. 2012;264(3):387-394.

Shah N, Montes de Oca M, Jover-Cobos M, et al. Role of toll-like receptor 4 in
mediating multiorgan dysfunction in mice with acetaminophen induced acute liver
failure. Liver Transpl. 2013;19(7):751-761.

Panatto JP, Jeremias IC, Ferreira GK, et al. Inhibition of mitochondrial respiratory
chain in the brain of rats after hepatic failure induced by acetaminophen. Mol Cell
Biochem. 2011;350(1-2):149-154.

Saad MA, Rastanawi AA, El-Yamany MF. Alogliptin abates memory injuries of
hepatic encephalopathy induced by acute paracetamol intoxication via switching-
off autophagy-related apoptosis. Life Sci. 2018;215:11-21.

Vigo MB, Perez MJ, De Fino F, et al. Acute acetaminophen intoxication induces
direct neurotoxicity in rats manifested as astrogliosis and decreased
dopaminergic markers in brain areas associated with locomotor regulation.
Biochem Pharmacol. 2019;170:113662.

llic S, Drmic D, Zarkovic K, et al. High hepatotoxic dose of paracetamol produces
generalized convulsions and brain damage in rats. A counteraction with the
stable gastric pentadecapeptide BPC 157 (PL 14736). J Physiol Pharmacol.
2010;61(2):241-250.

Isobe-Harima Y, Terai S, Miura I, et al. A new hepatic encephalopathy model to
monitor the change of neural amino acids and astrocytes with behaviour
disorder. Liver Int. 2008;28(1):117-125.

Posadas I, Santos P, Blanco A, Munoz-Fernandez M, Cena V. Acetaminophen
induces apoptosis in rat cortical neurons. PLoS One. 2010;5(12):e15360.

Heidari R, Jamshidzadeh A, Niknahad H, et al. Effect of taurine on chronic and
acute liver injury: Focus on blood and brain ammonia. Toxicol Rep. 2016;3:870-
879.

Scorticati C, Prestifilippo JP, Eizayaga FX, et al. Hyperammonemia, brain edema
and blood-brain barrier alterations in prehepatic portal hypertensive rats and
paracetamol intoxication. World J Gastroenterol. 2004;10(9):1321-1324.
Newsome PN, Plevris JN, Nelson LJ, Hayes PC. Animal models of fulminant
hepatic failure: a critical evaluation. Liver Transpl. 2000;6(1):21-31.

Thiel C, Thiel K, Etspueler A, et al. A reproducible porcine model of acute liver
failure induced by intrajejunal acetaminophen administration. Eur Surg Res.
2011;46(3):118-126.

Lee KC, Palacios Jimenez C, Alibhai H, et al. A reproducible, clinically relevant,
intensively managed, pig model of acute liver failure for testing of therapies
aimed to prolong survival. Liver Int. 2013;33(4):544-551.



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Scheuermann K, Thiel C, Thiel K, et al. Correlation of the intracranial pressure to
the central venous pressure in the late phase of acute liver failure in a porcine
model. Acta Neurochir Suppl. 2012;114:387-391.

Baker LA, Lee KC, Palacios Jimenez C, et al. Circulating microRNAs Reveal
Time Course of Organ Injury in a Porcine Model of Acetaminophen-induced
Acute Liver Failure. PLoS One. 2015;10(5):e0128076.

Lee KCL, Baker L, Mallett S, et al. Hypercoagulability progresses to
hypocoagulability during evolution of acetaminophen-induced acute liver injury in
pigs. Sci Rep. 2017;7(1):9347.

Belanger M, Cote J, Butterworth RF. Neurobiological characterization of an
azoxymethane mouse model of acute liver failure. Neurochem Int. 2006;48(6-
7):434-440.

Hori T, Chen F, Baine AM, Gardner LB, Nguyen JH. Fulminant liver failure model
with hepatic encephalopathy in the mouse. Ann Gastroenterol. 2011;24(4):294-
306.

Megaraj V, Ding X, Fang C, Kovalchuk N, Zhu Y, Zhang QY. Role of hepatic and
intestinal p450 enzymes in the metabolic activation of the colon carcinogen
azoxymethane in mice. Chem Res Toxicol. 2014;27(4):656-662.

McMillin MA, Frampton GA, Seiwell AP, Patel NS, Jacobs AN, DeMorrow S.
TGFbetal exacerbates blood-brain barrier permeability in a mouse model of
hepatic encephalopathy via upregulation of MMP9 and downregulation of
claudin-5. Lab Invest. 2015;95(8):903-913.

Chirito E, Reiter B, Lister C, Chang TM. Atrtificial liver: the effect of ACAC
microencapsulated charcoal hemoperfusion on fulminant hepatic failure. Artif
Organs. 1977;1(1):76-83.

Dixit V, Chang TM. Brain edema and the blood brain barrier in galactosamine-
induced fulminant hepatic failure rats. An animal model for evaluation of liver
support systems. ASAIO Trans. 1990;36(1):21-27.

Keppler D, Lesch R, Reutter W, Decker K. Experimental hepatitis induced by D-
galactosamine. Exp Mol Pathol. 1968;9(2):279-290.

Cauli O, Gonzalez-Usano A, Cabrera-Pastor A, et al. Blocking NMDA receptors
delays death in rats with acute liver failure by dual protective mechanisms in
kidney and brain. Neuromolecular Med. 2014;16(2):360-375.

Glorioso JM, Mao SA, Rodysill B, et al. Pivotal preclinical trial of the spheroid
reservoir bioartificial liver. J Hepatol. 2015;63(2):388-398.

van de Kerkhove MP, Hoekstra R, van Gulik TM, Chamuleau RA. Large animal
models of fulminant hepatic failure in artificial and bioartificial liver support
research. Biomaterials. 2004;25(9):1613-1625.

Muller A, Machnik F, Zimmermann T, Schubert H. Thioacetamide-induced
cirrhosis-like liver lesions in rats--usefulness and reliability of this animal model.
Exp Pathol. 1988;34(4):229-236.

Hilgier W, Olson JE. Brain ion and amino acid contents during edema
development in hepatic encephalopathy. J Neurochem. 1994;62(1):197-204.
Rama Rao KV, Reddy PV, Tong X, Norenberg MD. Brain edema in acute liver
failure: inhibition by L-histidine. Am J Pathol. 2010;176(3):1400-1408.



47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

S7.

58.

59.

60.

61.

Zimmermann C, Ferenci P, Pifl C, et al. Hepatic encephalopathy in
thioacetamide-induced acute liver failure in rats: characterization of an improved
model and study of amino acid-ergic neurotransmission. Hepatology.
1989;9(4):594-601.

Abdel-Rafei M, Amin MM, Hasan HF. Novel effect of Daflon and low-dose
gamma-radiation in modulation of thioacetamide-induced hepatic
encephalopathy in male albino rats. Hum Exp Toxicol. 2017;36(1):62-81.
Jayakumar AR, Valdes V, Norenberg MD. The Na-K-ClI cotransporter in the brain
edema of acute liver failure. J Hepatol. 2011;54(2):272-278.

Tsai CY, Su CH, Chan JY, Chan SH. Nitrosative Stress-Induced Disruption of
Baroreflex Neural Circuits in a Rat Model of Hepatic Encephalopathy: A DTI
Study. Sci Rep. 2017;7:40111.

Sathyasaikumar KV, Swapna |, Reddy PV, et al. Co-administration of C-
Phycocyanin ameliorates thioacetamide-induced hepatic encephalopathy in
Wistar rats. J Neurol Sci. 2007;252(1):67-75.

Jia W, Liu J, Hu R, et al. Xiaochaihutang Improves the Cortical Astrocyte Edema
in Thioacetamide-Induced Rat Acute Hepatic Encephalopathy by Activating
NRF2 Pathway. Front Pharmacol. 2020;11:382.

ltzhak Y, Roig-Cantisano A, Dombro RS, Norenberg MD. Acute liver failure and
hyperammonemia increase peripheral-type benzodiazepine receptor binding and
pregnenolone synthesis in mouse brain. Brain Res. 1995;705(1-2):345-348.
Jayakumar AR, Bethea JR, Tong XY, Gomez J, Norenberg MD. NF-kappaB in
the mechanism of brain edema in acute liver failure: studies in transgenic mice.
Neurobiol Dis. 2011;41(2):498-507.

Sarhan S, Knodgen B, Grauffel C, Seiler N. Effects of inhibition of ornithine
aminotransferase on thioacetamide-induced hepatogenic encephalopathy.
Neurochem Res. 1993;18(4):539-549.

Bai Y, Wang S, Wu F, Xie X, Wang Y, Yang Y. The Changes of Mitochondria in
Substantia Nigra and Anterior Cerebral Cortex of Hepatic Encephalopathy
Induced by Thioacetamide. Anat Rec (Hoboken). 2019;302(7):1169-1177.
Chung C, Gottstein J, Blei AT. Indomethacin prevents the development of
experimental ammonia-induced brain edema in rats after portacaval
anastomosis. Hepatology. 2001;34(2):249-254.

Swain M, Butterworth RF, Blei AT. Ammonia and related amino acids in the
pathogenesis of brain edema in acute ischemic liver failure in rats. Hepatology.
1992;15(3):449-453.

Traber P, DalCanto M, Ganger D, Blei AT. Effect of body temperature on brain
edema and encephalopathy in the rat after hepatic devascularization.
Gastroenterology. 1989;96(3):885-891.

Chatauret N, Rose C, Therrien G, Butterworth RF. Mild hypothermia prevents
cerebral edema and CSF lactate accumulation in acute liver failure. Metab Brain
Dis. 2001;16(1-2):95-102.

Rose C, Michalak A, Pannunzio M, Chatauret N, Rambaldi A, Butterworth RF.
Mild hypothermia delays the onset of coma and prevents brain edema and
extracellular brain glutamate accumulation in rats with acute liver failure.
Hepatology. 2000;31(4):872-877.



62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Jiang W, Desjardins P, Butterworth RF. Direct evidence for central
proinflammatory mechanisms in rats with experimental acute liver failure:
protective effect of hypothermia. J Cereb Blood Flow Metab. 2009;29(5):944-952.
Chastre A, Jiang W, Desjardins P, Butterworth RF. Ammonia and
proinflammatory cytokines modify expression of genes coding for astrocytic
proteins implicated in brain edema in acute liver failure. Metab Brain Dis.
2010;25(1):17-21.

Ryska M, Kieslichova E, Pantoflicek T, et al. Devascularization surgical model of
acute liver failure in minipigs. Eur Surg Res. 2004;36(3):179-184.

Ytrebo LM, Ekse S, Sen S, et al. Contractile response of femoral arteries in pigs
with acute liver failure. Scand J Gastroenterol. 2004;39(10):1000-1004.

Wang H, Ohkohchi N, Enomoto Y, et al. Effect of portocaval shunt on residual
extreme small liver after extended hepatectomy in porcine. World J Surg.
2006;30(11):2014-2022; discussion 2023-2014.

Arkadopoulos N, Defterevos G, Nastos C, et al. Development of a porcine model
of post-hepatectomy liver failure. J Surg Res. 2011;170(2):e233-242.

Ladurner R, Schenk M, Margreiter R, Offner F, Konigsrainer A. Influence of
portosystemic shunt on liver regeneration after hepatic resection in pigs. HPB
Surg. 2009;2009:835965.

Ladurner R, Traub F, Schenk M, Konigsrainer A, Glatzle J. Cellular liver
regeneration after extended hepatic resection in pigs. HPB Surg.
2009;2009:306740.

Molino G, Avagnina P, Garrone C, et al. Time-dependent modifications of
splanchnic circulation in female pigs submitted to end-to-side portacaval
anastomosis. Dig Dis Sci. 2001;46(3):489-494.

Ytrebo LM, Nedredal GlI, Langbakk B, Revhaug A. An experimental large animal
model for the assessment of bioartificial liver support systems in fulminant
hepatic failure. Scand J Gastroenterol. 2002;37(9):1077-1088.

Kristiansen RG, Lindal S, Myreng K, Revhaug A, Ytrebo LM, Rose CF.
Neuropathological changes in the brain of pigs with acute liver failure. Scand J
Gastroenterol. 2010;45(7-8):935-943.

Rose C, Ytrebo LM, Davies NA, et al. Association of reduced extracellular brain
ammonia, lactate, and intracranial pressure in pigs with acute liver failure.
Hepatology. 2007;46(6):1883-1892.

Sen S, Rose C, Ytrebo LM, et al. Effect of albumin dialysis on intracranial
pressure increase in pigs with acute liver failure: a randomized study. Crit Care
Med. 2006;34(1):158-164.

Nedredal Gl, Elvevold K, Ytrebo LM, et al. Significant contribution of liver
nonparenchymal cells to metabolism of ammonia and lactate and cocultivation
augments the functions of a bioartificial liver. Am J Physiol Gastrointest Liver
Physiol. 2007;293(1):G75-83.

Yagi S, lida T, Hori T, et al. Effect of portal haemodynamics on liver graft and
intestinal mucosa after small-for-size liver transplantation in swine. Eur Surg Res.
2012;48(3):163-170.

Cudalbu C, McLin VA, Lei H, et al. The C57BL/6J mouse exhibits sporadic
congenital portosystemic shunts. PLoS One. 2013;8(7):e69782.



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Or M, Devriendt N, Kitshoff AM, et al. Ammonia concentrations in arterial blood,
venous blood, and cerebrospinal fluid of dogs with and without congenital
extrahepatic portosystemic shunts. Am J Vet Res. 2017;78(11):1313-1318.
Bosoi CR, Tremblay M, Rose CF. Induction of systemic oxidative stress leads to
brain oedema in portacaval shunted rats. Liver Int. 2014;34(9):1322-1329.
Gandhi CR, Murase N, Subbotin VM, et al. Portacaval shunt causes apoptosis
and liver atrophy in rats despite increases in endogenous levels of major hepatic
growth factors. J Hepatol. 2002;37(3):340-348.

Apelgvist G, Hindfelt B, Andersson G, Bengtsson F. Altered adaptive behaviour
expressed in an open-field paradigm in experimental hepatic encephalopathy.
Behav Brain Res. 1999;106(1-2):165-173.

Coy DL, Mehta R, Zee P, Salchli F, Turek FW, Blei AT. Portal-systemic shunting
and the disruption of circadian locomotor activity in the rat. Gastroenterology.
1992;103(1):222-228.

Cuschieri A, Baker PR, Holley MP, Hanson C. Portacaval shunt in the pig 1.
Effect on survival, behavior, nutrition, and liver function. J Surg Res.
1974;17(6):387-396.

Halvorsen JF, Myking AO. Prehepatic portal hypertension in the rat. Immediate
and long-term effects on portal vein and aortic pressure of a graded portal vein
stenosis, followed by occlusion of the portal vein and spleno-renal collaterals. Eur
Surg Res. 1979;11(2):89-98.

Praktiknjo M, Simon-Talero M, Romer J, et al. Total area of spontaneous
portosystemic shunts independently predicts hepatic encephalopathy and
mortality in liver cirrhosis. J Hepatol. 2020.

Rokusz A, Veres D, Szucs A, et al. Ductular reaction correlates with fibrogenesis
but does not contribute to liver regeneration in experimental fibrosis models.
PL0S One. 2017;12(4):e0176518.

Yang N, Liu H, Jiang Y, et al. Lactulose enhances neuroplasticity to improve
cognitive function in early hepatic encephalopathy. Neural Regen Res.
2015;10(9):1457-1462.

Liu R, Kang JD, Sartor RB, et al. Neuroinflammation in Murine Cirrhosis Is
Dependent on the Gut Microbiome and Is Attenuated by Fecal Transplant.
Hepatology. 2019.

Kang DJ, Betrapally NS, Ghosh SA, et al. Gut microbiota drive the development
of neuroinflammatory response in cirrhosis in mice. Hepatology.
2016;64(4):1232-1248.

Liu R, Ahluwalia V, Kang JD, et al. Effect of Increasing Age on Brain Dysfunction
in Cirrhosis. Hepatol Commun. 2019;3(1):63-73.

Vairappan B, Sundhar M, Srinivas BH. Resveratrol Restores Neuronal Tight
Junction Proteins Through Correction of Ammonia and Inflammation in CCl4-
Induced Cirrhotic Mice. Mol Neurobiol. 2019;56(7):4718-4729.

Nicaise C, Prozzi D, Viaene E, et al. Control of acute, chronic, and constitutive
hyperammonemia by wild-type and genetically engineered Lactobacillus
plantarum in rodents. Hepatology. 2008;48(4):1184-1192.



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Haeger P, Bouchet A, Ossandon C, Bresky G. Treatment with Melatonin
Improves Cognitive Behavior and Motor Skills in a Rat Model of Liver Fibrosis.
Ann Hepatol. 2019;18(1):101-108.

Schmandra TC, Bauer H, Petrowsky H, Herrmann G, Encke A, Hanisch E. Effect
of fibrin glue occlusion of the hepatobiliary tract on thioacetamide-induced liver
failure. Am J Surg. 2001;182(1):58-63.

Singh S, Trigun SK. Activation of neuronal nitric oxide synthase in cerebellum of
chronic hepatic encephalopathy rats is associated with up-regulation of NADPH-
producing pathway. Cerebellum. 2010;9(3):384-397.

Jayakumar AR, Tong XY, Curtis KM, et al. Decreased astrocytic
thrombospondin-1 secretion after chronic ammonia treatment reduces the level
of synaptic proteins: in vitro and in vivo studies. J Neurochem. 2014;131(3):333-
347.

Masumi S, Moriyama M, Kannan Y, et al. Characteristics of nitrogen metabolism
in rats with thioacetamide-induced liver cirrhosis. Toxicology. 1999;132(2-3):155-
166.

Noda S, Masumi S, Moriyama M, et al. Population of hepatic macrophages and
response of perfused liver to platelet-activating factor during production of
thioacetamide-induced cirrhosis in rats. Hepatology. 1996;24(2):412-418.
Wallace MC, Hamesch K, Lunova M, et al. Standard operating procedures in
experimental liver research: thioacetamide model in mice and rats. Lab Anim.
2015;49(1 Suppl):21-29.

Kang JS, Wanibuchi H, Morimura K, et al. Enhancement by estradiol 3-benzoate
in thioacetamide-induced liver cirrhosis of rats. Toxicol Sci. 2005;85(1):720-726.
Li X, Benjamin IS, Alexander B. Reproducible production of thioacetamide-
induced macronodular cirrhosis in the rat with no mortality. J Hepatol.
2002;36(4):488-493.

Low TY, Leow CK, Salto-Tellez M, Chung MC. A proteomic analysis of
thioacetamide-induced hepatotoxicity and cirrhosis in rat livers. Proteomics.
2004;4(12):3960-3974.

Balasubramanian V, Mehta G, Jones H, et al. Post-Transcriptional Regulation of
Hepatic DDAH1 with TNF Blockade Leads to Improved eNOS Function and
Reduced Portal Pressure In Cirrhotic Rats. Sci Rep. 2017;7(1):17900.

Bosoi CR, Parent-Robitaille C, Anderson K, Tremblay M, Rose CF. AST-120
(spherical carbon adsorbent) lowers ammonia levels and attenuates brain edema
in bile duct-ligated rats. Hepatology. 2011;53(6):1995-2002.

Braissant O, Rackayova V, Pierzchala K, Grosse J, McLin VA, Cudalbu C.
Longitudinal neurometabolic changes in the hippocampus of a rat model of
chronic hepatic encephalopathy. J Hepatol. 2019;71(3):505-515.

Leke R, Oliveira DL, Forgiarini LF, et al. Impairment of short term memory in rats
with hepatic encephalopathy due to bile duct ligation. Metab Brain Dis.
2013;28(2):187-192.

Bosoi CR, Zwingmann C, Marin H, et al. Increased brain lactate is central to the
development of brain edema in rats with chronic liver disease. J Hepatol.
2014;60(3):554-560.



108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

Leke R, de Oliveira DL, Mussulini BH, et al. Impairment of the organization of
locomotor and exploratory behaviors in bile duct-ligated rats. PLoS One.
2012;7(5):€36322.

Rackayova V, Braissant O, McLin VA, Berset C, Lanz B, Cudalbu C. (1)H and
(31)P magnetic resonance spectroscopy in a rat model of chronic hepatic
encephalopathy: in vivo longitudinal measurements of brain energy metabolism.
Metab Brain Dis. 2016;31(6):1303-1314.

Chavarria L, Oria M, Romero-Gimenez J, Alonso J, Lope-Piedrafita S, Cordoba
J. Brain magnetic resonance in experimental acute-on-chronic liver failure. Liver
Int. 2013;33(2):294-300.

Davies NA, Wright G, Ytrebo LM, et al. L-ornithine and phenylacetate
synergistically produce sustained reduction in ammonia and brain water in
cirrhotic rats. Hepatology. 2009;50(1):155-164.

Cudalbu C, Taylor-Robinson SD. Brain Edema in Chronic Hepatic
Encephalopathy. J Clin Exp Hepatol. 2019;9(3):362-382.

Rodrigo R, Cauli O, Gomez-Pinedo U, et al. Hyperammonemia induces
neuroinflammation that contributes to cognitive impairment in rats with hepatic
encephalopathy. Gastroenterology. 2010;139(2):675-684.

Wright G, Davies NA, Shawcross DL, et al. Endotoxemia produces coma and
brain swelling in bile duct ligated rats. Hepatology. 2007;45(6):1517-1526.
Wright G, Soper R, Brooks HF, et al. Role of aquaporin-4 in the development of
brain oedema in liver failure. J Hepatol. 2010;53(1):91-97.

D'Mello C, Almishri W, Liu H, Swain MG. Interactions Between Platelets and
Inflammatory Monocytes Affect Sickness Behavior in Mice With Liver
Inflammation. Gastroenterology. 2017;153(5):1416-1428 e1412.

Nguyen K, D'Mello C, Le T, Urbanski S, Swain MG. Regulatory T cells suppress
sickness behaviour development without altering liver injury in cholestatic mice. J
Hepatol. 2012;56(3):626-631.

O'Brien A, China L, Massey KA, et al. Bile duct-ligated mice exhibit multiple
phenotypic similarities to acute decompensation patients despite histological
differences. Liver Int. 2016;36(6):837-846.

Therrien G, Rose C, Butterworth J, Butterworth RF. Protective effect of L-
carnitine in ammonia-precipitated encephalopathy in the portacaval shunted rat.
Hepatology. 1997;25(3):551-556.

Katz S, Jimenez MA, Lehmkuhler WE, Grosfeld JL. Liver bacterial clearance
following hepatic artery ligation and portacaval shunt. J Surg Res.
1991;51(3):267-270.

Garcia-Lezana T, Oria M, Romero-Gimenez J, et al. Cerebellar
neurodegeneration in a new rat model of episodic hepatic encephalopathy. J
Cereb Blood Flow Metab. 2017;37(3):927-937.

Oria M, Chatauret N, Chavarria L, et al. Motor-evoked potentials in awake rats
are a valid method of assessing hepatic encephalopathy and of studying its
pathogenesis. Hepatology. 2010;52(6):2077-2085.

Oria M, Romero-Gimenez J, Arranz JA, Riudor E, Raguer N, Cordoba J.
Ornithine phenylacetate prevents disturbances of motor-evoked potentials



124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

induced by intestinal blood in rats with portacaval anastomosis. J Hepatol.
2012;56(1):109-114.

Davuluri G, Allawy A, Thapaliya S, et al. Hyperammonaemia-induced skeletal
muscle mitochondrial dysfunction results in cataplerosis and oxidative stress. J
Physiol. 2016;594(24):7341-7360.

Davuluri G, Krokowski D, Guan BJ, et al. Metabolic adaptation of skeletal muscle
to hyperammonemia drives the beneficial effects of I-leucine in cirrhosis. J
Hepatol. 2016;65(5):929-937.

Harry D, Anand R, Holt S, et al. Increased sensitivity to endotoxemia in the bile
duct-ligated cirrhotic Rat. Hepatology. 1999;30(5):1198-1205.

Azorin I, Minana MD, Felipo V, Grisolia S. A simple animal model of
hyperammonemia. Hepatology. 1989;10(3):311-314.

Wright G, Vairappan B, Stadlbauer V, Mookerjee RP, Davies NA, Jalan R.
Reduction in hyperammonaemia by ornithine phenylacetate prevents
lipopolysaccharide-induced brain edema and coma in cirrhotic rats. Liver Int.
2012;32(3):410-4109.

Agostoni V, Lee SH, Forster V, et al. Liposome-Supported Peritoneal Dialysis for
the Treatment of Hyperammonemia-Associated Encephalopathy. Adv Funct
Mater 2016;26(46):8382—8389.

Rackayova V, Flatt E, Braissant O, et al. Probiotics improve the neurometabolic
profile of rats with chronic cholestatic liver disease. Sci Rep. 2021;11(1):2269.
Johansson M, Agusti A, Llansola M, et al. GR3027 antagonizes GABAA
receptor-potentiating neurosteroids and restores spatial learning and motor
coordination in rats with chronic hyperammonemia and hepatic encephalopathy.
Am J Physiol Gastrointest Liver Physiol. 2015;309(5):G400-409.

Bemeur C, Vaquero J, Desjardins P, Butterworth RF. N-acetylcysteine attenuates
cerebral complications of non-acetaminophen-induced acute liver failure in mice:
antioxidant and anti-inflammatory mechanisms. Metab Brain Dis. 2010;25(2):241-
249,

Jiang W, Desjardins P, Butterworth RF. Minocycline attenuates
oxidative/nitrosative stress and cerebral complications of acute liver failure in
rats. Neurochem Int. 2009;55(7):601-605.

Rose C, Michalak A, Rao KV, Quack G, Kircheis G, Butterworth RF. L-ornithine-
L-aspartate lowers plasma and cerebrospinal fluid ammonia and prevents brain
edema in rats with acute liver failure. Hepatology. 1999;30(3):636-640.

Bemeur C, Desjardins P, Butterworth RF. Antioxidant and anti-inflammatory
effects of mild hypothermia in the attenuation of liver injury due to azoxymethane
toxicity in the mouse. Metab Brain Dis. 2010;25(1):23-29.

Bemeur C, Qu H, Desjardins P, Butterworth RF. IL-1 or TNF receptor gene
deletion delays onset of encephalopathy and attenuates brain edema in
experimental acute liver failure. Neurochem Int. 2010;56(2):213-215.

Chastre A, Belanger M, Beauchesne E, Nguyen BN, Desjardins P, Butterworth
RF. Inflammatory cascades driven by tumor necrosis factor-alpha play a major
role in the progression of acute liver failure and its neurological complications.
PL0S One. 2012;7(11):e49670.



138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

McMillin M, Frampton G, Grant S, et al. Bile Acid-Mediated Sphingosine-1-
Phosphate Receptor 2 Signaling Promotes Neuroinflammation during Hepatic
Encephalopathy in Mice. Front Cell Neurosci. 2017;11:191.

McMillin M, Frampton G, Quinn M, et al. Bile Acid Signaling Is Involved in the
Neurological Decline in a Murine Model of Acute Liver Failure. Am J Pathol.
2016;186(2):312-323.

McMillin M, Grant S, Frampton G, et al. FXR-Mediated Cortical Cholesterol
Accumulation Contributes to the Pathogenesis of Type A Hepatic
Encephalopathy. Cell Mol Gastroenterol Hepatol. 2018;6(1):47-63.

Jayakumar AR, Ruiz-Cordero R, Tong XY, Norenberg MD. Brain edema in acute
liver failure: role of neurosteroids. Arch Biochem Biophys. 2013;536(2):171-175.
Grant S, McMillin M, Frampton G, et al. Direct Comparison of the Thioacetamide
and Azoxymethane Models of Type A Hepatic Encephalopathy in Mice. Gene
Expr. 2018;18(3):171-185.

Bemeur C, Chastre A, Desjardins P, Butterworth RF. No changes in expression
of tight junction proteins or blood—brain barrier permeability in azoxymethane-
induced experimental acute liver failure. Neurochemistry International.
2010;56(2):205-207.

Nguyen JH, Yamamoto S, Steers J, et al. Matrix metalloproteinase-9 contributes
to brain extravasation and edema in fulminant hepatic failure mice. J Hepatol.
2006;44(6):1105-1114.

Chastre A, Belanger M, Nguyen BN, Butterworth RF. Lipopolysaccharide
precipitates hepatic encephalopathy and increases blood-brain barrier
permeability in mice with acute liver failure. Liver Int. 2014;34(3):353-361.
Czochra P, Klopcic B, Meyer E, et al. Liver fibrosis induced by hepatic
overexpression of PDGF-B in transgenic mice. J Hepatol. 2006;45(3):419-428.
Thieringer F, Maass T, Czochra P, et al. Spontaneous hepatic fibrosis in
transgenic mice overexpressing PDGF-A. Gene. 2008;423(1):23-28.
Baghdasaryan A, Fickert P, Fuchsbichler A, et al. Role of hepatic phospholipids
in development of liver injury in Mdr2 (Abcb4) knockout mice. Liver Int.
2008;28(7):948-958.

Caudle SE, Katzenstein JM, Karpen SJ, McLin VA. Language and motor skills
are impaired in infants with biliary atresia before transplantation. J Pediatr.
2010;156(6):936-940 €931.

Ohnemus D, Neighbors K, Rychlik K, et al. Health-Related Quality of Life and
Cognitive Functioning in Pediatric Liver Transplant Recipients. Liver Transpl.
2020;26(1):45-56.

Sorensen LG, Neighbors K, Martz K, et al. Longitudinal study of cognitive and
academic outcomes after pediatric liver transplantation. J Pediatr.
2014;165(1):65-72 e62.

Rackayova V, Braissant O, Rougemont AL, Cudalbu C, McLin VA. Longitudinal
osmotic and neurometabolic changes in young rats with chronic cholestatic liver
disease. Sci Rep. 2020;10(1):7536.

Caudle SE, Katzenstein JM, Karpen S, McLin V. Developmental assessment of
infants with biliary atresia: differences between boys and girls. J Pediatr
Gastroenterol Nutr. 2012;55(4):384-389.



154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Marini S, Santangeli O, Saarelainen P, et al. Abnormalities in the
Polysomnographic, Adenosine and Metabolic Response to Sleep Deprivation in
an Animal Model of Hyperammonemia. Front Physiol. 2017;8:636.

Jover R, Rodrigo R, Felipo V, et al. Brain edema and inflammatory activation in
bile duct ligated rats with diet-induced hyperammonemia: A model of hepatic
encephalopathy in cirrhosis. Hepatology. 2006;43(6):1257-1266.

Bosoi CR, Yang X, Huynh J, et al. Systemic oxidative stress is implicated in the
pathogenesis of brain edema in rats with chronic liver failure. Free Radic Biol
Med. 2012;52(7):1228-1235.

Dhanda S, Gupta S, Halder A, Sunkaria A, Sandhir R. Systemic inflammation
without gliosis mediates cognitive deficits through impaired BDNF expression in
bile duct ligation model of hepatic encephalopathy. Brain Behav Immun.
2018;70:214-232.

Aguilar MA, Minarro J, Felipo V. Chronic moderate hyperammonemia impairs
active and passive avoidance behavior and conditional discrimination learning in
rats. Exp Neurol. 2000;161(2):704-713.

Fabri DR, Hott SC, Reis DG, Biojone C, Correa FM, Resstel LB. The expression
of contextual fear conditioning involves activation of a NMDA receptor-nitric
oxide-cGMP pathway in the dorsal hippocampus of rats. Eur
Neuropsychopharmacol. 2014;24(10):1676-1686.

Ji ES, Kim YM, Shin MS, et al. Treadmill exercise enhances spatial learning
ability through suppressing hippocampal apoptosis in Huntington's disease rats. J
Exerc Rehabil. 2015;11(3):133-139.

Shen TC, Albenberg L, Bittinger K, et al. Engineering the gut microbiota to treat
hyperammonemia. J Clin Invest. 2015;125(7):2841-2850.

Aghaei |, Saeedi Saravi SS, Ghotbi Ravandi S, et al. Evaluation of prepulse
inhibition and memory impairments at early stage of cirrhosis may be considered
as a diagnostic index for minimal hepatic encephalopathy. Physiol Behav.
2017;173:87-94.

Ali SH, Madhana RM, K VA, et al. Resveratrol ameliorates depressive-like
behavior in repeated corticosterone-induced depression in mice. Steroids.
2015;101:37-42.

Bederson JB, Pitts LH, Tsuji M, Nishimura MC, Davis RL, Bartkowski H. Rat
middle cerebral artery occlusion: evaluation of the model and development of a
neurologic examination. Stroke. 1986;17(3):472-476.

Bouet V, Freret T, Toutain J, Divoux D, Boulouard M, Schumann-Bard P.
Sensorimotor and cognitive deficits after transient middle cerebral artery
occlusion in the mouse. Exp Neurol. 2007;203(2):555-567.

Farrar AM, Murphy CA, Paterson NE, et al. Cognitive deficits in transgenic and
knock-in HTT mice parallel those in Huntington's disease. J Huntingtons Dis.
2014;3(2):145-158.

Fortin NJ, Wright SP, Eichenbaum H. Recollection-like memory retrieval in rats is
dependent on the hippocampus. Nature. 2004;431(7005):188-191.

Franca MER, Ramos R, Oliveira WH, et al. Tadalafil restores long-term memory
and synaptic plasticity in mice with hepatic encephalopathy. Toxicol Appl
Pharmacol. 2019;379:114673.



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

Glynn D, Skillings EA, Morton AJ. A comparison of discrimination learning in
touchscreen and 2-choice swim tank using an allelic series of Huntington's
disease mice. J Neurosci Methods. 2016;265:56-71.

Hua Y, Schallert T, Keep RF, Wu J, Hoff JT, Xi G. Behavioral tests after
intracerebral hemorrhage in the rat. Stroke. 2002;33(10):2478-2484.

Lainiola M, Procaccini C, Linden AM. mGIuR3 knockout mice show a working
memory defect and an enhanced response to MK-801 in the T- and Y-maze
cognitive tests. Behav Brain Res. 2014;266:94-103.

Lee JH, Tigchelaar S, Liu J, et al. Lack of neuroprotective effects of simvastatin
and minocycline in a model of cervical spinal cord injury. Exp Neurol.
2010;225(1):219-230.

Li Y, Mei LH, Qiang JW, Ji CX, Ju S. Reduction of manganese intake improves
neuropsychological manifestations in rats with minimal hepatic encephalopathy.
Neuroscience. 2017;347:148-155.

Luo J, Wang T, Liang S, Hu X, Li W, Jin F. Ingestion of Lactobacillus strain
reduces anxiety and improves cognitive function in the hyperammonemia rat. Sci
China Life Sci. 2014;57(3):327-335.

Mi XJ, Chen SW, Wang WJ, et al. Anxiolytic-like effect of paeonol in mice.
Pharmacol Biochem Behav. 2005;81(3):683-687.

Torres-Lista V, Lopez-Pousa S, Gimenez-Llort L. Marble-burying is enhanced in
3xTg-AD mice, can be reversed by risperidone and it is modulable by handling.
Behav Processes. 2015;116:69-74.

Wooden JI, Pido J, Mathews H, Kieltyka R, Montemayor BA, Ward CP. Sleep
deprivation impairs recall of social transmission of food preference in rats. Nat
Sci Sleep. 2014;6:129-135.

Wu H, Cottingham C, Chen L, et al. Age-dependent differential regulation of
anxiety- and depression-related behaviors by neurabin and spinophilin. PLoS
One. 2017;12(7):e0180638.

Yadav R, Gupta SC, Hillman BG, Bhatt JM, Stairs DJ, Dravid SM. Deletion of
glutamate delta-1 receptor in mouse leads to aberrant emotional and social
behaviors. PLoS One. 2012;7(3):e329609.

Cauli O, Llansola M, Agusti A, et al. Cerebral oedema is not responsible for
motor or cognitive deficits in rats with hepatic encephalopathy. Liver Int.
2014;34(3):379-387.



Table 1:

Parameter

Methodology

Pinna reflex

Touching the auditory meatus with a cotton applicator and
observing ear retraction or head movement

Corneal reflex

Gently touching the cornea with a cotton applicator and
measuring the blink response

Tail flexion

Tail pinch with forceps and assessing tail flexion

Escape response

Tail pinch by forceps and a subsequent movement of mice away
from stimuli

Righting reflex

Placing the mice on their backs and assessing the time for them
to right themselves

Ataxia

Placing mice on wire cage lid and observing the number of times
a foot falls through the lid




Table 2.
Reference

Leke, et al.
108

Leke, et al.
96

Jover, et
a|_ 155

Bosoi, et
a|_ 104, 156

Braissant,
et al. 1

Dhanda, et
al., 157

Rodrigo, et
al. 113

Subjects

Adult female
Wistar rats

@ 6 weeks post-
BDL

Adult male
Wistar rats

@ 6 weeks post-
BDL

Adult male
Wistar rats

@ 2 weeks post-
BDL and + 3
weeks HD diet

Adult male SD
rats

@ 6 weeks post-
BDL

BDL +
Allopurinol and
BDL + AST-120

Adult male
Wistar rats

@ 4, 6, 8 weeks
post-BDL

Adult male
Wistar rats

@ 4 weeks post-
BDL

Adult male
Wistar rats

@ 2 weeks post-
BDL + 10and 21

Type of test

Open Field

Elevated
Plus-Maze

Foot-Fault

Object
Recognition
Task

Rotarod

Beam
Walking

Locomotor
Activity

Locomotor
Activity

Open Field
(Locomotor
Activity)

Morris Water
Maze

Memory
Retrieval

Novel Object
Recognition
Task

Motor
Activity

Y-Maze
Learning Test

Results

Disturbed spontaneous locomotor and exploratory activities
as a consequence of altered spatio-temporal organization of
behavior

Impaired STM for recognition memory

Mild impairment of motor coordination

| spontaneous activity

|total distance traveled and normalized after AST-120 or
allopurinol

| total distance traveled

1 in total time taken and distance travelled, no change in
velocity

| no of entries, time spent and distance travelled in platform
zone

| no of entries in known and novel object zone

| Motor activity
| Learning ability

Ibuprofen restored learning and motor activity in BDL rats



Cauli, et
a|_ 180

days after
ibuprofen

Male Wistar rats
@ 4 weeks post
PCS surgery

Automated
actimeter
(Motor
activity)

Rotarod and
beam walking
test (Motor
coordination)

Y maze test
(Learning)

Morris water
maze (Spatial
memory)

| Spontaneous motor activity at 4 weeks post-PCS

Motor coordination was impaired at 4 weeks post-PCS

| Learning ability at 4 weeks post-PCS

| Memory at 4 weeks post-PCS



Fig1:

Bile-duct ligation » -
Portacaval anastomosis

+ Hepatic artery ligation

Portacaval anastomosis l

—>"<—

[ Carbon tetrachloride

Thioacetamide




Adequate of tissue and blood
(sacrifice)

Transgenic

Surgical models feasible

Repeated sampling

Inexpensive for drug testing
(dose/kg)

Inexpensive for drug testing
(dose/kg)

Biopsies

Available molecular probes
(antibodies +++)

Available molecular probes
(antibodies +)

Study in ICU setting

Deep database

Deep database

Testing therapeutic human devices
(ex. liver support systems)

Restricted blood and tissue
(sacrifice)

Blood and tissue (sacrifice)

Anesthesized model; lack of clinical
or behavioral symptoms

Repeated blood sampling;
challenging

Repeated blood sampling;
limited

$S$S (animals, housing, staff,
equipment)
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Practicality Reproducibility | Recommended
Type A
APA Mice ko *% %
Rats * k% * ¥k *
P|gs * % * %k KK K
AOM Mice * k% * k¥ kK
D-GAL Rats kK * *
Pigs ok * *
TAA Mice % %k %k * ¥k %k
Rats * k% *¥k *¥k
HAL Rats * ok dookok
Pigs * * ok ETTS
Type B
PCA Rats * * ¥k kg
PIgS * * %k %k
TypeC
CcCL4 Mice Kk *k *k
Rats * %k % *
TAA Rats ik * **
BDL Mice ¥ * ¥
Rats o *kok sk




