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1. List of abbreviations

ALF: acute liver failure

ANOVA: analysis of variance

AraC: cytosine B-D-arabinofuranoside hydrochloride
BPTES: Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide
BT: bacterial translocation

cAMP: Cyclic adenosine monophosphate

cGMP: Cyclic guanosine monophosphate

CLD: chronic liver disease

CM-H,DCFDA: a chloromethyl derivative of 2',7'-dichlorodihydrofluorescein diacetate
cPSS: congenital portosystemic shunt

DAMP: danger-associated molecular pattern
DMSO: Dimethyl Sulfoxide

DON: 6-Diazo-5-oxo-I-norleucineu

EAAT: Excitatory amino acid transporters

ELISA: enzyme-linked immunosorbent assay
GFAP: glial fibrillary acidic protein

GLAST: L-glutamate/L-aspartate transporter

GTK: Glutamine transaminase K

GTL: Glutamine transaminase K

h: hour

HE: hepatic encephalopathy

Iba-1: lonized Calcium-binding Adapter Molecule-1
IL: interleukin

KGA: kidney-type glutaminase

LDH: lactate dehydrogenase



LGA: liver-type glutaminase

LME: L-Leucine methyl ester

LPS: lipopolysaccharide

MAPK: mitogen-activated protein kinases
MEM: minimal essential medium

MHE: minimal hepatic encephalopathy

min: minute

Mn: manganese

MRI: Magnetic resonance imaging

MRNA: messenger ribonucleic acid

NADPH: Nicotinamide adenine dinucleotide phosphate
NF-kB: nuclear factor kappa B

NR: neutral red

PAMP: pathogen-associated molecular pattern
PDE: phosphodiesterase

PI: propidium iodide

PRR: pattern recognition receptor

RNOS: reactive nitrogen and oxygen species
RNS: reactive nitrogen species

ROS: reactive oxygen species

rpm: Revolutions per minute

S.E.M: standard error of mean

SIRS: Systemic inflammatory response syndrome
TNF-a: tumor necrosis factor alpha

a-KGM: a-ketoglutaramate



2. Summary

Astrocytes are the most abundant glial cell type in the brain. They were historically
considered as a homogenous cell population; however an increasing body of evidence
suggests that there is morphological and functional heterogeneity of this cell type, thus distinct
astrocyte subtypes can be found in the brain. They are crucial for the physiological function of
the nervous system, since they provide energy for neurons by releasing lactate in the
extracellular compartment, coordinate neurovascular coupling, control synaptic transmission,
have role in synapse formation, recycle the neurotransmitter glutamate and maintain ion
homeostasis. Since astrocyte have many essential functions, not surprisingly, they also have
pivotal role under pathological conditions. One of these conditions is hepatic encephalopathy
(HE), a serious neurological complication of liver failure or portosystemic shunt. Astrocyte
swelling represents the leading cause of cerebral edema during acute HE, while chronic HE
can be characterised by the so-called Alzheimer Type Il astrocytosis. The precise etiology of
HE is still unknown, however there is a growing body of evidence indicating that
hyperammonemia, cerebral accumulation of ammonia and manganese, alteration of
neurotransmitter systems, bacterial translocation, systemic inflammation as well as oxidative
stress have essential role in the pathogenesis of HE. Beside these events, in the last few
decades neuroinflammation has attracted considerable attention. Microglia as resident
macrophages, are the key cellular participants in neuroinflammation by producing
inflammatory mediators including cytokines, reactive oxygen species and other small
molecules, such as nitric oxide. Astrocytes have also been implicated in neuroinflammatory
events; however their role has not been fully clarified yet, due to the fact that studies
addressing this question, used different or even not appropriate models, thus it is doubtful

whether the findings are attributable exclusively to astrocytes or not.

More recently, several studies established that phosphodiesterase (PDE) inhibitors have
some effects not associated directly to the inhibition of PDE enzyme. PDE inhibitors have
impact on neuroinflammation by changing phenotype polarization and cytokine production of
microglia or attenuating astroglial reactivity. Moreover, a study found unexpectedly that one of
the PDE inhibitors is able to inhibit the glutaminase enzyme as well. Since there is a growing
body of evidence that glutaminase is required for some neuroinflammatory processes, it could
be suggested that the effects of PDE inhibitors on neuroinflammation may be linked to their

glutaminase inhibitory effect.



In my PhD work we aimed to study the effects of the most important etiological factors
of HE on astrocytes. Cell viability, reactive oxygen species (ROS) production and cytokine
secretion were measured in vitro after the treatment of the cells with hydrogen peroxide,
ammonia, manganese and lipopolysaccharide. With the aim of better understanding the role
of astrocytes related to both neuroinflammation and oxidative stress, we used primary rat
astrocyte cultures, purified from microglia by using two different methods. These procedures
resulted in highly enriched astrocyte cultures verified by immunocytochemistry. For the ROS
guantification, we applied not only the two types of highly purified astrocyte cultures, but also
mixed glial cultures, which contained significant amount of microglia as well. Thus, the extent
of the oxidative stress evoked by the examined factors could be compared between mixed glial

cultures and enriched astrocyte cultures.

In the current research we also studied, whether some PDE inhibitors could block the
glutaminase enzyme in astrocytes, thereby clarifying their therapeutical significance during

neuroinflammation and astrocyte swelling.



3. Introduction

Hepatic encephalopathy (HE) occurs both in humans and animals as well. Albeit the
pathogenesis, nomenclature and symptoms show many similarities in human and animal

patients, there are some relevant differences as well (1)

3.1. Hepatic encephalopathy in humans

HE is a neurological complication derived from liver disease or portosystemic shunt.
The related brain disfunction manifests as a broad spectrum of neuropsychiatric symptoms
ranging from subclinical form to coma (2). At present, the grading of the mental status is
traditionally based on the West Haven Criteria, in which grade O indicates minimal HE and
grade 4 represents coma (3). Minimal HE (MHE) is the mildest, subclinical manifestation of HE
(4), albeit it is the preclinical stage of the more severe stages (5), it reduces the quality of life
(6), furthermore, patients with MHE have higher rate of motor vehicle crashes compared with
cirrhotic patients without MHE (7). MHE could not be established by routine physical and
neurological examinations (8), only by using psychometric, neuropsychological tests (2),(8) or
applying magnetic resonance imaging to measure the grey matter volume (8). Coma is a
common outcome in patients with chronic liver disease (CLD) associated with HE (9) as well
as in patients with acute liver failure (ALF) (10), in addition, hepatic coma was observed in all
examined patients with late-onset hepatic failure (10), which is a subset of ALF (11). Based
upon the underlying cause, HE is divided into three types: Type A is found in patients with ALF,
type B is associated with portosystemic bypass, type C arising because of cirrhosis (12). Liver
cirrhosis is a worldwide problem that is a significant global health burden, since the mortality
level increased from around 676,000 in 1980 to over 1 million in 2010 (13). It has been found
that the most frequent causes of cirrhosis were alcohol consumption, Hepatitis C virus infection
and non-alcoholic fatty liver disease. Indeed, HE is a common complication of liver cirrhosis
(14) and among more than 160 thousand patients with cirrhosis the overall incidence of HE
was 11.6 per 100 patient-years.(12), in addition, the mortality for cirrhotic patients with HE
grade 3-4 is higher than for patients with milder grade of HE (15). Compared to this, incidence
of ALF is around 1-6 cases per million in developed countries (16) and the most frequent
causes are the hepatotoxic drugs, such as a paracetamol (acetaminophen) and hepatitis
viruses (16), (17).



3.2. Hepatic encephalopathy in animals
The occurrence of HE has already been described in many species, such as in horses
(18), in cattle (19,20), in goats (21,22) and in dogs and cats (23-25). Interestingly, HE was first
described over a hundred years ago in dogs when experimentally created portacaval shunt led

to neurobehavioral changes (26).

The etiological classification of HE in humans (type A, type B, type C) can be applied to
dogs and cats as well, however all intrinsic hepatocellular disease and portal hypertension or
acquired portal systemic shunting (PSS) are needed to be included in the definition of type C
(27). The acute form (type A) of HE is very rare in dogs (10%), the most common form is the

B type due to congenital portosystemic shunt (CPSS).

Being the major cause of HE in dogs and cats (27), PSS could be congenital or might
develop due to portal hypertension, which leads to opening of collateral vessels. In a
retrospective study it has been found that the most common etiological factor for HE in dogs
was congenital PSS (28), and the annual diagnostic proportion of congenital PSS has
increased between 1980-2002, furthermore the most affected breeds were Yorkshire Terrier
and Miniature Schnauzer (29), which finding was supported by others as well (28). The HE is
a syndrome occurring with mostly neurological signs but can also be presented with
gastrointestinal or urinary tract symptoms as well. The neurological signs fall into four
categories and including lethargy, circling, compulsive walking, behavioral changes, seizures,
head pressing, stupor, obtundation, ataxia, temporary blindness and in the serious stages 3-4
the semicoma and coma (27,28,30,31). The stages 3-4 are linked to increased cranial pressure

with brain edema due to astrocyte swelling with hyperammonaemia (details see later).
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4. Pathophysiology of HE

4.1.Hyperammonemia
Ammonia elimination predominantly takes place in the liver, and as detoxification
capacity of the liver is impaired during HE, it leads to hyperammonemia (32). Ammonia mainly
originates from glutamine, although intestinal bacteria also produce ammonia from urea.
Glutamine is mostly synthetized from ammonia in the skeletal muscle and the brain, while

glutamine will be catabolized in enterocytes and kidneys resulting in ammonia (32) (Fig. 3.).

Ammonia is thought to be the main etiological factor in the pathogenesis of HE, elevation
of plasma ammonia level has been described in human patients and also in dogs with ALF
after the development of HE (33), in cirrhotic patients with HE (34) and also in HE due to
congenital portosystemic shunts (35). Since, ammonia can cross the blood brain barrier as an
ion and gas as well (36), it is not surprising that ammonia level increases not only in the blood
plasma but also in the brain, which was demonstrated in acute HE (37) and in also in cirrhotic
patients with HE as well (38). In addition, ammonia can lead to cerebral edema, that develops
in patients with acute-on-chronic liver failure with HE (39), cirrhotic patients with HE (14) as
well as in ALF (34), as verified by Magnetic Resonance Imaging (MRI). In accordance with
this, arterial ammonia is found to be elevated in patients who died from cerebral herniation
(33).

The brain is anatomically encased in a non-dilatable capsule, the skull, thus an increase
in brain volume (brain edema) will lead to an increase of intracranial pressure and
consequently brain herniation, which subsequently causes death. This process stands as a

central complication of ALF (33), however an intracranial hypertension rarely occurs in CLD.

Brain edema can develop as a consequence of either cytotoxic or vasogenic
mechanisms. Although this aspect received limited attention, recently increasing body of
evidence showed that the disruption of blood brain barrier occurs during ALF and it might be
a potential underlying mechanism of vasogenic edema (41). In mice with ALF, transforming
growth factor R1 is released from the liver into the blood circulation and subsequently it disrupts
the blood brain barrier (42).

Being exclusively relevant for the present examinations, cytotoxic edema is generated a
result of swelling of astrocyte, i.e., the main affected cell type in HE. Having key role in the
maintaining brain homeostasis, astrocytes represent the most abundant glial cell type in the
central nervous system (43). The main reason for the vulnerability of astrocytes in HE is that
glutamine synthetase, an enzyme responsible for ammonia-removal, is mainly located in this

cell type, at least within the brain (44).
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This enzyme is responsible for the conversion of glutamate and ammonia to glutamine,
the reaction that comprises the most important step in the elimination of brain ammonia.
Summing up, during HE, hyperammonemia leads to astrocyte swelling by synthesizing
glutamine, i.e., the main underlying mechanisms of cerebral edema. The fact that glutamine
synthesis may be detrimental is shown by both in vivo and in vitro studies. For instance, by
mean of brain microdialysis technique it has been reported, that an increase in the extracellular
brain glutamine concentration closely correlates with the elevation of intracranial pressure in
patients with ALF (45). In addition to this, in cirrhotic patients the cerebral glutamine
concentration is paralleled by the severity of HE, and glutamine level obviously decreases in

those who recovered from the HE episode (46).

Several aspects of the pathological relevance of glutamine accumulation have already
been clarified by in vitro experiments as well. Ammonia-induced astrocyte swelling could be
blocked by inhibition of glutaminase, the enzyme that catalyses the hydrolysis of glutamine to
produce glutamate and ammonia (Fig. 1.), thereby resulted in intracellular increase of
glutamine (47). Furthermore, inhibition of either glutamine synthetase or mitochondrial
glutamine transport (see later) also reduced ammonia-induced astrocyte swelling (48). To
explain the background of astrocyte swelling, there are two hypotheses. One of the theories,
proposed in 1986, is that glutamine may act as an osmolyte and thus contributes to water-

influx in astrocytes, resulting in their swelling (osmolyte hypothesis (49).

H,0 NH,*

) GLUTAMINASE
glutamine » glutamate

Figure 1. Conversion of glutamine to glutamate by the action of glutaminase enzyme.

Another, recently proposed mechanism represents the so-called ,Trojan horse
hypothesis”, which postulates that glutamine, after its accumulation in the cytoplasm of
astrocytes by the action of glutamine synthetase, is transported into mitochondria where it is
converted to ammonia and glutamate by phosphate-activated glutaminase (Fig.2.). The
increased concentration of ammonia in mitochondria will subsequently lead to oxidative stress
and astrocyte swelling by impaired energy metabolism (50), which is associated with the

induction of mitochondrial permeability transition (51).
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This hypothesis is based on the study according to which increases in intracellular
concentration of glutamine caused cell swelling only at a later time point (47), and antioxidants
attenuated ammonia-mediated astrocyte swelling suggesting the osmotic effect of glutamine

accumulation being not the only cause of cell swelling (52).

It is worth mentioning that not only glutamine accumulation, but other mechanisms might
be also involved in the astrocyte swelling, such as the ammonia-evoked elevation of
aguaporin-4 protein expression (53), however it could be not detected in mixed glial cultures
containing significant number (30%) of microglia (54). Furthermore, it has been described that
ammonia-exposure leads to reversible mitochondrial fragmentation and impairs glyocolysis in

astrocytes, which could affect the energy metabolism (55).

@ free radicals cerebral
A glutamate/glutamine cycle endothelial
T ‘trojan horse' cells

hyopthesis sstrocyte

neuron

microglia
brain

Figure 2. Glutamate/glutamine cycle under physiological and pathological conditions.

However, ammonia detoxification occurs predominantly in astrocytes by glutamine
synthesis; both in vitro an in vivo findings provide evidence that inhibition of glutamine
synthesis increases ammonia incorporation in alanine, thereby cerebral alanine formation

means an alternative pathway for ammonia-scavenging (56).

Besides, it should be mentioned that astrocyte is affected not only in ALF, but also in
CLD. In this condition, Alzheimer Type Il astrocytes can be detected in the brain, which have

large swollen nuclei, prominent nucleoli, and the chromatin pattern is marginated (57).
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Taken together, inhibition of the glutamine synthesis could be a potential therapeutical
target in the therapy of HE. Besides, inhibition of glutaminase could provide also therapeutic
interest for prevention of astrocyte swelling, since according to the 'trojan horse’ hypothesis,
blocking of glutaminase activity leads to the reduction of ammonia-induced astrocyte swelling
(47). This hypothesis is supported by findings showing that glutaminase is present in the
astrocytic mitochondria (50). Glutaminase has two isoenzymes: kidney-type isozyme (KGA)
and liver-type isozyme (LGA), moreover in both cases two transcripts (isoforms) also have
been described (58). It was shown that KGA is present in the mitochondria, whereas one of
the LGA transcript (GAB) was detected in both mitochondria and nucleus in primary mouse
astrocyte cultures (59). In order to exploit the therapeutic benefits of blocking the glutaminase
activity one may have several candidates. 6-Diazo-5-oxo-I-norleucine (DON) is one of the
earliest known glutaminase inhibitor (60,61) and it inhibits both forms of glutaminase (KGA,
LGA) (60). Bis-2-(5-phenylacetamido-1,3,4-thiadiazol-2-yl)ethyl sulfide (BPTES) is another
glutaminase inhibitor, and unlike DON, it selectively blocks the KGA (60). Although, at present
specific glutaminase inhibitors do exist, these have only been tested in vitro.

More recently, it was demonstrated that some other drugs have glutaminase inhibitor
activity, however these effects fall outside of their licensed indications. For example, zaprinast
does not only act as a phosphodiesterase (PDE) 5 inhibitor, but it turned accidentally out to
also block the enzyme glutaminase (62). In addition, THDP17, a thiourea derivative and
metformin, an anti-diabetic drug are also able to inhibit glutaminase activity in the intestines
(63,64). Therefore, it is suggested that there are some potential drugs that might be effective
in vivo in the therapy of HE as well, either by reducing astrocyte swelling or glutamine

production by enterocytes (see earlier) via glutaminase inhibition.

Although hyperammonemia has long been incriminated in the development of HE, it is
recognized that some dog patients with cPSS and consequent HE have normal plasma
ammonia concentration (35). Similarly, another study demonstrated that almost 20% of human
patients with ALF and HE had arterial ammonia levels within normal range (65). These findings

suggest that other factors are likely to be important in the pathogenesis of HE.
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4.2. Oxidative/nitrosative stress

Oxidative stress is defined as “an imbalance between oxidants and antioxidants in favour
of the oxidants” (66). In the case of this process, there is an overproduction of reactive oxygen
species, ROS (i.e. superoxide anion radical, hydrogen peroxide, etc.) or reactive nitrogen
species, RNS (i.e. peroxynitrite anion, nitric oxide, etc.) compared with antioxidants
(superoxide dismutase, glutathione peroxidase, catalase and non-enzymatic antioxidants such
as glutathione, ascorbic acid, etc.) which results in oxidative/nitrosative stress (67,68). In rats
with ALF, oxidative stress develops in the brain, verified by the increased lipid peroxidation
and protein oxidation as well as the decreased level of antioxidant enzymes in both the cerebral
cortex and cerebellum (69). This finding is line with the result of another study, which showed
that rats with MHE have elevated cerebral oxidative stress (70). Increased cerebral oxidative
stress was measured in human cirrhotic patients with HE as well, and interestingly, it was

associated with HE, not with cirrhosis itself (71).

Oxidative stress could be detected not only in the brain, but also in the blood during HE.
Human patients with chronic liver disease and HE have higher level of oxidative stress
biomarkers in the plasma than healthy subjects (72). In vitro experiments have also
demonstrated the role of oxidative stress in the pathogenesis of HE. Ammonia-exposure leads
to increase of astrocyte volume by generation of oxidative and nitrosative stress, since
scavenging of both nitric oxide and superoxide radicals blocked astrocyte swelling (73). The
precise underlying mechanism of the oxidative stress-mediated cell swelling has not been fully
clarified yet, however it has been shown that ammonia increases phosphorylation of mitogen-
activated protein kinases (MAPK) in an oxidative stress-dependent manner and inhibition of
MAPK blocks astrocyte swelling (52). In addition to the involvement of MAPK in the oxidative
stress-mediated astrocyte swelling, oxidative/nitrosative stress was also implicated in the
ammonia-induced activation of transcription factor p53, which participates in the process of

astrocyte swelling as well (74).

It is important to keep in mind that not only the generation of Reactive Nitrogen and
Oxygen Species (RNOS) triggers astrocyte swelling, but also cell swelling in turn induces
RNOS formation (75).

4.3. Systemic inflammation
Systemic inflammatory response syndrome (SIRS) may develop after infectious and
non-infectious insults (76). SIRS is associated with ALF, moreover it is an independent
predictor of renal failure in patients with non-paracetamol-induced ALF (77). SIRS occurs also
in patients with alcoholic liver cirrhosis and HE, and also it is an independent predictor of death

within 30 days after visiting the emergency department (78).
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Examination of dogs with cPSS has also revealed that SIRS predicted the occurrence
of HE (35). In patients with liver cirrhosis, TNF-a level was higher in the portal blood and IL-6
peripheral blood concentration had predictive role in HE (79). One important cause of systemic
inflammation during liver failure/HE is bacterial translocation (BT) (80). BT is defined as the
passage of bacteria or bacterial products from the intestinal tract to the mesenteric lymph
nodes and systemic circulation (81,82). Some bacterial components, the so-called pathogen-
associated molecular patterns (PAMPS), such as lipopolysaccharides (LPS) are recognized by
pattern recognition receptors (PRRs), like the toll-like receptors on immune cells of the innate

immune system, and thereby induce inflammatory response.

This above mechanism occurs frequently in decompensated cirrhosis (80), however BT
has been detected in experimental ALF as well (83). Another underlying process of
inflammation could be the releasing of danger-associated molecular patterns (DAMPS) by
dying hepatocytes, which finally causes systemic inflammation (80). It has been shown that
HMGBL1, (a typical DAMP) released by necrotic cells or secreted by immunocompetent cells
induces inflammatory cytokine production and BT in ALF, thereby HMGB1 contributes to the

development of systemic inflammation (84).

4.4, Manganese
Manganese (Mn) is an essential element functioning as a cofactor for several enzymes.
Important sources of Mn include whole grains, beans, leafy vegetables, etc. It is excreted by
hepatobiliary system into the gastrointestinal tract (Fig.3.) and finally eliminated via faeces
(85).

Elevated level of Mn in the blood was detected in dogs with cPSS (86), in human patients
with cirrhosis (87) and with HE (88) as well; moreover, elevated Mn concentration in the blood
could also predict death in patients with HE (88). Related to liver failures, Mn concentration is
increased not only in the blood, but also in brain as it was demonstrated by a study in which
significant Mn deposition was detected in the brain of human cirrhotic patients as well as in
rats with either experimental cirrhosis or portacaval-shunt (89). Interestingly, ALF has not been

associated with higher Mn level in the brain (89).

Considering these data, Mn has also been implicated in the development of HE, since
cirrhotic patients with HE have higher Mn level in the blood plasma than in those without HE
(87). On the contrary, blood Mn concentration did not decrease in dogs with cPSS after
resolving the clinical signs of HE, indicating that other factors also contribute to these complex

mechanisms leading to HE.
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Again, quite interestingly, manganese itself is also able to elicit both astrocyte swelling
in a dose-dependent manner (90) and oxidative stress in the astrocytes (91,92), moreover it
has been described that the Mn-provoked swelling of astrocyte is caused by oxidative stress

and mitochondrial transition pore (93).

4.5. Neuroinflammation

Neuroinflammation is defined as an inflammatory response in the central nervous
system, and it is now recognized as a hallmark of HE. In vitro studies on astrocyte/microglia
cultures and cell lines have shown that glial cells are main players in neuroinflammation and
more recently the crosstalk between microglia and astrocytes has been implicated (94).
Neuroinflammation is mainly initiated by the activation of microglia, which leads to
morphological changes as well as the production of different pro-inflammatory cytokines, such
as TNF-aq, II-13, etc. (95).

Although microglia are the major resident immune cells in the brain, astrocytes represent
the most abundant glial type in the central nervous system (CNS). Cytokine and chemokine
secretion of astrocytes can be elicited not only by different factors, such as at high glucose
concentration (96), after both mechanical insult and ischemic injury (97), by vasoactive
intestinal peptide (98), angiotensin-Il (99) or different cytokines (100), after treatment with
lipopolysaccharide (101,102), with hydrogen-peroxide (103) or after chronic exposure with

paracetamol (104), but even also under physiological conditions (101).

Albeit numerous studies were published regarding the neuroinflammatory role of
astrocytes, the overwhelming majority of them was carried out on cultures not (105) or
inadequately purified from microglia (106,107) or on human astrocyte cell line deriving from
astrocytoma (108). Evaluation of these data might be even more puzzling, once we consider
evidences about the existence of astrocyte populations expressing no glial fibrillary acidic
protein (GFAP), (so-called: GFAP-negative astrocytes), the most basic marker to identify
astrocytes (109,110).

Thus, it is not offensive to state that the exact inflammatory role of astrocytes could not
be established on the basis of these cultures, since on one hand, the results originate from
distinct models, on the other hand, astrocyte cultures may contain other cell types (such as
microglia), which makes the result regarding the cytokine production uncertain. The reason for
the latter is that microglia produce considerable amount of cytokines and these cytokines may
induce the formation of reactive, neurotoxic astrocytes type Al (111), which have a noxious

pro-inflammatory genomic profile (112).
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The significance of the presence of microglia in the astrocyte cultures is supported by a
study, in which TNF-a production was detected in astrocyte-microglia mixed culture, but not in
pure astrocyte culture generated by neural stem cell differentiation (113). Interestingly, it has
also been described that there is a sex-mediated difference in connection with TNF-a and IL-

10 production in primary rat astrocyte cultures (114).

Cerebral microglial activation and increased protein levels of 1I-13, IL-6, TNF-a in the
cerebrospinal fluid were measured in rats with ALF at coma stage (115). Furthermore, the
increased expression of different pro-inflammatory cytokines could be measured also in the
brain. Rats with acute HE have higher cerebral protein level of II-13 and TNF-a (116),
moreover, in the frontal cortex of mice with ALF, increased IL-183 and TNF-a mRNA expression
were observed at coma stage (117). Rats with experimental chronic liver injury also have
elevated microglial activation and cerebellar IL-1 protein level (118). Interestingly,
neuroinflammation may contribute to the development of brain edema — which represents the
main complication of ALF —, since mice with TNF-1-and IL-1-deficiency shows lesser degree
of cerebral edema compared to wild type mice (117). In addition, neuroinflammation is
suggested to have role in cognitive and motor alterations that occur during HE (118,119).
Obviously, the precise pathogenesis of the neuroinflammation is not clarified yet, however it
has been revealed that hyperammonemia per se induces microglial activation, increases IL-
113 level in the brain (118) and causes astrocyte activation as well (119). Bioactive molecules
can also attenuate some processes involved in neuroinflammation: ibuprofen decreases,
microglia activation and reduces cerebellar IL-18 level (118); sulforaphane — an isothyocianate
present mainly in broccoli — normalizes IL-13 and increases the anti-inflammatory cytokine, IL-
10 level in the cerebellum (119), furthermore erythropoietin reduces IL-11 level increased upon

traumatic axonal injury (120).

Recently, it has been found that PDE inhibitors may also have beneficial effect against
neuroinflammation. This class of drugs originally inhibits PDE enzymes, which are responsible
for degradation of cGMP and/or cAMP at different neural connections. Thereby, PDE inhibitors
may cause intracellular increase of cGMP and/or cAMP level. A PDE-5 inhibitor, sildenafil
reduces mRNA levels of II-1B, IL-6 and TNF-a in the hippocampus of a mouse model for
Alzheimer’s disease (121), it also normalizes the protein levels of IL-1R and TNF-a in the

hippocampus in rats with HE (122).

Another PDE inhibitor, ibudilast have been also found to reduce neuroinflammation by
decreasing of TNF-aq, IL-6, and IL-18 mRNA expression in the striatum of a mouse model for

Parkinson’s disease (123).
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Figure 3. Schematic presentation of the pathophysiology of hepatic encephalopathy (HE).

4.6.The linkage between neuroinflammation and glutamine metabolism

Most recently, the enzyme glutaminase has been implicated in the development of
neuroinflammation. Transgenic mice with overexpression of glutaminase C both in
hippocampus and cortex show astrocyte and microglia activation and an increase of TNF-a
and IL-1 gene expression. These data suggest that glutaminase C is required for some
relevant neuroinflammatory processes (124). Beyond this, it has been also clarified that
glutaminase mediates the TNF-a-induced extracellular vesicle release from mouse astrocytes
(125). Most recently, the key role of glutaminase in extracellular vesicle release was also
demonstrated in vivo (126). These extracellular vesicles serve a communication pathway
between cells by transferring different proteins, mRNAs, etc. (127), and could contain pro-
inflammatory cytokines as well (128). Extracellular vesicle release is not the only way
glutaminase may mediate neuroinflammation through, since it has been described that in focal

cerebral ischemic brains of rats glutaminase 1 is involved in the microglia activation (126).
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4.7.The linkage between neuroinflammation and oxidative stress
As previously described, oxidative stress is a key element in astrocyte swelling,
ultimately leading to cerebral edema, which is one of the main causes of death in ALF. In
addition, numerous studies have implicated the pathogenic role of neuroinflammation in HE.
The two mentioned events are tightly linked to each other, proven by several findings. It has
been shown, for instance, that TNF-a treatment induces intracellular ROS generation in mouse
astrocytes, a process mediated by glutaminase activity (125). Moreover, an anti-inflammatory

cytokine, IL-13 also triggers oxidative stress in microglia, mediated by NADPH oxidase (129).

The connection between inflammation and oxidative stress is bidirectional, i.e., not only
the inflammation can elicit oxidative stress, but also ROS generation can contribute to
inflammatory events. It has been described that angiotensin Il-induced IL-6 production of
astrocytes is mediated by the nuclear factor kappa B (NF-kB)-signalling pathway, which is
required for the ROS generation (99). It is in line with another study indicating that ROS can
cause NF-kB-activation in rat spinal cord astrocytes (130). Chronic paracetamol-treatment can
induce IL-1B and TNFa-production in mouse astrocytes, which is suggested to be mediated by
nuclear factor kappa B (NF-kB) (104). These findings have also been confirmed on human
astrocytes, since it has been demonstrated that in resting and activated state, most of the
cytokines produced by human astrocytes are direct targets of the transcription factor NF-kB
(89). In summary, oxidative stress mediates the inflammatory role of astrocytes via activation
of NF-kB, a master regulator of inflammatory processes. NF-kB is located in cytoplasm in an
inhibitory kB (ikB)-bound form, from which, after the phosphorylation of ikB, gets released and
translocates to the nucleus where it binds to specific sequences to promote transcription of
different genes involved in inflammation including the production of different inflammatory
cytokines (104,131). Other neuroinflammatory signalling pathway may also be attributed to the
pathogenesis of HE, since some evidences have been risen that the production of the
proinflammatory cytokine (TNF-a and IL-1B) in microglia is mediated by the p38 MAPK
signalling pathway (132).

All these above findings highlight that HE has a complex pathogenesis not fully
understood and in this introduction, we only described those processes which are necessary

for explaining our research.
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5. Aims of the study

The aim of our study was to examine the neuroinflammation-and related processes
during HE in different in vitro models. We hypothesised that some causative factors in HE,
such as ammonia, Mn, ROS and bacterial LPS elicit the pro-and anti-inflammatory cytokines’
production and the ROS generation in primary rat astrocyte cultures. We aimed to highlight the
potential differences regarding the cytokine and ROS production between cultures prepared
by distinct methods of microglia elimination. Our second hypothesis was that some PDE-
inhibitors may block the enzyme glutaminase and thereby have beneficial effect on the
astrocyte mediated processes of neuroinflammation. Therefore, we aimed to measure the
glutamate and glutamine concentrations in the intra-and extracellular compartment as well

after the treatment with different PDE inhibitors and/or ammonia.
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6. Materials and methods

6.1. Materials

Dulbecco’s Modified Eagle’s Medium (D5796), Cytosine-R-D-arabino-furanoside
(C1768), L-Leucine methyl ester hydrochloride (L1002), Triton-X (T8787), anti-GFAP
(ABIN115304), Manganese(lll) acetate dihydrate (215880), Ammonium chloride (A9434),
hydrogen peroxide (H1009), Lipopolysaccharides from Escherichia coli O111:B4 (L4391),
Interleukin 6 (RAB 0311), Tumor necrosis factor- a (RAB 0479), KCI (P-5405), KH.PO, (P-
5655), NaCl (S-5886), Na;HPO. (S-5136), Neutral Red (N4638), BPTES (SML0601),
Zaprinast (Z0878), DON (D2141) were purchased from Sigma. LDH Cytotoxitity Detection Kit
(11644793001) was obtained from Roche, lonized Calcium-binding Adapter Molecule-1 (Iba-
1, ab 178846) and Glutamate Assay Kit (ab83389) were purchased from Abcam. CM-
H.DCFDA (C6827) was obtained from Invitrogen. Propidium-iodide was purchased from
ThermoFisher., Glutamin Assay Kit (KA1627) were purchased from ABNOVA.

6.2. Preparation of astrocyte cultures

The preparation of astrocyte cultures is based on our previous experiments concerning
culturing of cerebellar granule cells (133). Astrocyte cultures were prepared from 2-day-old
Sprague-Dawley rat pups as described earlier (134). Following decapitation, meninges were
removed, followed by mechanical dissociation and enzymatic digestion of the cells. Cells were
grown in Petri-dishes, maintained in Modified Eagle Medium, which was exchanged on the first
two days daily and then twice a week. Cultures were incubated in a humidified incubator at 37
°C with 5% CO,. After achieving confluency at about 14 days, cells were transferred to 96-well
plates. One day later, microglia were removed by using two distinct methods: either incubating
the cultures with cytosine B-D-arabinofuranoside hydrochloride (AraC) and L-leucine methyl
ester (LME) (later: chemical elimination) or shaking (later: mechanical elimination). In some
studies LME is used alone (135,136) or in combination with AraC with different concentrations
(137),(138,139).

In our experiments, cultures were incubated with 10 uM AraC for 3 days, followed by 25

mM LME for 1 hour as previously described with some modifications (138).

The antimitotic agent, AraC blocks the proliferation of microglia (140,141), whereas the
lysomotropic agent, LME is internalized by microglia, wherein it causes disruption of lysosomes
followed by apoptosis (142). After the treatment with AraC and LME, the cultures were allowed
to recover for 24 hours. In case of mechanical elimination, glial cultures were placed on an
orbital shaker at 180 rpm for 30 min. Having removed the supernatants, cultures were further
shaken at 240 rpm for 6 hours as described by others (143,144).
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Several protocols are known in the literature, in some studies, a single cycling of shaking
is used in order to eliminate microglia (145,146), but in our experiments we performed two
cycles of shaking, because the first shaking serves to remove microglia and the second

shaking procedure is responsible for removing oligodendrocyte precursor cells (147).

6.3. Immunocytochemistry

In order to assess the purity of astrocyte cultures, cell cultures were characterized by
immunofluorescence labelling for the astroglial marker GFAP and the microglia marker Iba-1
as it was described earlier (136,148). For determination of GFAP expression, monolayers were
fixed for 30 min with methanol, followed by three washes with 0.1 M PBS. After blocking non-
specific binding sites with PBS containing 3% normal goat serum (NGS) for 40 min, cells were
washed out three times with PBS. Afterwards, rabbit anti-GFAP monoclonal antibody
(ABIN115304, 1:2000) was added in PBS containing 0.2% Triton-X-100 and monolayers
incubated for 2 hours at room temperature. Unbound antibody was washed out three times
with PBS and cells were incubated with Alexa Fluor 488-conjugated secondary antibody in
PBS containing 0.2% Triton-X-100 for 90 min at room temperature in dark, and after three
washes with PBS, mounted in medium containing 4',6-diamidino-2-phenylindole
dihydrochloride (DAPI) to detect cell nuclei.

Microglia were detected by expression of Iba-1 as above, except that monolayers were
fixed for 15 min, blocked with PBS containing 20% NGS and incubated with rabbit anti-ionized
calcium-binding adapter molecule 1 (lba-1; ab178846, 1:2000; Abcam, USA). Secondary
antibody was diluted in PBS containing 0.3% Triton-X-100.

Images were acquired using an inverted fluorescence microscope (Zeiss Axio Vert.Al).
Images were analysed using Image J software (NIH Image, USA). Determination of purity was
performed by counting the number of Iba-1- and GFAP-positive cells in at least four fields in

four separate coverslips.

6.4. Treatments
Astrocyte cultures were treated with different concentrations of H.O,, LPS, Mn and
ammonia for various incubation time. In each experiment 3-4 replicates were performed. The
treatment protocols for ROS measurements (Table 1.) and cell viability tests (Table 2) can be

seen below. Other treatment protocols are attached to the particular figures in section ‘results’.
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Examined factor | Concentration| Incubation time
50 uM
100 pM
H,O, 150 pM 18 h
200 pMm
300 uM
400 pM
1h
100 ng 3 h
LPS 6 h
1h
1000 ng 6 h
1h
Mn>* 20 uM 3h
6 h
+ 1h
Mn3 100 pM T
1h
NH,CI 5 mM 3 h
6 h

Table 1. Treatment protocol for intracellular ROS measurements in primary rat
astrocyte cultures after chemical microglia elimination. H,0,: hydrogen
peroxide, LPS: Escherichia coli 0111:B4 lypopolisaccharide, Mn3+:
Manganese(lll) acetate dihydrate, NH,Cl: ammonium-chloride. In cultures after
mechanical microglia elimination and in mixed astrocyte-microglia cultures, all
of these treatments were performed as well, in addition, there were also a 3-
hour treatment group in case of 1000 ng LPS and 100 uM Mn>*
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Examined factor

Concentration

Incubation time

5uM

10 uM

100 uM

1 mM

5mM

10 mM

18 h

24 h

LPS

1ng

10 ng

25ng

50 ng

100 ng

1000 ng

5000 ng

18 h

24 h

3+

5uM

50 uM

100 uM

500 uM

18 h

24 h

NH,CI

10 uM

100 pM

500 uMm

2 mM

5 mM

18 h

24 h

Table 2. Treatment protocol for Lactate dehydrogenase-activity and Neutral

red uptake measurements in primary rat astrocyte cultures. H,0,: hydrogen

peroxide, LPS: Escherichia coli 0111:B4
Manganese(lll) acetate dihydrate, NH,Cl: ammonium-chloride

6.5. Analysis of cell viability

Firstly, cell death was confirmed by propidium iodide (PIl) staining after the treatments
with the test compounds. It is a nucleic acid stain, and the increased uptake of PI by the cells
indicates elevated membrane permeability. Cultures were incubated with Pl diluted with
minimal essential medium (MEM) (1:50) for 5 minutes, followed by washing with PBS. Finally,
MEM was added to the cultures and imaging was performed on a Zeiss Axio Vert.Al using a
Texas Red filter. Besides the membrane integrity detection by PI staining, two separate
methods of cell viability were applied. On one hand, cytotoxicity of the test compounds was

analyzed by measuring lactate-dehydrogenase (LDH)-activity in the cell culture medium

according to the manufacturer's instructions.
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LDH is found in all living cells and the release of this enzyme into the media is a result
of damaged membrane and a marker of cell death. LDH activity was assayed using a standard
colorimetric technique and it was normalized with respect to maximal LDH release after cell
lysis with Triton X.

On the other hand, the neutral red (NR) uptake assay was used, as earlier described
using commercial kit (149). This method is based on the ability of viable cells to incorporate
and bind the dye NR. The dye is then extracted from the viable cells and the absorbance of
the solubilized dye is quantified using a spectrophotometer.

6.6. Measurement of intracellular formation of reactive oxygen species (ROS)

Changes in ROS levels were determined by CM-H,DCFDA as described in details
elsewhere (150). For this measurement, cells in 96-well plates were first incubated with 10 uM
CM-H;DCFDA in serum-free loading medium for 30 min at 37°C, then washed twice with PBS
(0.1M; pH 7.4; 37°C), and afterwards exposed to different concentrations of H,O,, ammonia,
LPS and Mn (Table 1). Immediately, after the end of incubation period, fluorescence was

measured with excitation at 485 nm and emission at 538 nm.

6.7. Enzyme-linked immunosorbent assays (ELISA)

IL-6, IL-10, IL-1R and TNF-a were measured either from the culture medium or from cell
lysate. Cell culture supernatants were collected, and the cytokines released into the culture
medium were analysed using commercially available ELISA kits according to the
manufacturer’s instructions. Briefly, standards and samples were added into the appropriate
wells, followed by incubation at room temperature for 2,5 h with gentle shaking. The solutions
were discarded, and washed. Afterwards, the prepared cytokine antibody was added to the
corresponding wells and after the incubation time (1 h, gentle shaking), the solutions were
removed, washed and “HRP-Streptavidin® solution was added to each well. After the
incubation period (45 min, gentle shaking), reagents were discarded, wells were washed and

“ELISA Colorimetric TMB Reagent” was added into the wells for 30 min (dark, gentle shaking).

Finally, stop solution was added and the absorbance was detected at 450 nm by a Microplate
Reader. For calibration, absorbance of standards with known amounts of the given cytokine

were measured and the values were converted into absolute concentrations in pg/ml.
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6.8. Glutamate and glutamine assays

Intracellular (IC) and extracellular (EC) glutamate and glutamine concentration were
quantified in order to examine the potential glutaminase inhibitor effect of some PDE inhibitors,
such as theophylline and zaprinast.

Cells were homogenized in assay buffers, placed in a centrifuge (Eppendorf, Mini Spin
plus) and centrifuged for 5 min at 14500 rpm. The optical density of supernatant was detected
at 450 nm in a microplate reader. Using colorimetric assays, the EC level of glutamate and
glutamine were measured in the cell culture medium, while the IC concentrations of these

metabolites were detected in the cell lysate.

7. Statistical analysis

Experimental data were analysed using ANOVA design with Dunnett post-hoc
comparison. Significant statistical difference was established at p < 0.05. All data are
presented as mean + S.E.M. and all statistical analysis was performed using Prism software

(version 5.0; GraphPad Software).

8. Results

8.1. Characterization of the primary rat astrocyte cultures
After around the 2nd-3rd weeks the cultures reached confluence (Fig 4. A,B,C,D).Cell
density increased gradually, followed by morphological alterations as well. At the beginning,
the density of the cells was low, thus stellate morphology could be seen, while later the higher

density was associated with a cobblestone-like appearance of the cells (Fig. 4D).
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Figure 4. Light microscopic images. A: 7-day-old primary rat astrocyte culture, B: 7 -day-old
primary rat astrocyte culture, higher magnification, C: 14 -day-old primary rat astrocyte culture,
D: 14 -day-old primary rat astrocyte culture, higher magnification.
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Having treated with 10 uM AraC, cultures were incubated with LME of either 15 mM
(Fig.5B.) or 25 mM (Fig 5C.) for 1 hour. The immunostaining for GFAP has shown that both
protocols result in high purity of astrocyte cultures (Fig. 5B, 5C.), furthermore we verified that
25 mM LME is more efficient than 15 mM LME, thus we used 25 mM LME after the AraC-

treatment for further experiments.

Figure 5. Primary rat astrocyte cultures without microglia elimination (A), after microglia
elimination with the combination of 10 uM AraC for 3 days and 15 mM LME for 1 hour (B), after
microglia elimination with the combination of 10 uM AraC for 3 days and 25 mM LME for 1 hour
(C). Astrocytes show immunolabeling for GFAP (green), the cells were counterstained with DAPI
(blue).
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Although more than 90% of the cells were positive for the main glial marker, GFAP after
the chemical microglia elimination, the remaining number of microglia had to be identified by
a microglia-specific marker in order to directly confirm the success of the reduction of microglia
number. As Fig. 7. shows, depleting microglia from the astrocyte cultures by AraC+LME-

treatment resulted in highly purified astrocyte cultures, verified by immunostaining for microglia

marker, Iba-1.

Figure 6. Primary rat mixed astrocyte- Figure 7. Primary rat astrocyte cultures
microglia  cultures.  Microglia  show after microglia elimination with the
immunolabeling for Iba-1 (green), the cells combination of 10 uM AraC for 3 days and
were counterstained with DAPI (blue). 25 mM LME for 1 hour. Microglia show

immunolabeling for Iba-1 (green), the cells
were counterstained with DAPI (blue).

During the mechanical microglia elimination, the cultures were shaken with an orbital
shaker for 2 cycles and we have shown that this procedure causes higher level of the microglia
number reduction than chemical elimination. Using microglia marker Ibal, we have found that
the purity of mixed astocyte-microglia cultures was 14% (Fig. 6.), while 11% of the cells were
positive for Ibal after the chemical microglia elimination (10 yM AraC+25 mM LME). After
shaking, significantly higher purity was exceeded (p<0,01), since only 6% of the cells were

microglia verified by Ibal-staining (Fig.8.).
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Figure 8. Primary rat astrocyte cultures after microglia elimination with
shaking (orbital shaker at 180 rpm for 30 min, having removed the
supernatants, cultures were further shaken at 240 rpm for 6 hours).
Microglia show immunolabeling for Iba-1 (green), the cells were
counterstained with DAPI (blue). The purity of the cultures exceeded 94%
purity (p<0,01).

8.2. Test for membrane integrity and cell viability
First of all, PI staining was applied as an alternative method for evaluating the
cytotoxicity of the test compounds in AraC+LME-treated astrocyte cultures. We
demonstrated that neither of the compounds elicit significant cell death in primary rat
astrocyte cultures, however 400 uM H2O: caused significant cell death after 1 hour-
treatment. Although, 200 uM H,O, promoted cytotoxicity to a lesser degree than 400
MM, it also has considerable cytotoxic effect (Fig. 9.; 10.).
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Figure 9. Ammonia-, manganese- and LPS-induced cell death in primary rat astrocyte
cultures after AraC+LME treatment (chemical microglia elimination). Propidium-iodide
nuclear staining was applied for the examination of cytototoxicity, images were
obtained using a Zeiss inverted microscope (AxioVert), image analysis was performed
by Imagel software. Fig. 9A: : untreated control, Fig. 9B: manganese (100 uM, 18 h),
Fig. 9C: ammonia (20 mM, 18h), Fig. 9D: LPS (1000 ng, 18h).
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Figure 10. Hydrogen-peroxide (H:0,) induced cell death in primary rat astrocyte
cultures after AraC+LME treatment (chemical microglia elimination). Fig. 10A:
untreated control, Fig. 10B: 100 uM H,0,, Fig.10C: 200 uM H,0,, Fig. 10D: 400 uM H0,
. Propidium-iodide nuclear staining was applied for the examination of cytototoxicity,
images were obtained using a Zeiss inverted microscope (AxioVert), image analysis was
performed by ImageJ software.

Although, PI staining was found to be an effective and simple tool for determining cell
death, we examined cell viability also by measuring LDH activity in culture medium and by NR
uptake assay. While nuclear staining with Pl and LDH assay show the number of necrotic cells,
NR uptake assay reflects the number of viable cells. Both methods were performed in mixed
astrocyte-microglia cultures as well as in cultures after mechanical microglia elimination
(shaking).

In astrocyte cultures after shaking, 100 uM and 1 mM H,O- increased the LDH-activity
in the medium after 18 hours (Fig. 11A).
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In the same system, the NR uptake was decreased after the incubation with 100 uM, 1
mM, 5 mM and 10 mM H»O:respectively, for 18 hours (Fig. 11B). These data indicate that both
methods are appropriate for establishment of cytotoxicity, moreover only H-O elicits cell death
in astrocyte cultures after mechanical microglia elimination. 5 and 10 yM H2O- did not increase
astrocytic LDH release after 18 h, thus these concentrations were suggested to be safe for
further investigations. After 24 h incubation period the same concentrations of H,O, (100 uM
and 1 mM) elicited cell death as in case of 18 hours-treatment, furthermore 10 yM H20O: also
promoted death of the cells after 24 h (Fig. 11C). The findings of NR uptake assay regarding
the cytotoxicity of H.O» were totally equal (100 uM, 1 mM, 5 mM and 10 mM H;O, decreased
the NR uptake), albeit 1 ng LPS and 100 uM ammonia also expressed cytotoxic effect after 24

hours (Fig. 11D).
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Figure 11. Lactate dehydrogenase (LDH) release assay (A,C) and neutral red uptake assay (B,D) in

primary rat astrocyte cultures after microglia elimination by shaking. Cultured rat astrocytes were
incubated with medium alone (control) or with different concentrations of H,0,

lipopolysaccharide, manganese and ammonia for 18 hours (A,B) and 24 hours (C,D). Both the LDH-
activity (A,C) and neutral red uptake (B,D) were measured. The results were expressed as

percentages of LDH released from lysed cells after the treatment with TritonX. Data show

mean + SEM of the experiments and analyzed by one-way ANOVA. Each experiment was

replicated three times. *p<0,05; **P<0,01; ***P<0,001
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Both LDH-activity measurement and NR uptake assay were performed not only in
astrocyte culture after shaking, but also in mixed astrocyte-microglia cultures. The results of
the both methods after the treatment with the different test compounds for 18 h, are fully
equivalent with each other, since only 100 yM, 1 mM, 5 mM and 10 mM H,O; caused cell death
in cultures and there were no any other compounds which provoked toxic effect (Fig. 12A, B).
In case of the 24 h treatment period, the findings of the LDH-release measurement were the
same as in case of 18 h incubations (Fig. 12C), while the 24 h NR uptake assay resulted in
different findings as the 18-hour-NR uptake assay. We have demonstrated that all
concentrations of H>O3, the lower concentrations of LPS (1 ng, 10 ng, 25 ng), manganese (5
MM and 50 uM) and all concentrations of ammonia, except the lowest dose (10 uM) elicit

cytotoxic effect in astrocyte cultures after 24 hours (Fig. 12D).
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in primary rat mixed astrocyte-microglia cultures. Cultured rat astrocytes were incubated with
medium alone (control) or with different concentrations of H,O, lipopolysaccharide,
manganese and ammonia for 18 hours (A,B) and 24 hours (C,D). Both the LDH-activity (A,C) and
neutral red uptake (B,D) were measured. The results were expressed as percentages of LDH

released from lysed cells after the treatment with TritonX. Data show mean + SEM of the
experiments and analyzed by one-way ANOVA. Each experiment was replicated three times.

Figure 12. Lactate dehydrogenase (LDH) release assay (A,C) and neutral red uptake assay (B,D)
*p<0,05; **P<0,01; ***P<0,001



8.3. Intracellular ROS measurement

Intracellular ROS formation was examined in primary rat astrocyte cultures treated with
ammonia, Mn, LPS, and H.O.. The measurements were performed in cultures after chemical
microglia elimination, after shaking as well as in mixed astrocyte-microglia cultures. In
AraC+LME-treated cultures, after the exposure of Mn, applied with a concentration of 20 uM
for 3h and 6h and with 100 uM for 6h, ROS generation was significantly increased over that of
the controls. Furthermore, Mn at 20 uM elicited significant elevation of oxidative stress in time-
dependent manner. In ammonia-, LPS- and H.O2-exposed astrocytes there was no elevation
in intracellular ROS formation when compared to control, however both LPS- and ammonia-
exposure lead to a notable, but non-significantly increasing of ROS production (Fig 13).
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Figure 13. Effect of ammonia, manganese, hydrogen-peroxide and lipopolysaccharide on intracellular
ROS accumulation in highly purified primary rat astrocyte cultures by AraC+LME-treatment. Data
show mean + SEM of the experiments and is analyzed by one-way ANOVA. Each experiment was
replicated four times. **P<0,01, ***P<0,001
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Figure 14. Effect of ammonia, manganese, hydrogen-peroxide and lipopolysaccharide on intracellular
ROS accumulation in highly purified primary rat astrocyte cultures by shaking. Data show
mean + SEM of the experiments and analyzed by one-way ANOVA. Each experiment was replicated
four times. **P<0,01, ***P<0,001
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In mixed glial cultures, all concentrations of H,O2, 1000 ng LPS after 1 hour and 100 uM
Mn after 3 and 6 hours provoked ROS formation, thus it is suggested that the astrocyte-

microglia mixed cultures are more sensitive to the H.O- regarding the oxidative stress, than

cultures after microglia elimination (Fig. 15.).
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Figure 15. Effect of ammonia, manganese, hydrogen-peroxide and lipopolysaccharide on intracellular
ROS accumulation in mixed primary rat astrocyte-microglia cultures. Data show mean + SEM of the
experiments and analyzed by one-way ANOVA. Each experiment was replicated four times. **P<0,01,

***p<0,001
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8.4.1L-6 production in primary rat astrocyte cultures

The pro-inflammatory cytokine IL-6 was undetectable in the medium at resting state
(untreated control) after mechanical microglia elimination, moreover even the test substances
could not elicit IL-6 production (data not shown). In cultures, after chemical microglia
elimination the non-stimulated resting astrocytes were able to produce IL-6, however neither
of the compounds induced further significant increasing of IL-6. Interestingly, H-O.-treatments
could not provoke IL-6-production (Fig. 16.), albeit it has been demonstrated by others that
H.O, activates NF-kB, which led to increased IL-6 expression in prostate carcinoma cells
(151). Since, in our experiments, H.O- did not abolish the production of other cytokines (see
later), it is suggested that this result is not associated with cell death. The Janus kinase/signal
transducer and activator of transcription 3 (JAK/STAT3) pathway is required for the IL-6
production in astrocytes (152), thus in our investigations, the undetectable level of IL-6 after
the H,O,-treatment might be caused by the potential inhibitory effect of H.O_ on this pathway.
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Figure 16. Effect of ammonia, manganese, hydrogen-peroxide and lipopolysaccharide on IL-6
production in primary rat astrocyte cultures after chemical microglia elimination (AraC+LME
treatment). Data were expressed as mean+SEM and analyzed by one-way ANOVA. Each

experiment was replicated four times.
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8.5. TNF-a production in primary rat astrocyte cultures
After shaking, resting astrocytes were able to produce TNF-a at resting state, in addition
after both the 18-and 24 hour-exposure of 100 ng and 1000 ng LPS, the TNF-a protein

expression was significantly increased in the medium (Fig. 17.).
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Figure 17. Effect of ammonia, manganese, hydrogen-peroxide and lipopolysaccharide on TNF-a-
production in primary rat astrocyte cultures after shaking. Data were expressed as mean + SEM and
analyzed by one-way ANOVA. Each experiment was replicated four times. ***P<0,001
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TNF-a could be detected not only in the medium of non-stimulated astrocytes after
shaking, but also in case of chemical microglia elimination, however in contrast to the
previously described findings, neither of the test compounds were able to increase the release

of TNF-a (Fig. 18.).
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Figure 18. Effect of ammonia, manganese, hydrogen-peroxide and lipopolysaccharide on TNF-a-
production in primary rat astrocyte cultures after chemical microglia elimination (AraC+LME
treatment). Data were expressed as mean +SEM and analyzed by one-way ANOVA. Each
experiment was replicated four times.
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8.6.IL-1R-production in primary rat astrocyte cultures purified by shaking
IL-13 secretion was quantified intracellularly in primary astrocyte cultures purified by
mechanical microglia elimination. IL-13 protein expression could be detected in the cells under
baseline condition, moreover LPS, at all of the applied conditions as well as both
concentrations of Mn and ammonia after 24 h provoked significant IL-13 production, which

was measured also after the lysis of the cells. Interestingly oxidative stress could not increase

the IL-113 production (Fig. 19.).

%

1400

E 3
* *
-
1200 »
&
-
=
-
*
-
400 *
200

© =
g 8
=] o

IL-1B (pg/ml)

-
e
*
* »*
NS
plilil
. Hn | Ns
= = _— o = = c — ~ c c £~
o < o0 <t o0 < 0 < oo <t co <t oo <t co <t
— ~J — o~ o~ = o N = N o N —
Control =4 2 = =3 = = =
R S o o o = =
S S = =] ~ Ln
~—i uy Ly
LPS Mn3+ NH,CI H,O,

Figure 19. Effect of ammonia, manganese, hydrogen-peroxide and lipopolysaccharide on TNF-a-
production in primary rat astrocyte cultures after chemical microglia elimination (AraC+LME
treatment). Data were expressed as mean+SEM and analyzed by one-way ANOVA. Each

experiment was replicated four times.
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8.7.1L-10 production in highly purified astrocyte cultures
IL-10 secretion was also quantified in both cultures and we have revealed that both
astrocyte cultures are able to produce the anti-inflammatory cytokine IL-10 under basal
condition. In cultures after shaking, no treatment could provoke an increase of IL-10 release
(Fig. 20.), however in AraC+LME-treated cultures significant IL-10 was detected after the
incubation with LPS (Fig. 21.).
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Figure 20. Effect of ammonia, manganese, hydrogen-peroxide and lipopolysaccharide on IL-10-
production in primary rat astrocyte cultures after shaking. Data were expressed as mean + SEM and
analyzed by one-way ANOVA. Each experiment was replicated four times.
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Figure 21. Effect of ammonia, manganese, hydrogen-peroxide and lipopolysaccharide on IL-10-
production in primary rat astrocyte cultures after chemical microglia elimination (AraC+LME
treatment). Data were expressed as mean*SEM and analyzed by one-way ANOVA. Each
experiment was replicated four times. ***P<0,001

8.8. Effect of PDE-inhibitors on glutamate/glutamine metabolism

Beside cytokine production of astrocytes, we examined the glutamate/glutamine
metabolism in astrocyte cultures as well. Both glutamate and glutamine concentrations were
measured in the medium and also intracellularly. While the extracellular (EC) glutamate level
significantly changed in almost all of the treatment groups (Fig. 22.), the intracellular (IC) level
of glutamate remained unchanged in most of the treated groups (Fig. 23.). The EC glutamate
concentration significantly increased after the treatment with different glutaminase inhibitors
(BPTES, DON) and also after the incubation with theophylline and zaprinast, while the IC
glutamate level did not change in the BPTES-treated atrocytes, at the same time DON
significantly increased that. Theophylline caused elevated glutamate concentration in the IC

compartment only at the lowest dose, while zaprinast elicited the same effect at the higher

concentration.
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The EC and IC glutamine levels could be detected under basal conditions, furthermore
both of them were changed significantly after the incubation with the test compounds, however

the results were not consistent (Fig. 24-25.).

While the EC glutamate level (Fig. 22.) was significantly changed in almost all of the
treatment groups, the IC level of glutamate (Fig. 23.) remained unchanged in the most treated
groups. The EC glutamate concentration was significantly increased after the treatment with
the different glutaminase inhibitors (BPTES, DON) and also after the incubation with
theophylline and zaprinast, while the IC glutamate level did not changed in the BPTES-treated
atrocytes, however DON significantly increased that. Theophylline caused elevated glutamate
concentration in the IC compartment only at the lowest dose, while zaprinast elicited the same

effect at the higher concentration.

The EC glutamine concentration was increased after the treatment with BPTES and
theophylline at 150 uM, while all of the other treatements evoked significant decreasing of EC

glutamine level (Fig. 24 A).

When we compared the potential synergistic effect of ammonia and the different PDE-
and glutaminase inhibitors, we have found that the combination of theophylline and ammonia
in all the applied concentration led to increasing of IC glutamate level relative to ammonia-
treatment, while the combination of BPTES/DON/zaprinast and ammonia cauld not elicit this
result (Fig. 23.B).The different concentration of these chemicals and ammonia decreased the
glutamate concentration in the EC compartment relative to the ammonia-treated group (Fig.
24 B).

The combination of BPTES / all of the examined concentrations of DON / the lower
concentrations of both theophylline and zaprinast and ammonia caused decreasing of EC

glutamine level compared to ammonia-treatment alone (Fig. 24 B).

48



IC glutamine level was also decreased after the incubation with either of the test
substances (except for the lowest concentration of theophylline) relative to untreated control
(Fig. 25 A)., moreover, the combination of ammonia and DON/zaprinast/theophylline also
decreased the IC level of glutamine relative to ammonia-treatment (except for 300 uM

theophylline+ammonia) (Fig. 25 B).
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Figure 22. Effect of glutaminase inhibitors (BPTES, DON), phosphodiesterase inhibitors
(theophylline, zaprinast), ammonia and the combination of these chemicals and ammonia on the
extracellular glutamate concentration in primary rat astrocyte cultures purified by mechanical
microglia elimination (shaking). Cells were pretreated with BPTES/DON/theophylline/zaprinast 1 h
before ammonia-exposure (1 h). Data are mean + SEM from 4 independent experiments and
analyzed by one-way ANOVA. **P<0,01, ***P<0,001
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Figure 23. Effect of glutaminase inhibitors (BPTES, DON), phosphodiesterase inhibitors
(theophylline, zaprinast), ammonia and the combination of these chemicals and ammonia on the
intracellular glutamate concentration in primary rat astrocyte cultures purified by mechanical
microglia elimination (shaking). Cells were pretreated with BPTES/DON/theophylline/zaprinast 1 h
before ammonia-exposure (1 h). Cell lysis was performed by centrifugation for 5 min at 14500 rpm.
Data are mean + SEM from 4 independent experiments and analyzed by one-way ANOVA. A: control
group=untreated cultures (‘Control’). B: control, group= ammonia-treated cultures *p<0,05;
**p<0,01, ***P<0,001
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Figure 24. Effect of glutaminase inhibitors (BPTES,

DON), phosphodiesterase inhibitors

(theophylline, zaprinast), ammonia and the combination of these chemicals and ammonia on the
extracellular glutamine concentration in primary rat astrocyte cultures purified by mechanical
microglia elimination (shaking). Cells were pretreated with BPTES/DON/theophylline/zaprinast 1
h before ammonia-exposure (1 h). Data are mean + SEM from 4 independent experiments
experiments and analyzed by one-way ANOVA. A: control group=untreated cultures ('Control’). B:
control, group= ammonia-treated cultures. **P<0,01, ***P<0,001
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Figure 25. Effect of glutaminase inhibitors (BPTES, DON), phosphodiesterase inhibitors (theophylline,
zaprinast), ammonia and the combination of these chemicals and ammonia on the intracellular
glutamine concentration in primary rat astrocyte cultures purified by mechanical microglia
elimination (shaking). Cells were pretreated with BPTES/DON/theophylline/zaprinast 1 h before
ammonia-exposure (1 h). Cell lysis was performed by centrifugation for 5 min at 14500 rpm. Data
are mean * SEM from 4 independent experiments and analyzed by one-way ANOVA.

A: control group=untreated cultures (‘Control’). B:control, group= ammonia-treated cultures
**p<0,01, ***P<0,001
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9. Discussion

9.1. Characterization of the primary rat astrocyte cultures

We used highly purified primary rat astrocyte cultures as well as astrocyte-microglia
mixed cultures. In order to eliminate the residual microglia from the astrocyte cultures, we
applied two distinct methods. On one hand, microglia were removed by treatment with the
combination of AraC and LME. In our experiments, we tested both 15 mM and 25 mM LME (1
hour) after the incubation with AraC (3 days). On the other hand, highly purified astrocyte
cultures can be reached by mechanical removing of microglia (shaking) too, which could be
performed in several ways (147,153).

According to our immunocytochemical examinations, both the mechanical and the
chemical purification procedure led to high purity of the astrocyte cultures.

In the chemical elimination method, we have found that the higher concentration of LME
(25 mM) is more efficient. While comparing the chemical and mechanical methods, it turned
out that shaking represents a more efficient method for microglia elimination as, we have
exceeded 94% purity in contrast to the AraC+LME-treatment, where 11% of the cells were
microglia. This is similar to a former result (146), however, it is worth to mention that in many
studies the purity of cultures was confirmed only by GFAP staining (154,155).

9.2. Cell viability
In our experiments, we tested the potential cytotoxicity of the examined compounds by

three different methods: PI staining, LDH release and NR uptake assay.

9.2.1. PI staining
Pl staining represents an appropriate method for verifying the loss of membrane integrity
in astrocytes (155,156). Our results show that the test compounds at the examined
concentrations did not cause significant cell death. Since false positive events might occur
during PI staining in a significant number (157), we further assessed cell death with both LDH

release and NR uptake assays as well.

9.2.2. LDH assay
In primary rat astrocyte cultures prepared by shaking method as well as in mixed glial
cultures, the LDH release assay showed that only H.O. elicits significant cell death

(independently from the incubation time).
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Itis in line with another study, which proved that H.O; causes cell death in both astrocyte
and microglia, furthermore astrocytes seem to be quite sensitive to H2O; as 1h long incubation
in 1 mM concentration is able to damage 72% of them (158), moreover it has been revealed
that 72% of astrocytes were dead after treatment with 1 mM H>O; for 1 h (159). It is well
established that H.O- provokes cell death in astrocytes, verified by several methods (145,160),
which could be mediated not only by direct oxidation of different macromolecules in the cells,
but also through activation of signalling pathways leading to alteration of cytoskeleton and
membrane properties (145). In our study, on the highly purified astrocyte cultures, after 24 h
treatment period with 10 yM H,O. provoked significant cell damage, while in 100 uM
concentration after 18 h was required for the same effect. Similarly to the purified astrocyte
cultures, in primary mixed astrocyte-microglia cultures, exclusively H,O; could cause cell
death, in addition, this effect occurred at the same concentrations in both examined incubation
periods.

Interestingly, in astrocyte cultures purified by shaking, LDH release remained under the
control value after the 18 h-treatment with the highest concentrations of H.O». This result is in
line with a previous finding where ROS inhibited LDH activity (161), which occurred probably
due to the H20.-evoked diminishing of LDH activity in a concentration-dependent manner
(162). Taken together, although both methods rely on a suitable tool for assessing the
cytotoxicity, the application of LDH method should be considered carefully when testing

cytotoxic effect of H2O..

9.2.3. NR assay
NR uptake assay could be used for the determination of cytotoxicity under baseline
condition in astrocyte cultures (163), after H.O.-exposure in cerebellar granule neurons (164)

or after paraquat-treatment in both astrocytes and neurons (165).

In astrocyte cultures purified by shaking (18 and 24 h), as well as in mixed astrocyte-
microglia cultures (18 h), the same concentrations of H.O,-exposure resulted in a decreased
uptake of NR. Moreover, there were no other test compounds which could have provoked
significant change in NR uptake, although it occurred in some cases after 24. In our
experiment, in mixed astrocyte-microglia cultures, all concentrations of ammonia (except for
the lowest dose), led to significant decrease of NR accumulation after 24 h. For all we know,
there is no data regarding the measurement of ammonia-evoked cell viability reduction by NR

uptake assay.

Both LPS- and Mn-exposure led to NR decrease in the mixed glial cultures after 24 h,
however the highest concentrations of these compounds did not cause reduction of NR

accumulation.
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The alteration of cell viability after LPS-exposure was examined in astrocytes by others
and it has been found that even the highest dose of LPS (30 ug/ml) did not lead to decrease
of NR uptake (166).

9.2.4. Comparing the result of LDH and NR uptake assay
In astrocyte cultures after shaking as well as in mixed astrocyte-microglia cultures, we
have demonstrated that both LDH and NR uptake assays are appropriate for confirming
cytotoxicity, however NR uptake assay is more suitable to the establishment of H,O.-and
ammonia-evoked cell death/reduction of cell viability. Taken together, both methods provided

similar results about the cytotoxicity.

9.3. Intracellular ROS measurement

ROS formation was performed in enriched astrocyte cultures purified by mechanical or
chemical microglia elimination as well as in mixed glial cultures. In our experiments related to
guantification of oxidative stress, ammonia did not lead to ROS formation in either of the
astrocyte cultures, even though we used higher concentration of ammonia for longer
incubation time than others did (73,167). There is abundant evidence that ammonia elicits
oxidative stress in astrocyte cultures (50,73,75), thus the reason for this discrepancy is not
fully understood.

In contrast to ammonia, Mn-treatment elicited oxidative stress in all three types of
cultures. It should be noted that in astrocyte cultures after chemical microglia elimination, ROS
generation was found to be increased in a time-dependent manner after exposure of 20 uM
Mn for 1, 3 and 6 hours. Our findings are in agreement with other studies demonstrating that
Mn is able to cause oxidative stress at various concentrations, albeit these studies detected
the ROS formation in less purified cultures or in cultures without any immunostaining for
microglia marker (168,169). The time-dependent redox state changes after Mn-treatment has
also been confirmed by others (169). In astrocyte cultures after chemical microglia elimination,
we measured a slight, nonsignificant ROS production after the incubation with H,Oo,
conversely, we observed significant ROS generation at all the examined concentrations of
H20, in mixed astrocyte-microglia cultures. The H»O»-evoked increasing of ROS level in
astrocyte cultures has already been described by others (154,170), furthermore the graded
concentrations of H>O» provoked a dose-dependent rise of ROS formation in astrocytes, (150).
It should be elucidated, why H>O- did not elicit significant oxidative stress in AraC+LME-treated
astrocyte cultures, even though H,O, provoked ROS production in astrocyte-microglia mixed

cultures.
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We suppose that oxidative stress develops in a greater extent or more rapidly in microglia
than in astrocytes. It is supported by the literature, since it has been shown that the
methylmercury-provoked ROS production occurs at lower concentration of this compound and
earlier, compared to astrocyte (171), in addition, it has been reported that while low-dose H,0O»
significantly increased ROS levels in microglia, it did not occur in astrocytes (158). In our
experiment, it is possible that the presence of microglia may have increased the sensitivity of
astrocytes to the H,O;-evoked oxidative stress, however an opposite effect was revealed, as
per which, since the activated microglia provoked the upregulation of antioxidative enzymes in
astrocytes, a higher resistance to oxidative stress induced by H>O>was developed (172). It is
well known, that there is a crosstalk between microglia and astrocytes, via secreted mediators
and extracellular vesicles (173), thus we may strongly suggested that the interactions between
microglia and astrocytes contribute to our distinct results regarding the H,O; -provoked ROS
production in the two types of cell cultures, even if the precise mechanism is not fully
understood. One possible underlying cause might be the different sensitivity of A1 and A2
astrocytes to oxidative stress, although it should be proven.

Finally, in our study, 100 ng LPS after 3 hours in astrocyte cultures purified by shaking
and 1000 ng LPS after 1 hour in mixed primary rat astrocyte-microglia cultures led to significant
ROS production. It is in line with a previous study, in which it has been demonstrated that 1000
ng LPS induced significant ROS production after both 4 and 24 h in primary astrocyte cultures
without microglia-elimination (174), however it is not known, why the higher concentration of

LPS did not cause oxidative stress in cultures purified by shaking.

9.4. TNF-a-production in highly purified astrocyte cultures

TNF-a-release was quantified in the medium of enriched astrocyte cultures generated
by either chemical or mechanical microglia elimination. Both cultures were observed to secrete
TNF-a without adding separate test substances, and importantly, cultures after the chemical
treatment produced much more (around 10-fold more) TNF-a than cultures that underwent
shaking. It is well established that both microglia and astrocytes are able to produce TNF-a
(108,175-177), thus we assume that a minimal difference in the number of residual microglia
in the two cultures could cause the distinct pattern of TNF-a-release. It is also supported by a
study, which demonstrated that microglia-free astrocyte cultures do not produce TNF-a under
baseline conditions (113). Another underlying mechanism could be caused by cathepsins,
which are proteases located in the lysosomes. They not only act as mediators of apoptosis
(178), but also might have a role in inflammatory processes, since cathepsin X inhibition
significantly reduced LPS-induced production of the pro-inflammatory cytokines IL-6 and TNF-

a from microglia (179).
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L-Leucyl-LME provokes the release of cathepsins into the cytosol (180), thus we suggest

that the LME-treatment can contribute to the neuroinflammatory events in our cultures.

We have found that in AraC+LME-treated cultures, no substances could rise the TNF-a
secretion. On the other hand, both applied concentration of LPS at each incubation time
increased the TNF-a production in cultures purified by shaking. It has been described earlier
that adult astrocytes are able to produce TNF-a that can be increased by LPS, although the
cultures contained significant amount of microglia (5%) (181). Interestingly, TNF-a could not
be detected in LPS-treated human astrocyte cell line (182) and in microglia-free astrocyte
cultures after LPS-treatment (113). LPS induces ROS production in astrocytes (174) and it has
been described that ROS leads to reduced level of inflammatory mediators, such as inducible
nitric oxide synthase in interferon-gamma-induced microglia culture (159). Thus, we suppose
that the LPS-induced oxidative stress could influence the cytokine production in the minimal

amount of residual microglia in our cultures.

9.5.IL-6-production in highly purified astrocyte cultures

In astrocyte cultures purified by shaking, IL-6 was undetectable in the medium, both in
treated and untreated groups, groups. In contrast, basal IL-6 could be measured in cultures
purified by AraC+LME treatment, although it remained unchanged after the incubation with all
the different test compounds. There are increasing evidences showing that astrocytes secrete
IL-6, although these results should be interpreted with caution due to the heterogeneity of the
applied in vitro models, which does not allow comparing of the results. Enriched neonatal
cortical astrocyte cultures were able to secrete IL-6, however secretion was much higher after
7 days than after 1 day (183). It has been described that LPS-treated astrocytes secrete IL-6,
however it was measured on human astrocyte cell line (182). In other studies, IL-6 release
could also be observed from activated astrocytes, albeit the purity of the astrocyte cultures
were not described (97,184), thus it is suggested that microglia may have also contributed to
the IL-6 secretion in these astrocyte cultures. Moreover, it has been described that the AraC-
treatment leads to the development of stellate morphology and increased GFAP-level in

primary astrocyte cultures, indicating an astrocyte activation (185).
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Taken together, we hypothesise that the fact that we did not detect IL-6 in the
supernatant of astrocyte cultures purified by shaking, but the AraC+LME-treated astrocyte
cultures secreted IL-6 under basal condition, could happen either due to the minimal amount

of microglia in the cultures or because of the LME-provoked astrocyte activation.

9.6.IL-1B-production in astrocyte cultures purified by shaking
Our observations are in line with previous findings, that activated human astrocytes are
able to secrete IL-1R (108), however interestingly, IL-1% mRNA expression could not be

measured in mouse astrocytes after LPS-treatment (186).

LPS could provoke IL-13 release in astrocyte cultures, however it should be noted that
after the LME-treatment, the IL-1[ secretion was abolished, indicating the potential role of
microglia in the IL-13 production (187). As far as we know, there are no direct evidences that
ammonia or Mn could increase the IL-113 protein expression, thus ours is the first finding,

suggesting that some factors involved in HE are able to induce IL-1 secretion of astrocytes.

9.7.IL-10-production in highly purified astrocyte cultures

We also measured also the anti-inflammatory cytokine, IL-10 in the medium of primary
astrocyte cultures after both kinds of purification procedures. The untreated groups of both
cultures were able to secrete IL-10, but no change was detected in cultures purified by shaking
treated with any of the test compounds. Interestingly, LPS provoked IL-10 release in the
cultures purified by chemical microglia elimination. In another report, it has been established
that astrocytes produce IL-10 under physiological conditions and also after oxygen glucose
deprivation (188), however in this study the purity of cultures was only 95%, suggesting the

potential role of residual microglia.

9.8. Glutamate assay

After the measurement of cytokine production in astrocyte cultures, we also examined
the function of glutaminase, which represents another neuroinflammation-related event,
beside ROS generation. We hypothesised that some PDE inhibitors can block the glutaminase
activity in the primary rat astrocyte cultures, which could be demonstrated by the increase in
glutamine level concomitant with a decrease in glutamate concentration. During the
measurements of IC and EC glutamate concentrations, BPTES (10 yuM) and DON (50 pM, 100
puM, 1000 uM) were used as a positive control. Unexpectedly, BPTES as well as 50 yM and
100 uM DON increased the EC glutamate level, moreover the same concentrations of DON

caused elevated IC glutamate level as well.
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These findings are not aligned with previous results in the field, since DON inhibits both
isoforms of glutaminase (60), thereby reduces glutamate synthesis from glutamine (189) and
BPTES, an allosteric glutaminase inhibitor (190) also causes decrease in glutamate synthesis
(62).

After ammonia-exposure, EC glutamate was undetectable, moreover the IC glutamate
reduction was not significant, however, it has been shown that acute ammonia treatment at

the same concentration as we applied, should lead to glutamate release from astrocytes (191).

We found that both zaprinast and theophyilline increased the EC glutamate content in all
the applied concentrations. This result might be linked to the zaprinast- and theophyilline-
evoked elevation of cGMP, however this explanation was not supported by others, since
reduced total content of GLAST (glutamate transporter, also called EAAT1) glutamate
transporter in cerebellar slices of hyperammonemic rats could be normalized by the treatment
with extracellular cGMP (192). Thus, in our experiments the increased level of cGMP after the
treatment with PDE inhibitors should have reduced the glutamate content in the medium by
increasing the expression of GLAST, which are mainly expressed by astrocytes and
responsible for the glutamate uptake from the synaptic cleft (193). The connection between
cGMP and glutamate is bidirectional, since not only cGMP affects the EC glutamate content,
but also the changes of glutamate level contribute to the cGMP content. Glutamate activates
the N-methyl-D-aspartate (NMDA) receptor, which causes increasing of calcium ion
concentration in the post-synaptic neuron, followed by activation of nitric oxide (NO) synthase.
It will lead to NO generation subsequently followed by an increase of cGMP (194). Thus, in our
experiment, the zaprinast- and theophylline-evoked elevation of EC glutamate level might
cause the increase of cGMP level, however there were no neurons in our cultures.
Interestingly, it has been shown that NMDA receptors are not expressed exclusively in
neurones, but also in astrocytes (195), thus we suppose that our observation has some

relevances in highly purified astrocyte cultures as well.

After the treatment with either 100pM DON+5mM ammonia or 1000uM DON+5mM
ammonia or 150 uM theophyilline, we have found that glutamate concentrations changed in
the opposite direction in the EC and IC compartment. While, the combination of DON and
ammonia increased the EC glutamate level, these treatments caused decrease in IC glutamate
level. Similarly, 150 uM theophylline reduced EC glutamate concentration and raised IC level
of glutamate. These findings are not in line with a previous report, which revealed that elevation
of EC glutamate concentration leads to elevation of IC glutamate level in astrocytes, which
itself causes the downregulation of GLAST, thereby EC glutamate is not able to enter

astrocytes, subsequently leading to the increase of EC concentration of glutamate (196).
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9.9. Glutamine assay

We have demonstrated that ammonia-exposure leads to decreased EC glutamine
concentration, which is supported by a previous study in which ammonia inhibited glutamine
transport from mouse cortical astrocytes (197). Interestingly, while in our study we used acute
ammonia-treatment, in the abovementioned research, ammonia was applied for 24 h.
Nevertheless, it remains unclear why the ammonia-induced reduction of EC glutamine level
was not followed by an increase of IC glutamine level, as already described by others (47).
One possible cause could be the existence of other alternative pathways of
ammonia/glutamine metabolism. One of them, which has attracted little attention to date, is the

so-called ‘glutaminase Il pathway’.
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The first step of this pathway represented by the transamination of glutamine to a-
ketoglutaramate (a-KGM) by the enzymes glutamine transaminases (isozymes of glutamine
transaminases: Glutamine transaminase K: GTK, Glutamine transaminase L: GTL). The
activity of both GTK and GTL has been detected in the brain, in addition, it has been shown
that both activities and expression of GTK are higher in the astrocytes than in the neurons
(198). Itis wo
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th mentioning that it has been shown that GTK is identical to kynurenine
aminotransferase I: KAT | (198)) and GTL is identical to KAT Il (199).

Another alternative pathway of glutamate/glutamine cycle is suggested to be alanine
formation, thereby glutamine synthesis is not the only route for ammonia metabolism, since
ammonia might be metabolized also into alanine by the function of glutamate dehydrogenase
(GDH) and alanine aminotransferase (ALAT) (56).

We have found that BPTES, DON, zaprinast and theophyilline caused significantly lower
levels of IC glutamine when compared with untreated control (except 150 uM theophyilline).
These results do not correspond with our hypothesis, since the inhibition of glutaminase should
result in an increased IC concentration of glutamine. In fibrosarcoma cell line, both zaprinast
and BPTES increased the glutamine level (62), moreover DON also increased the ammonia-

evoked elevation of IC glutamine level in astrocyte culture (47).
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10. Conclusion

In my work | have found that both shaking and AraC+LME-treatment are appropriate
methods for the microglia-elimination, however only shaking resulted in a significantly higher
purity of the astrocyte cultures. Furthermore, my experiments have revealed that both LDH
release and NR uptake assays are suitable methods to detect the cytotoxicity of different
compounds involved in the pathogenesis of HE, however NR uptake assay is more appropriate
method for assessing H202- and ammonia- evoked cell death than LSH assay. Furthermore,
we have demonstrated that Mn causes ROS formation in highly purified astrocyte cultures as
well as in mixed glial cultures. Interestingly, H.O. provoked oxidative stress exclusively in the
mixed glial cultures, which suggests that using of primary rat astrocyte cultures without
microglia elimination is not suitable for the examination of the H,O;-evoked ROS formation in
astrocytes. During the measurements of cytokine production, we have found that TNF-aq, IL-6
and IL-10 secretion differs between cultures, which also highlights the importance of the culture
composition regarding the pro-and anti-inflammatory cytokine production in astrocyte cultures.
Our investigations have shown that astrocyte cultures purified by shaking produce IL-1R,
moreover LPS, ammonia and Mn increase the protein level of this cytokine. Finally, we have
studied the possible glutaminase-inhibitor effect of some PDE inhibitors, however already the
examination of positive controls provided controversial data, thus further in vivo/clinical

investigations are needed to clarify the mechanism of the unexpected results.
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11. New scientific results

11.1.My research revealed that the method of shaking and AraC+LME-treatment of primary

rat astrocyte cultures are not equivalent with each other, since shaking results in higher

purity of astrocyte cultures than chemical treatment, verified by immunocytochemistry

11.2.During the cell viability measurements, similar results were obtained from LDH

release and NR uptake assay, however, we have demonstrated that NR uptake assay

provides more reliable results regarding the assessing of cytotoxicity of both H,O, and

ammonia due to the followings:

in primary rat astrocyte cultures purified by shaking, the highest
concentrations of H>O» caused reduction of LDH release in the culture
medium, albeit the reduction of NR uptake provided evidence for the
significant increase of cell death.

in primary rat mixed astrocyte-microglia cultures, the NR uptake assay
showed significant increase of cell death after the incubation with
ammonia for 24 h, and this result could not be detected by the elevation
of extracellular LDH activity. Moreover, in contrast to LDH, NR uptake
assay verified the H.Oz-evoked cell death also at lower concentrations
after 24 h.

11.3.My results are the first, to our knowledge, to demonstrate differences in regard to the

intracellular ROS production in primary rat astrocyte cultures purified by either shaking

or Arac+LME-treatment or in mixed astrocyte-microglia cultures.

H.O, did not cause oxidative stress in primary rat astrocyte cultures
purified by AraC+LME-treatment, conversely provoked oxidative stress
in primary rat astrocyte cultures purified by shaking at only one
concentration and led to ROS production in the mixed primary rat

astrocyte-microglia cultures at all of the applied concentrations.

11.4.Cytokine production

The pro-inflammatory cytokine IL-6 was below the detection level in
astrocyte cultures purified by shaking in the untreated group and in the
treated groups as well, in contrast with this, both control and treated
groups of cultures purified by AraC+LME-treatment demonstrated IL-6
secretion but no significant increases appeared after time- and dose-
dependent LPS, Mn, or ammonia administration, while all the H,O-

levels totally eliminated the IL-6 production.
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Astrocyte cultures purified by shaking produced lesser amount of TNF-a
than cultures purified by AraC+LME-treatment, moreover, in the latter
case, LPS could not increase the TNF-a production in contrast to cultures
purified by shaking

LPS caused increased IL-10 secretion in the cultures purified by
AraC+LME-treatment, in contrast, LPS did not have this effect in cultures
purified by shaking

Both Mn and ammonia could increase the IL-1[3 production in astrocyte

cultures purified by shaking

11.5.Glutamate/glutamine metabolism

We have shown that both PDE inhibitors, zaprinast and theophyilline
caused increase in the EC glutamate levels, which may have clinical
significance with regard to the glutamate-NO-cGMP pathway and the
treatment of HE.
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