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Abstract

The aim of the study was to determine the immunohistochemical level of glutamine
synthetase (GS) expression in different brain regions in the conditions of experimental acute
liver failure in rats.

Materials and methods. The study was conducted in Wistar rats: 5 sham (control)
animals and 10 rats with acetaminophen induced liver failure model (AILF). The
immunohistochemical study of GS expression in the sensorimotor cortex, white matter,
hippocampus, thalamus, caudate nucleus/putamen was carried out in the period of 12-24 h

after acetaminophen treatment.
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Results. Beginning from the 6" hour after acetaminophen treatment all AILF-animals
showed the progressive increase in clinical signs of acute brain disfunction finished in 6 rats
by comatose state up to 24 h - they constituted subgroup AILF-B, “non-survived”. 4 animals
survived until the 24 h - subgroup AILF-A, “survived”. In the AILF-B group, starting from 16
to 24 hours after treatment, a significant (relative to control) regionally-specific dynamic
increase in the level of GS expression was observed in the brain: in the cortex — by 307.33 %,
in the thalamus — by 249.47%, in the hippocampus — by 245.53%, in the subcortical white
matter — by 126.08%, from 12™" hour — in the caudate nucleus/putamen, by 191.66 %; with the
most substantive elevation of GS expression in the cortex: by 4.07 times.

Conclusion. Starting from the 16™ hours after the acetaminophen treatment (from the
12" h in the caudate nucleus/putamen region) and up to 24 h, it is observed reliable compared
to control dynamic increase in GS protein expression in the cortex, white matter,
hippocampus, thalamus, caudate nucleus/putamen of the rat brain with the most significant
elevation in the cortex among other regions. The heterogeneity in the degree of GS expression
rising in different brain regions potentially may indicate regions more permeable for ammonia
and/or other systemic toxic factors as well as heterogeneous sensitivity of brain regions to
deleterious agents in conditions of AILF. Subsequently, revealed diversity in the GS
expression reflects the specificity of reactive response of local astroglia in the condition of
AILF-encephalopathy during specific time-period. The dynamic increase in the GS expression
associated with impairment of animal state, indicates involvement of increased GS levels in
the mechanisms of experimental acute hepatic encephalopathy.

Key words: acute hepatic encephalopathy; astroglial reactivity; GS.

Introduction

Advanced liver diseases are characterized by rising one of the most challenging
neurocognitive disorder termed hepatic encephalopathy (HE), which occurs in approximately
30-45% of patients with cirrhosis [1]. The American Association for the Study of Liver
Disease (AASLD)/European Association for the Study of the Liver (EASL) practice
guidelines for HE defined hepatic encephalopathy as a «brain dysfunction caused by liver
failure and/or portal-systemic shunting, which it manifests as a wide spectrum of neurological
or psychiatric abnormalities ranging from subclinical alterations to coma» [2, 3]. HE is
potentially reversible and classified from Grade 0 — “minimal” to Grade IV — hepatic coma [4],

determining poor patient prognosis and increased mortality [5]. Acute hepatic encephalopathy
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(AHE) is linked to acute liver failure (ALF) due to massive liver necrosis of different origin
or fulminant viral hepatitis [6].

The pathophysiology of AHE still remains a largely unresolved issue and needs
further clarification. It is widely considered that HE development is linked to the ammonia
neurotoxicity [7, 8]. Impaired detoxification of ammonia due to severe liver dysfunction leads
to increase circulating ammonia, crossing it the blood-brain barrier (BBB) and conditioning
hyperammonemia within the brain parenchyma [9, 10]. It is supposed that increased ammonia
changes intracellular pH, alter calcium homeostasis, neurotransmission and lead to
excitotoxicity [6]. Among target cell population in the brain parenchyma for ammonia toxic
effect astroglia appear to be on the central place as they considered the only ones containing
glutamine synthetase and metabolize ammonia [11]. Pathogenic mechanisms of toxic action
on astroglia include nitrative stress, downregulation of the gap-junction channel connexin-43,
mitochondrial insufficiency, alteration of NO/cGMP pathway activity and y(+)LAT2-
mediated exchange of extracellular glutamine for intracellular arginine, senescence, and a
wide list of other processes altered on genomic and/or molecular levels [6]. High levels of
ammonia in the brain tissue lead to increased astroglial glutamine synthesis through activation
of glutamine synthetase (GS), followed by astrocytic glutamine overload and their osmotic
cytotoxic edema. Hence, astrocytes, representing the most numerous cellular fraction of brain
volume, contribute substantially to the development of generalized cerebral edema-swelling,
increased intracranial pressure resulting in hernial dislocation of the brain hemispheres and
lethal outcome [7]. Mentioned mechanism formed the basis of the osmotic gliopathy theory
which currently dominate in the explanation of the hyperammonemia induced cerebral edema
[8]. CNS is enriched by glutamine and its synthesis is largely catalyzed by astroglial GS.
Glutamine plays a key role in the neurotransmission being the precursor of the glutamate and
gamma-aminobutyric acid (GABA). Briefly, as soon as glutamate is released in synaptic
vesicles from presynaptic terminals, perisynaptic astrocytic processes capture excess
glutamate via glutamate transporters and convert it into glutamine. Releasing glutamine from
astrocytes into the extracellular space is followed by taking it back to neurons where it can be
converted back to glutamate or GABA [12, 13]. It was reported earlier that GS is upregulated
in astroglia during acute hyperammonemia [6], while prolonged periods of increased systemic
ammonia associated with controversial results concerning alteration of GS expression in the
brain [14]. It is supposed that region- and context-dependent heterogeneity of astroglial
population in healthy and diseased brain accompanied by diverse response of astrocytes to

pathological stimuli [15]. As a consequence, it seems necessary to clarify supposed diverse
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response of different regional astroglial populations during acute hepatic encephalopathy in
the experimental mode.

The aim of the study was to determine the immunohistochemical level of GS
expression in different brain regions in the conditions of experimental acute liver failure in
rats.

Materials and methods. The experiment was performed on Wistar rats, 200-300 g
body weight. All procedures were conducted according to the European convention for the
protection of vertebrate animals (Strasbourg, 18 March 1986; ETS No. 123) and the Directive
2010/63/EU. For induction of AHE type “A” (“Acute liver failure” — according to the
American Association for the Study of Liver Disease updated guidelines), we used
acetaminophen (paracetamol, N-acetyl-p-aminophenol [APAP]) induced liver failure (AILF)
model [16, 17]. For detailed characteristics of all steps of the experimental model see our
previous paper [18]. Acetaminophen is one of the most common antipyretic drugs worldwide
and it’s overdosing determines the most frequent of ALF which often manifests in a
hyperacute form [19]. Seeing the fact of acetaminophen intoxication causes ALF in rodents,
AILF-model can be used for clarification the mechanisms of AHE similar to human one [16,
17].

Rats were divided into control group (n = 5) and AILF-group (n = 10). In the AILF-
group, after intraperitoneal acetaminophen injection, animals were examined for signs of
changed major physiological parameters. Six rats were euthanized up to 24 h after the
treatment by an intraperitoneal administration of sodium thiopental euthanasia solution due to
the severe clinical symptoms of ALF up to coma and constituted the group “AILF-B” —
decompensated AILF (non-survived group). Rats that showed compensated clinical signs (n =
4) and survived up to 24 h after the injection were designated to group “AILF-A” —
compensated AILF. In control (“AILF-C”) group, all animals survived up to 24 hours. All
survived and control animals were euthanized by i.p. injection of sodium thiopental
euthanasia solution at 24 h. The brain and liver samples were processed according to standard
procedures with formation of paraffin blocks. For general histopathological analysis
hematoxylin-eosin stained sections were used. Immunohistochemical (IHC) study involved
detection of immunopositive labels using rabbit polyclonal anti-GS primary antibody
(Thermo Scientific, USA) and Ultra Vision Quanto Detection imaging system with
diaminobenzidine (Thermo Scientific Inc., USA). The results of IHC reaction were assessed
at magnification x200 in a standardized field of view (SFV) of the microscope Scope. Al

“Carl Zeiss” (Germany) using Jenoptik Progres Gryphax 60N-C1"1,0x426114 (Germany)
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camera and the program Videotest-Morphology 5.2.0.158 (Video Test LLC, RF). The
expression of GS was assessed as a percentage of the relative area (S rel., %) of
immunopositive labels to the total area of the tissue section in the SFV. For the comparative
analysis of the GS expression were selected sensorimotor cortex, subcortical white matter,
hippocampus, thalamus and caudate nucleus/putamen regions. Five SFV of each mentioned
region were analyzed for each animal. Digital data were statistically processed by Statistica®
for Windows 13.0 (StatSoft Inc., license Ne JPZ8041382130ARCN10-J) with evaluating
median (Me), lower and upper quartiles (Q1; Q3). For comparison between groups Mann-
Whitney and Kruskal-Wallis tests were used. The results were considered significant at 95 %
(p < 0.05).

Results

At six hours after acetaminophen treatment all experimental animals showed the
dynamic increase in clinical signs of acute brain disfunction finished by comatose state up to
24 h in 6 animals. Pathohistological study of the liver samples of all AILF-rats have
evidenced wide foci of centrilobular necrosis, local hemorrhages and spread balloon
dystrophy of hepatocytes, all characterized by dynamic aggravation over time of the
experiment.

In the brain of control animals, at 24 h it was revealed heterogeneous level of GS
expression among different regions with the highest level in the sensorimotor cortex — 2.59
(2.26; 3.63) % and the lowest in the subcortical white matter — 0.23 (0.17; 0.30) % (Table 1).
GS-positive labeling in control brains was predominantly related to vascular astroglial endfeet
processes and much lesser appeared to be found in parenchymal astrocytic processes (fig. 1).

The latter trend was observed in all studied brain regions.

Table 1. The indicators of GS expression in different brain regions in animals of
different experimental groups expressed in the percent of immune-positive labels in the SFV.

Data are presented as median (Me) with lower and upper quartiles (Q1; Q3)

Brain region AILF-A AILF-B AILF-C
Cortex 7.04 (6.15; 7.50) *+ [ 10.55 (7.71; 11.04) =+ | 2.59 (2.26; 3.63)
Subcortical white matter| 0.50 (0.37; 1.34) * 0.52 (0.40; 1.39) * 0.23 (0.17; 0.30)
Hippocampus 3.22 (2.91;4.28) * 3.87 (3.04; 4.88) * 1.12 (0.53; 1.90)
Thalamus 3.10 (2.23;3.24)* | 3.32(2.11;3.90)* | 0.95(0.23; 1.65)
Caudate/putamen 2.33(2.17;3,72) * 2.44 (2.17; 4.16) * 0.84 (0.34; 1.23)
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Reliable differences in indicators compared to the control animals (p <0.05) are
marked with an asterisk (*). Reliable differences between CLP-A and CLP-B groups in the
same brain region (p <0.05) are marked with the dagger (1); “CLP-A” — survived; “CLP-B” —

non-survived; “CLP-C” — control.
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Fig. 1. GS expression in the cortex of the | Fig. 2. GS expression in the cortex of the
control rat (AILF-C group) 24 h after the | non-survived rat (AILF-B group) 24 h after
sham  procedure.  (anti-GS,  Thermo | the AILF procedure. (anti-GS, Thermo
Scientific, USA). x200. Scientific, USA). x200.

Histopathological studying of ICH-stained sections of all studied brain regions of rats
after AILF-procedure revealed substantive increase in GS-positive labeling, which was
predominantly associated to astroglial bodies cytoplasm and was distributed more evenly over
all types of astroglial processes (fig. 2).

In the experimental AILF-A and AILF-B animals the alteration of GS expression was
heterogenous among different brain regions with the highest increase in the cortex. Wherein
both survived and non-survived rats showed substantive reliable elevation in GS expression in
all studied regions compart to control indicators of the same region. Moreover, the indicators
of GS expression in all notes regions was higher in AILF-B animals compared to AILF-A,
while with no statistical validity of differences (p >0.05), except cortical region (Table 1).

Thus, in the non-survived AILF-B group the relative area of GS™ expression displayed
the most prominent increase in the cortical region comparing to control, respectively: 10.55
(7.71; 11.04) % and 2.59 (2.26; 3.63) %, p <0.05, that was equal to 307.33 % or 4.07-fold
increase if compare medians values of indicators. At 24 h of the experiment, AILF-A group
either showed reliable increase cortical GS expression — 7.04 (6.15; 7.50) %, although, it was
reliably lower compared to AILF-B group (p <0.05) (Table 1).

After cortical values, thalamic and hippocampal regions of AILF-B group was the next

most notable locations in the brain where GS™ expression increase substantially: 3.32 (2.11;
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3.90)% (3.49-fold or 249.47% compared to control) and 3.87 (3.04; 4.88)% (3.45-fold or
245.53% compared to control) respectively (p <0.05). In AILF-A group, thalamic and
hippocampal increased expression was also significant and reliable compared to control,
although did not differ reliably comparing to AILF-B values (p >0.05) (Table 1).

Less substantial elevation of GS expression in AILF-B rats was belonged to
caudate/putamen region, although values were reliably higher than in control indicators: 2.44
(2.17; 4.16) % vs. 0.84 (0.34; 1.23) respectively, with an excess of 191.66 % or 2.91 times
compared to control.

The least pronounced but reliable increase of GS expression in non-survived animals
was found in subcortical white matter — 0.52 (0.40; 1.39) % — that exceeded control values on
126.08% or by 2.26 times.

In AILF-B animals, during the post-injection period the increasement of GS
expression in the brain performed growing dynamics (figs. 3-7). Depending on the time after
acetaminophen injection when animals displayed symptoms of decompensated of ALF and
were sacrificed, values of GS also differed between regions, while the highest values of the
GS was found 24 h after the injection in all the studied regions (figs. 3-7). Starting from 16 h
of the experiment, all sacrificed animals of AILF-B group displayed reliable increase in GS
values compared to control group, except the caudate/putamen region where increasement of

indices reached statistical validity already by 12 hours after injection (figs. 3-7).
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Fig. 3. Dynamics of the relative area of GS™ expression (in the microscope SFV, %) in

the cerebral cortex of AILF-B rats after acetaminophen treatment
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Fig. 4. Dynamics of the relative area of GS™ expression (in the microscope SFV, %) in

the subcortical white matter of AILF-B rats after acetaminophen treatment
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Fig. 5. Dynamics of the relative area of GS™ expression (in the microscope SFV, %) in

the hippocampus of AILF-B rats after acetaminophen treatment

In sum, after acetaminophen treatment, the highest values of GS expression were
typical for the AILF-B animals in all studied brain regions with the most substantial rising in
the cortex, thalamus and hippocampus compared to control. Significant exponential elevation
of the GS expression was revealed at 16 h after injection in all studied regions, except

caudate/putamen, where it gained reliable increase as early as 12 h after AILF-procedure.
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Fig. 6. Dynamics of the relative area of GS™ expression (in the microscope SFV, %) in

the thalamus of AILF-B rats after acetaminophen treatment
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Fig. 7. Dynamics of the relative area of GS™ expression (in the microscope SFV, %) in

the caudate nucleus/putamen of AILF-B rats after acetaminophen treatment

Discussion

Cerebral edema is considered to be a key criterion of AHE, but it is not the only sign,
given the influence of other mechanisms. The majority of previous studies on pathogenesis of
cerebral edema in ALF are based on experiments using astrocytes cultures treated by
ammonia, animal models of acute liver damage, or translational studies of patients with ALF

[11]. Considering the evidence provided by numerous studies, ammonia plays a crucial role in
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the mechanisms of AHE in the condition of ALF, and astroglia appears to be a principle site
of cellular dysfunction in the brain in these conditions [20]. Early studies of AHE have been
resulted in the classic «glutamine/osmolyte hypothesis» postulated that systemic and brain
hyperammonemia leads to accumulation of glutamine in astrocytes (despite ammonia-
mediated oxidative stress and protein tyrosine nitration of astroglial GS with its
inhibition/inactivation), and followed by astrocyte swelling, cytotoxic brain edema without
significant neuronal death [21, 13, 22]. Nevertheless, further studies have challenged
glutamine substrate as the main osmotic reason of astrocyte swelling and brain edema in AHE
making classical viewpoints controversial and debatable. Thus, it was confirmed by many
studies using ammonia exposure to astrocyte culture and experimental HE, that brain
glutamine level does not correlate clearly with the degree of astroglial swelling and brain
edema [11]. Among other the most common alternative mechanisms suggesting the link
between glutamine and brain edema in hyperammonemia was the concept named “Trojan
Horse hypothesis” [7, 11]. According to this mechanism, accumulated inside astrocytes
glutamine further transported to the mitochondria and undergoes hydrolysis by glutaminase
with subsequent ammonia production. Thereby glutamine acts as a «Trojan Horse» carrying
ammonia into the astrocyte mitochondria and initiates mitochondrial energetic dysfunction
with opening the mitochondrial permeability transition pore [7]. The latter cause
mitochondrial membrane depolarization, energy failure, malfunction or insufficiency of
energy-dependent ion transporters, subsequent oxidative stress and cytotoxic cellular edema
of astrocytes [14].

GS is physiologically expressed in extrahepatic tissues such as skeletal muscle,
kidneys, brain, adipose tissue and several others, which are collectively responsible for nearly
1/3" of the total capacity of the organism to ammonia detoxification via the GS [23]. It was
found experimentally that brain GS is essential for surviving and the significance of astroglial
GS was evidenced by knockout technics in very recent studies. Selective deletion of GS in the
whole mouse brain results in a 14-fold decrease in cortical glutamine accompanied by 1.6-
fold increase in cortical ammonia in mice [24]. Zhou Y. and colleagues were succeeded to
selectively delete astroglial GS in the neocortex and hippocampus using mice of the
Emx1_IRES Cre line. In this study, adult experimental animals exhibited altered locomotive
activity, neurodegeneration and spontaneous seizures [25]. In contrast, deletion of GS in other
organs did not cause serious phenotype abnormalities in animals [13].

Spodenkiewicz M. et al. in their review reported about three patients with rare

recessive inborn partial loss of GS function in all GS expressed organs which clinically
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presented brain atrophy, severe neonatal epileptic encephalopathy and early death from
multiple organ failure [26].

Both human and animal studies have suggested a role of GS in the mechanisms of
epileptogenesis, where decreased glutamate-glutamine-GABA cycling between neurons and
astroglia may contribute to excessive excitability. Furthermore, in human studies, the decrease
in GS expression and/or activity was shown for brain areas with signs of reduced neuronal
density — in epileptogenic hippocampus in patients with mesial temporal lobe epilepsy,
amygdala in some patients with neocortical epilepsy, in the tumor tissue of patients with
secondary epilepsy [27]. Experimental inhibition or deletion of GS in the entorhinal-
hippocampal brain region causes mesial temporal lobe epilepsy-like syndrome characterized
by spontaneous hippocampal-onset seizures and loss of hippocampal neurons in animals [27].

In our study we immunohistochemically evidenced that in the condition of AILF-
model there is early (16 h) reliable increase in the expression level of GS protein in the brain
cortex, white matter, hippocampus, thalamus and at 12 h — in the caudate nucleus/putamen
regions. The most prominent elevation of the GS expression level in the cortex might suppose
that among other brain regions, cortex is characterized by more substantial ammonia load and
exposure, as well as more pronounced action of other deleterious factors altering the function
of glutamine-glutamate shuttle. Considering strong heterogeneity of astroglial populations
through different regions in healthy and diseased brain, the diverse expression levels of GS
enzyme in AILF might reflect special reactive features of different astroglial populations
among studied brain regions. The earliest reliable increase of GS expression in
caudate/putamen region might propose the most rapid ammonia entry into the brain
parenchyma in this region as well as the faster reactivity of local astroglia on the action of
hyperammonemia. Continuing this thought, the lowest elevation indexes of GS expression in
the white matter characterizes the local astroglial population and/or this region as the most
unreactive and/or protected from the ammonia exposure. The higher values of GS expression
in the cortex of non-survived animals compared to survived group, as well as the maximal
levels of GS at 24 h, when non-survived animals progressively showed extinction of vital
functions and aggravation of coma state, might indicate the active involvement of GS in the
mechanisms of decompensation of acute encephalopathy, which is typical for AILF.

Both deficiency and upregulation of GS with subsequent deficit or overproduction and
accumulation of glutamine in the brain may lead to highly deleterious effects on astroglial and
neuronal community causing both overexcitability and deceleration states depending on the

level of GS activity, astroglial microenvironment, developmental ontogenetic period of the
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organism, specific brain region, period of the disease, etc. These specific signatures may
suggest different therapeutic approaches in each case. Moreover, considering the known
complexity of the course of any pathological state including HE, one should comprehensively
take into account the wide range of the noted influencing factors while analyzing specific
clinical cases or experimental data.

Conclusion

Starting from the 16th hours after the acetaminophen treatment (from the 12th h in the
caudate nucleus/putamen region) and up to 24 h, it is observed reliable compared to control
dynamic increase in GS protein expression in the cortex, white matter, hippocampus,
thalamus, caudate nucleus/putamen of the rat brain with the most significant elevation in the
cortex among other regions. The heterogeneity in the degree of GS expression rising in
different brain regions potentially may indicate regions more permeable for ammonia and/or
other systemic toxic factors as well as heterogeneous sensitivity of brain regions to deleterious
agents in conditions of AILF. Subsequently, revealed diversity in the GS expression reflects
the specificity of reactive response of local astroglia in the condition of AlILF-encephalopathy
during specific time-period. The dynamic increase in the GS expression associated with
impairment of animal state, indicates involvement of increased GS levels in the mechanisms
of experimental AHE.
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