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Abstract

Astrocytes are functionally diverse glial cells that maintain blood-brain barrier (BBB) integrity, provide metabolic and trophic
support, and react to pathogens or harmful stimuli through inflammatory response. Impairment of astrocyte functions has been
implicated in hepatic encephalopathy (HE), a neurological complication associated with hyperammonemia. Although
hyperammonemia is more common in adults, ammonia gliotoxicity has been mainly studied in cultured astrocytes derived from
neonate animals. However, these cells can sense and respond to stimuli in different ways from astrocytes obtained from adult
animals. Thus, the aim of this study was to investigate the direct effects of ammonia on astrocyte cultures obtained from adult rats
compared with those obtained from neonate rats. Our main findings pointed that ammonia increased the gene expression of
proteins associated with BBB permeability, in addition to cause an inflammatory response and decrease the release of trophic
factors, which were dependent on p38 mitogen-activated protein kinase (p38 MAPK)/nuclear factor kB (NFkB) pathways and
aquaporin 4, in both neonatal and mature astrocytes. Considering the age, mature astrocytes presented an overall increase of the
expression of inflammatory signaling components and a decrease of the expression of cytoprotective pathways, compared with
neonatal astrocytes. Importantly, ammonia exposure in mature astrocytes potentiated the expression of the senescence marker
p21, inflammatory response, activation of p38 MAPK/NFkB pathways, and the decrease of cytoprotective pathways. In this
regard, ammonia can trigger and/or accelerate the inflammaging of mature astrocytes, a phenomenon characterized by an age-
related chronic and low-grade inflammation, which may be implicated in HE neurological symptoms.
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Introduction

Astrocytes are multifunctional glial cells that play essential
roles in central nervous system (CNS) homeostasis. They
maintain a close interaction with the synapses and cerebral
vessels, thus regulating both microenvironments, neural me-
tabolism, and blood-brain barrier (BBB) [1-3]. As active com-
municating cells, astrocytes secrete several trophic molecules,
including vascular endothelial growth factor (VEGF), glial-
derived neurotrophic factor (GDNF), and brain-derived
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neurotrophic factor (BDNF) [3, 4]. During brain injuries, as-
trocytes can become activated and fulfill an important func-
tion in inflammatory response and immunity, by releasing
inflammatory mediators such as cytokines, chemokines, pros-
taglandins, and nitric oxide [5, 6]. Moreover, the expression of
pattern recognition receptors, as toll-like receptors (TLRs), al-
lows astrocytes to respond to different stimuli [7]. As a conse-
quence, p38 mitogen-activated protein kinase (p38 MAPK), nu-
clear factor kB (NFkB), nuclear factor erythroid-derived 2-like 2
(Nrf2), heme oxygenase-1 (HO-1), phosphatidylinositide 3-
kinase (PI3K), and other signaling pathways are triggered, driv-
ing either inflammation or cellular protection [7—10].
Ammonia is a metabolite produced by several reactions
throughout the body and is finally metabolized in the liver
by urea cycle. Pathological increase in circulating ammonia
levels occurs mainly in adults as a consequence of acquired
liver diseases, but it can also have congenital causes (i.c.,
inborn errors of urea cycle) in infants and children [11, 12].
Hyperammonemia interferes profoundly with brain metabo-
lism, a condition referred as hepatic encephalopathy (HE)
[13]. Within the CNS, ammonia is detoxified mainly by
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glutamine synthetase (GS), a specific astrocytic enzyme in the
brain [14]. However, hyperammonemia conditions might ex-
ceed astrocytic metabolic capacity and cause several toxic
effects to the brain, including inflammatory response, oxida-
tive stress, and cerebral edema [15-18]. Particularly this last
effect can be associated with changes in aquaporin 4 (AQP4),
a water channel protein expressed by astrocytes [19, 20].
Additionally, it has been reported that ammonia also induces
astrocyte senescence, associated with increased p21 expres-
sion [21].

Although hyperammonemic disorders can affect neonatal
and adult brain, ammonia toxicity has been studied in primary
astrocyte cultures derived from neonate rodents [18, 22]. It has
been demonstrated that astrocytes from immature brain pres-
ent different metabolic activities, as well as can sense and
respond to stimuli in different ways from mature cells, obtain-
ed from adult animals [23-27]. The diversity of protective
stimuli and/or challenges experienced by an animal (i.e., im-
mune and stressful) can leave brain marks, and supposedly
influence astrocytic responses in later ages [28-31]. In line
with this, the aim of this study was to investigate the direct
effects of ammonia on primary astrocytes obtained from adult
rats compared with those obtained from neonate rats, referred
to herein after as mature and neonatal cultures, respectively.
We considered important functional parameters of astrocytes,
in addition to evaluate the roles of AQP4 and p38 MAPK in
the mechanisms underlying ammonia effects. The main find-
ings of our study showed that ammonia can potentiate intrinsic
age-related inflammatory and senescence markers in mature
astrocytes. In other words, in adult brain, ammonia can trigger
and/or accelerate glial-inflammaging, a phenomenon charac-
terized by an age-related chronic and low-grade inflammation
potentially associated with diseases [32-34].

Materials and Methods
Reagents

Dulbecco’s modified Eagle’s medium/F12 (DMEM/F12) and
other materials for cell culture, TRIzol reagent, and ELISA kits
for interleukin-13 (IL-13), interleukin-6 (IL-6), interleukin-10
(IL-10), NFkB p65, and BDNF were purchased from Gibco/
Invitrogen (Carlsbad, CA, USA). High Capacity cDNA
Reverse Transcription kit, Tagman Universal PCR Master Mix,
and TagMan® Assays were purchased from Applied Biosystems
(Foster City, CA, USA). 5-Diphenyltetrazolium bromide (MTT)
and phospho-p38 MAPK kit were obtained from Sigma-Aldrich
(St. Louis, MO, USA). GDNF ELISA kit was obtained from
R&D Systems (Minneapolis, MN, USA) and ELISA kit for
tumor necrosis factor-o« (TNF-ox) from PeproTech (Rocky Hill,
NJ, USA). Anti-AQP4, anti-HO-1, and anti-phospho-PI3K p85
(Tyrd58)/p55 (Tyr199) were purchased from Millipore

(Burlington, MA, USA), Santa Cruz Biotechnology (Santa
Cruz, CA, USA), and Cell Signaling Technology (Danvers,
MA, USA), respectively, and HRP-conjugated (3-actin antibody
was from Proteintech (Rosemont, IL, USA). All other chemicals
were purchased from common commercial suppliers.

Animals

Male Wistar rats (1-2 and 90 days old) were obtained from
our breeding colony (Department of Biochemistry, UFRGS,
Porto Alegre, Brazil), maintained under controlled environ-
ment (12 h light/12 h dark cycle; 22 + 1 °C; ad libitum access
to food and water). All animal experiments were performed in
accordance with the National Institute of Health (NIH) Guide
for the Care and Use of Laboratory Animals and Brazilian
Society for Neuroscience and Behavior recommendations
for animal care. The experimental protocols were approved
by the Federal University of Rio Grande do Sul Animal
Care and Use Committee (process number 21215).

Neonatal and Mature Astrocyte Cultures

Neonate (1-2 days old) and adult (90 days old) Wistar rats had
their cortices aseptically dissected from cerebral hemispheres,
followed by meninges removal. The tissues were digested in
Hank’s balanced salt solution (HBSS) containing 0.003%
DNase using trypsin (0.05%) and papain (40 U/mL), as pre-
viously described [27, 35]. After mechanical dissociation and
centrifugation, the cells were resuspended in DMEM/F12
(10% fetal bovine serum (FBS), 15 mM HEPES, 14.3 mM
NaHCOg, 2.5 pg/mL Fungizone, and 0.05 mg/mL gentami-
cin), plated on 6- or 24-well plates pre-coated with poly-L-
lysine at a density of 3—5 x 10° cells/cm®. Neonatal and ma-
ture astrocytes were cultured at 37 °C in a 5% CO, incubator.
From the third week on, astrocytes received medium supple-
mented with 20% FBS until they reached confluence (at ap-
proximately the fourth week for mature astrocytes), when
were used for the experiments.

Ammonia Exposure and Inhibitor Treatments

Neonatal and mature astrocytes were exposed to ammonia
(NH4CI; 5 mM) for 24 h [15, 16, 36] in DMEM/F12 1%
FBS, maintained at 37 °C in a 5% CO, incubator. The effect
of AQP4 and p38 MAPK inhibition was evaluated by adding
tetracthylammonium (TEA; 10 uM) and SB 203580 (10 uM),
respectively, to the culture medium 1 h prior to ammonia
incubation [37, 38]. It is important to note that we performed
an experimental control using the weak base trimethylamine
(5 mM) to test a possible influence of changes in pH [39] on
astroglial parameters, but any result was observed (data not
shown), indicating that the effects observed in our study were
specific for ammonia.
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MTT Reduction Assay

MTT was added to the medium at a concentration of 50 pg/
mL and cells were incubated for 3 h at 37 °C in an atmosphere
of 5% CO,. Subsequently, the medium was removed and the
MTT crystals were dissolved in dimethyl-sulfoxide.
Absorbance values were measured at 560 nm and 650 nm
[24]. The results are expressed as percentages relative to the
control conditions.

Actin-Labeling Analysis

For actin-labeling analysis, cells were fixed for 20 min with
4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS), rinsed with PBS, and then permeabilized for 10 min
in PBS containing 0.2% Triton X-100. After, an incubation
with 10 pg/mL rhodamine-labeled phalloidin in PBS for
20 min was performed, followed by two washes with PBS
[26]. Cell nuclei were stained with 0.2 pg/mL of 4', 6'-
diamidino-2-phenylindole (DAPI) for further 20 min.
Astrocyte cultures were analyzed using a Nikon microscope
and photographed with a digital camera DXM1200C and TE-
FM Epi-Fluorescence accessory.

Extracellular Lactate Content

Lactate content in the extracellular medium was determined
using a commercial UV assay from Bioclin (Brazil), accord-
ing to the manufacturer’s instructions. Results were calculated
using a standard and are expressed in mM.

RNA Extraction and Quantitative RT-PCR

Total RNA was isolated from astrocyte cultures using TRIzol
Reagent (Invitrogen, Carlsbad, CA) [8]. The concentration and
purity of the RNA were determined spectrophotometrically at a
ratio of 260:280. Then, 0.5 ug of total RNA was reverse tran-
scribed using Applied Biosystems™ HighCapacity complemen-
tary DNA (cDNA) Reverse Transcription Kit (Applied
Biosystems) in a 20-uL reaction according to manufacturer’s
instructions. The messenger RNA (mRNA) encoding GS
(#Rn01483107 ml), TNF-& (#Rn99999017 ml), TNF recep-
tor 1 (TNFR1; #Rn01492348 m1), IL-13 (#Rn00580432 m1),
IL-1 receptor type I (IL1R1; #Rn00565482 ml), p65 NF«kB
(#Rn01502266 m1), pS0 NFkB (#Rn01399572 ml), TLR2
(#Rn02133647 s1), TLR4 #Rn00569848 ml), high mobility
group box 1 (HMGBI1; #Rn02377062 gl), Nrf2
(#Rn00582415 m1), HO-1 (#Rn01536933 m1), PI3K
(#Rn01769524 ml), and B-actin (#Rn00667869 ml) were
quantified using the TagMan real-time RT-PCR system using
inventory primers and probes purchased from Applied
Biosystems. The mRNA quantification for the genes encoding
p21, VEGF, AQP4, inducible nitric oxide synthase (iNOS),
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cyclooxygenase-2 (COX-2), and f3-actin was performed
using the primer pairs described in Table 1 and Power
SYBR Green PCR Master Mix (Invitrogen).
Quantitative RT-PCR was performed using the Applied
Biosystems 7500 Fast system. Target mRNA levels
were normalized to (3-actin levels. The results were an-
alyzed employing the 2742C method [40] and
expressed relative to the levels of neonatal control
astrocytes.

Western Blotting Analysis

Astrocytes were lysed in a solution containing 4% SDS,
2 mM EDTA, and 50 mM Tris—HCI (pH 6.8). Samples
were separated by SDS/PAGE, and transferred to nitrocel-
lulose membranes, which were blocked with 4% albumin
and then incubated overnight (4 °C) with anti-AQP4
(1:2000), anti-HO-1 (1:1000), or anti-phospho-PI3K
(1:2000). PB-actin was used as a loading control. Then,
the membranes were incubated with a peroxidase-
conjugated anti-immunoglobulin (IgG) at a dilution of
1:10,000 for 2 h. Chemiluminescence signal was detected
in an Image Quant LAS4010 system (GE Healthcare)
using an ECL kit [8]. The results are expressed as per-
centages relative to control conditions.

ELISA Assays

ELISA assays were performed using intracellular content to
evaluate phospho-p38 MAPK in the cell lysate suspended in a
specific buffer from ELISA kit, and the levels of NFkB p65 in
the nuclear fraction, which had been isolated from lysed cells
with 1% Igepal CA-630 and centrifugation (following manu-
facturer’s instructions). These results were calculated as pg/
mL and then corrected by the total amount of protein; thus,
they are expressed as pg/mg protein. In the extracellular me-
dium, it evaluated the levels of TNF-«, IL-1§3, IL-6, IL-10,
BDNF, and GDNF. Table 2 summarizes each ELISA kit
information.

Statistical Analyses

Differences among groups were statistically analyzed using
two-way analysis of variance (ANOVA), followed by
Tukey’s test. All analyses were performed using the
GraphPad Prism 6 (GraphPad Software, Inc., La Jolla, CA,
USA). Values of p < 0.05 were considered significant; * refers
to statistically significant differences between control and am-
monia (same age) and * refers to statistically significant dif-
ferences between ages (neonatal versus mature astrocytes).
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Table 1 Oligonucleotide primers
for real-time RT-PCR mRNA target Sense/anti-sense Product size (pb)
p21 5'-GAGGCCTCTTCCCCATCTTCT-3' 120
5’AATTAAGACACACTGAATGAAGGCTAAG-3'
VEGF 5'-TAACGATGAAGCCCTGGAGTG-3' 123
5'-AGGTTTGATCCGCATGATCTG-3'
AQP4 5'-TCCTCTACCTGGTCACACCC-3 549
5'-AGTCCTTCCCCTTCTTCTCG-3'
COX-2 5'-GATTGACAGCCCACCAACTT-3' 150
5'-CGGGATGAACTCTCTCCTCA-3'
iNOS 5'-GGCAGCCTGTGAGACCTTTG-3’ 72
5'-GAAGCGTTTCGGGATCTGAA-3’
[3-actin 5'-CAACGAGCGGTTCCGAT-3' 190

5'- GCCACAGGATTCCATACCCA-3’

Results

Differences Between Neonatal and Mature Cultures in
Important Astrocytic-Associated Functions After
Ammonia Exposure

In line with our previous data [16, 35], ammonia (1; 5 or
10 mM, 24 h) did not affect cell viability, measured by the
MTT reduction assay, in neonatal astrocytes when compared
with untreated controls (Fig. 1a). We therefore analyzed the
effect of the same concentrations of ammonia in primary as-
trocyte cultures obtained from adult rats (mature astrocytes).
Similarly, ammonia did not cause impairment in cell viability
of mature astrocytes (Fig. 1b). Moreover, ammonia did not
significantly change the membrane integrity (measured by PI
incorporation) and the total number of cells in both neonatal
and mature astrocyte cultures (data now shown). Based on
these results, we used the well-established concentration of
5 mM [16, 21, 41] to investigate the effects of ammonia on
functionality of neonatal and mature astrocytes.

Actin cytoskeleton is the major determinant of the cell
morphology, and neonatal and mature astrocyte cultures

showed significant staining for actin with parallel arrangement
of stress fiber organization (Fig. 1¢). However, ammonia in-
duced actin reorganization at 24 h of exposure, mainly in
mature astrocytes, indicating the participation of cytoskeleton
in the ammonia effects.

The release of lactate, a product of glycolytic metabolism,
was decreased in mature astrocytes compared with those ob-
tained from neonatal rats (Fig. 1d; #p <0.05). However, am-
monia (5 mM) did not change lactate release from astrocytes
in both ages.

To investigate the putative ability of astrocytes to detoxify
ammonia, we evaluated the mRNA expression of GS. Mature
astrocytes expressed less GS than neonatal cells (Fig. le;
#» <0.0001), suggesting that mature astrocytes can be more
susceptible to ammonia toxicity. Additionally, when exposed
to ammonia, neonatal and mature astrocytes showed an oppo-
site response regarding to GS mRNA expression. Ammonia
increased mRNA levels of GS in neonatal astrocytes
("p<0.0001), while decreased in mature astrocytes
('p<0.0001).

To focus on the ammonia-induced astrocyte senescence,
we analyzed the mRNA expression of p21, a cycle inhibitory

Table 2 ELISA assays used in

Catalog number Assay range Expression unit

intracellular and extracellular ELISA assay Supplier
evaluations
Intracellular content
p38 MAPK Sigma-Aldrich
NFkB p65 Invitrogen
Extracellular content
TNF-« PeproTech
IL-13 Invitrogen
IL-6 Invitrogen
IL-10 Invitrogen
BDNF Invitrogen
GDNF Abcam

PMO0100 31.2-2000 pg/mL pg/mg protein
85-86083-11 - pg/mg protein
900-M73 10.0-4000 pg/mL pg/mL
BMS630 31.3-2000 pg/mL pg/mL
BMS625 31.3-2000 pg/mL pg/mL
BMS629 15.6-1000 pg/mL pg/mL
ERBDNF 12.3-3000 pg/mL pg/mL
ab213901 31.2-2000 pg/mL pg/mL
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gene which upregulation has been associated with senescence.
As expected, we observed an increase in mRNA levels of p21
in mature astrocytes compared with neonatal astrocytes (Fig.
1f; #p <0.001). Moreover, ammonia increased p21 mRNA
expression in neonatal astrocytes ('p <0.001) and further en-
hanced the upregulation of this gene in mature astrocytes
(p<0.001).

Since ammonia has been reported to impair BBB integrity, we
evaluated the expression of VEGF, an astrocyte-derived inducer
of vascular permeability, and the astrocytic water channel AQP4.
Ammonia was able to similarly increase the VEGF mRNA levels
in neonatal and mature astrocytes (*p <0.0001), whereas the
gene expression of this factor was not dependent on age (Fig.
1g). Regarding AQP4, ammonia significantly increased its
mRNA expression only in mature astrocytes (Fig. lh; *E<
0.0001). Moreover, at basal conditions, mature astrocytes
showed increased mRNA Ilevels of AQP4 (#p <0.01).
Immunocontent of AQP4 was also evaluated (Fig. 11); however,
any statistically significant change was not observed.

Altogether, these data firstly reinforce that our primary astro-
cyte cultures derived from adult rats are metabolically and func-
tionally different from astrocyte cultures derived from neonatal
animals, probably due to the cellular maturation stage.
Consequently, the astrocytic response to external challenges,
such as ammonia, might be different dependent on age.

Effects of Ammonia on Astrocytic Inflammatory and
Trophic Responses Are Dependent on AQP4 and p38
MAPK/NFkB Signaling

We subsequently investigated the role of p38 MAPK path-
way, which is associated with AQP4 expression and also with
neuroinflammation, in ammonia-induced inflammatory and
trophic responses in astrocytes. The protein levels of p38
MAPK were markedly increased by ammonia ("p < 0.0001;
Fig. 2a). In addition, an age-dependent increase in p38 MAPK
levels was observed (p <0.0001). Interestingly, when both
neonatal and mature astrocytes were co-incubated with TEA,
a non-specific inhibitor of AQP4, ammonia no longer in-
creased p38 MAPK levels. These results suggest a crosstalk
between AQP4 and p38 MAPK, which can be mechanistically
involved in astroglial response to ammonia.

The p38 MAPK signaling pathway can induce the tran-
scriptional activity of NFkB, a master regulator of cellular
inflammatory and oxidative responses. As shown in Fig. 2b,
ammonia increased nuclear protein levels of p65 NFkB
('p<0.0001). Comparing neonatal and mature cells, we ob-
served higher p65 NF«B protein levels in the nuclear fraction
of mature astrocytes (*p < 0.0001). When astrocytes from both
ages were co-incubated with TEA or SB 203580, a p38
MAPK inhibitor, the effects of ammonia on NFkB activation
were completely abrogated. Interestingly, considering mature
astrocytes, p38 MAPK inhibitor was also able to decrease age-
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related NFkB activation, not only in the presence of ammonia
but also at basal conditions.

Consistently with an activation of p38 MAPK/NF«B in the
presence of ammonia, both neonatal (*p <0.0001) and mature
astrocytes (p < 0.0001) release higher levels of TNF-« relative
to its respective control cells (Fig. 2c). When co-incubated
with AQP4 inhibitor TEA, the effect of ammonia on TNF-«
in astrocytes was completely abolished. Using the p38 MAPK
inhibitor SB 203580, the ammonia-induced increase of
TNF-« was also prevented. Ammonia additionally increased
the release of IL-1 (Fig. 2d; "p < 0.0001) and IL-6 (Fig. 2e;
“p <0.0001) in both neonatal and mature astrocytes. In agree-
ment with the results found for TNF-«, co-incubation with
either TEA or SB 203580 prevented the ammonia-induced
increase of extracellular IL-13 and IL-6. However, we did
not observe any change for IL-10 release (Fig. 2f).

Importantly, mature astrocytes showed elevated extracellu-
lar levels of TNF-« (Fig. 2¢), IL-13 (Fig. 2d), and IL-6 (Fig.
2e) compared with neonatal cultures at basal conditions. In
agreement with the result found for NF«B activation, blocking
p38 MAPK in mature astrocytes decreased the release of all
these cytokines. Thus, our results suggest an involvement of
AQP4/p38 MAPK/NFkB activation in ammonia-induced in-
flammatory response of astrocytes, and the role of p38 MAPK
in the inflamed status of mature cells.

In contrast, extracellular levels of GDNF (Fig. 2g) and
BDNF (Fig. 2h) were markedly decreased in response to am-
monia (*p <0.0001). Interestingly, when astrocytes were co-
incubated with ammonia and AQP4 or p38 MAPK inhibitors,
different effects were observed. Inhibition of AQP4 totally
abolished the ammonia-induced decrease in the extracellular
content of GDNF and BDNF in neonatal and mature astro-
cytes. However, p38 MAPK inhibitor could partially prevent
the effect of ammonia on GDNF release, but only in neonatal
astrocytes. Regarding BDNF levels, they were not affected by
p38 MAPK blockage. Moreover, the release of both these
trophic factors did not change with age in cortical astrocytes.

Ammonia Enhanced Age-Related Upregulation of
Inflammatory Genes in Astrocytes

Following the pro-inflammatory effects of age and ammonia
on cytokine release, we further analyzed the expression of
several genes associated with inflammatory responses of as-
trocytes. Interestingly, despite of which was found for TNF-«
release, mature astrocytes showed similar mRNA levels of
TNF-« (Fig. 3a) and TNFRI1 (Fig. 3b) compared with neona-
tal astrocytes. However, there was a markedly upregulation of
the IL-1p gene (*p <0.05; Fig. 3¢), as well as of its receptor
ILIR1 (*p <0.01; Fig. 3d), with age. Regarding the effects of
ammonia, it increased mRNA levels of TNF-« only in neo-
natal cells (Fig. 3a; *p <0.0001), but TNFR1 was upregulated
in both neonatal and mature astrocytes (Fig. 3b; “p < 0.05).
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«Fig. 1 Effects of ammonia in neonatal and mature astrocyte cultures.
Neonatal and mature astrocyte cultures were incubated with ammonia
(1; 5 or 10 mM) for 24 h for assessing cell viability (a and b). For actin
cytoskeleton analysis, cultured astrocytes were incubated with 5 mM
ammonia for 24 h (c). For evaluating lactate levels (d), mRNA
expression of GS (e), p21 (f), VEGF (g) and AQP4 (h), and
immunocontent of AQP4 (i), neonatal and mature astrocyte cultures
were incubated with 5 mM ammonia for 24 h. The data represent the
means = S.E.M. of at least four independent experiments performed in
triplicate. Differences between groups were statistically analyzed using
one or two-way ANOVA, followed by Tukey’s test. p values < 0.05 were
considered significant. * indicates differences between control and am-
monia (same age); # indicates differences between ages (neonatal versus
mature astrocytes)

Considering the mRNA expression of IL-1[3, it was upregu-
lated by ammonia in mature but not in neonatal cells (Fig. 3c;
“p <0.05), whereas the ILIR1 (Fig. 3d) was not changed by
ammonia. Of interest, genes related to TNF-« and IL-1f3 in-
flammatory signaling can be differently activated in astro-
cytes; TNF-o appeared to be more related to ammonia chal-
lenge, while IL-13 was mainly affected by age.

In addition to show an increase in the transcriptional activ-
ity of NFkB, mature astrocytes had higher mRNA levels of
p65 NFkB (Fig. 3e; *p < 0.05). However, the mRNA expres-
sion of p50 NFkB was not changed compared with neonatal
astrocytes (Fig. 3f). Ammonia, in turn, upregulated both
NFkB subunits in neonatal ('p < 0.001 for p65 and “p <0.01
for p50) and mature astrocytes (‘p < 0.001 for p65 and p50).
Importantly, the effect of ammonia on the expression of NFkB
subunits was greater in mature compared with neonatal cells
(*p <0.05). Along this line, genes encoding COX-2 (Fig. 3g)
and iNOS (Fig. 3h), which can be subjected to transcriptional
activation by NFkB, were significantly upregulated by age
(*» <0.0001). Ammonia raised both of COX-2 and iNOS ex-
pression in neonatal astrocytes ('p <0.0001), and potentiated
the increase found in mature cells (*p < 0.0001; *p < 0.0001).

TLRs are a family of receptors with a crucial role in induc-
ing inflammatory activation mediated by extracellular stimuli.
The mRNA levels of TLR2 were significantly increased in
mature astrocytes with respect to neonatal astrocytes
(*» <0.05, Fig. 3i), but were not changed by ammonia. In
contrast, mMRNA expression of TLR4 (Fig. 3j) was increased
in an age-dependent manner (*» <0.01) and also in response
to ammonia, but this last effect occurred only in neonatal
astrocytes (*p < 0.05).

The transcription of the alarmin HMGB1 was not affected
by age, but it was similarly upregulated in response to ammo-
nia in neonatal and mature astrocytes (*p < 0.05; Fig. 3k).

Ammonia and Age Change Gene Expression of
Cytoprotective Pathways in Astrocytes

Nrf2/HO-1 signaling pathway provides cellular protection
against several stressor stimuli. Compared with neonatal
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astrocytes, mature cells expressed lower mRNA levels of
Nrf2 (#p<0.001; Fig. 4a), whereas the expression of HO-1
was not statistically different between ages (Fig. 4b). In neo-
natal astrocytes, ammonia increased the gene expression of
both Nrf2 (»<0.0001) and HO-1 ("p <0.0001). However,
an opposite effect was observed in mature astrocytes, in which
ammonia further downregulated Nrf2 ("p <0.001) and de-
creased the mRNA expression of HO-1 ("p <0.0001) com-
pared with untreated mature cells. We also analyzed HO-1
content by western blotting (Fig. 4c). Although we found a
statistically significant increase in HO-1 only between neona-
tal and mature astrocytes (*p < 0.01), the protein levels follow-
ed a similar profile of gene expression, with an apparent
ammonia-associated increase in HO-1 in neonatal astrocytes
and a decrease in mature astrocytes.

PI3K pathway, in turn, regulates cell growth, proliferation,
and survival. Figure 4 d and e depict the gene expression of
the catalytic subunit gamma of PI3K and phospho-PI3K (p55
Tyr199) levels, respectively. PI3K was downregulated in ma-
ture astrocytes compared with neonatal astrocytes
(*p <0.0001). Ammonia exposure reduced mRNA levels of
PI3K in neonatal astrocytes ('p <0.0001), and caused a fur-
ther decline in mature astrocytes (‘p <0.001; “p <0.0001).
Phospho-PI3K levels, however, were decreased only by am-
monia in neonatal astrocytes ('p < 0.05; Fig. 4¢).

Discussion

The use of ammonia-treated cultured astrocytes, classically
obtained from neonate animals, has been widely used to in-
vestigate the underlying mechanisms of ammonia toxicity and
the pathogenesis of HE [22]. In fact, most of the findings
suggest that HE is a primary gliopathy (astrocyte as the major
cell type affected), mainly obtained using primary astrocyte
cultures [42-46]. However, neonatal hyperammonemia is
rare, and there are few data about ammonia toxicity and its
underlying mechanisms in mature astrocyte cultures (i.e., ob-
tained from adult animals). Therefore, here, we showed that
ammonia can induce a wide range of cellular responses, not
only in neonatal, but also in mature astrocytes.

In extrahepatic tissues, ammonia is metabolized mainly via
GS. This reaction, which incorporates ammonia into gluta-
mate to form glutamine, occurs in astrocytes in the CNS
[14]. According to our results, mature astrocytes had a de-
creased expression of GS, compared with neonatal astrocytes.
In addition, ammonia exposure further decreased GS expres-
sion in adult astrocytes, but not in neonatal cells. It is impor-
tant to note that GS expression is highly regulated and can be
influenced by several signaling pathways and extracellular
factors, including hormones and even ammonia [47], and the
mRNA levels of GS are closely correlated with their protein
expression and activity [23, 48, 49]. Our previous works have
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Fig. 2 Inflammatory and trophic responses in ammonia-exposed astro- (g), and GDNF (h). The data represent the means = S.E.M. of at least four
cytes were dependent on AQP4 and p38 MAPK/NF«kB signaling. independent experiments performed in triplicate. Differences between

Neonatal and mature astrocyte cultures were incubated with TEA groups were statistically analyzed using one or two-way ANOVA,
(AQP4 inhibitor; 10 uM) or SB 203580 (p38 MAPK inhibitor; 10 uM) followed by Tukey’s test. p values < 0.05 were considered significant. *
for 1 h. Then, 5 mM ammonia was added until 24 h. We evaluated indicates differences between control and ammonia (same age); # indi-

intracellular p38 MAPK levels (a), nuclear p65 NF«B levels (b), and cates differences between ages (neonatal versus mature astrocytes). SB,
extracellular levels of TNF-« (c), IL-13 (d), IL-6 (e), IL-10 (f), BDNF SB 203580

demonstrated that GS expression and/or activity decrease in  involves changes in gene transcription [23, 26, 27, 50]. In this
cultured astrocytes in an age-dependent manner [23, 26, 50].  context, neonatal and mature astrocytes can present a different
Importantly, other parameters related to astrocyte functionali-  ability to respond to harmful stimuli. Here, the increase in
ty are also affected by aging, showing that astrocytes can ~ mRNA expression of GS in neonatal astrocytes may represent
undergo a neurochemical remodeling with age, which  a compensatory response against hyperammonemia. On the
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contrary, mature astrocytes could not upregulate GS expres-
sion to compensate the excess of ammonia, since there is an
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decreased GS expression can also impair the metabolism of
the excitatory neurotransmitter glutamate, which can generate
excitotoxicity.

Physiologically, the brain can be partially protected from
peripheral toxic agents, including ammonia, by the BBB. It
regulates the transport of molecules into and out the CNS, and
astrocytes are important constitutive components of the BBB
[51, 52]. Among the proteins that participate in the transport
functions across the BBB are the water channels aquaporins.
Particularly, AQP4 is expressed in astrocyte processes and is
the main responsible for water transport [53, 54]. An interplay
among ammonia, AQP4 expression, and edema, a common
pathophysiological feature of HE, can be suggested [55-57].
Our results showed that ammonia can increase AQP4 expres-
sion, particularly in mature astrocytes. In addition, AQP4
mRNA expression was higher in mature astrocytes, compared
with neonatal cells. Although alterations in mRNA expression
of AQP4 have been commonly accompanied by alterations in
its protein levels in response to different stimuli [58-60],
AQP4 immunocontent was not changed in our study.
Regarding the differences found between RT-PCR and west-
ern blotting analysis, it is important to consider some points.
First, we cannot rule out earlier alterations in AQP4 protein
levels during the 24 h of treatment, due to the protein turnover
(translation and/or degradation). Second, total protein levels
of AQP4 measured by western blotting do not necessarily
reflect the content of active molecules in the plasma mem-
brane, since AQP4 subcellular location and trafficking can
be regulated by phosphorylation by several signaling path-
ways, including protein cinases A and C (PKA and PKC)
[61]. Third, a previous study regarding the effects of ammonia
in cultured astrocytes showed that AQP4 protein content was
dependent on the method of analysis, perhaps due to differ-
ences in AQP4 aggregation [41].

In addition to regulate water transport, AQP4 has been dem-
onstrated other roles in the CNS, including an involvement in
neuroinflammation [62, 63]. Previously, studies using AQP4 null
mice or deleting AQP4 demonstrated neuroprotective effects in
pathological conditions including hepatic encephalopathy, auto-
immune encephalomyelitis, ischemia, and traumatic brain injury
[64-67]. Moreover, AQP4 modulation has been considered a
potential target for therapeutic drugs [68]. In agreement with
these data, we showed that inhibition of AQP4 with TEA
avoided ammonia-induced inflammatory response in both neo-
natal and mature astrocytes.

Neuroinflammation involving activated astrocytes is an-
other important characteristic of hyperammonemia [16, 35,
69-71], which was notably observed in our cultures. Several
inflammatory markers, including TNF-« and its receptor
TNFR1, IL-183, IL-6, HMGBI1, COX-2, and iNOS, were
markedly augmented in ammonia-treated astrocytes.
Additionally, ammonia caused an increase in p38 MAPK
and NFkB signaling pathways, which are related to

expression of pro-inflammatory proteins [16, 72, 73].
Inhibition of AQP4 also prevented the increase of both p38
MAPK and p65 NF«kB levels, indicating that ammonia-
induced upregulation of AQP4 triggers the activation of these
inflammatory pathways. Furthermore, when neonatal and ma-
ture astrocytes were co-incubated with SB 203580, a p38
MAPK inhibitor, ammonia no longer promoted the increase
of pro-inflammatory cytokine release (TNF-c, IL-1(3, and IL-
6) and p65 NFkB activation. An interrelationship between
AQP4 and p38 MAPK has been described, mainly regarding
the induction of AQP4 expression by p38 MAPK [55, 74].
Our study also suggests that ammonia is able to stimulate
AQP4 transport activity, which in turn, promoted the activa-
tion of p38 MAPK signaling, with consequent p65 NFkB
nuclear translocation and induction of cytokine production.

Consequently, this plethora of inflammatory mediators
might impact CNS homeostasis, by inducing neurochemical,
neuroendocrine, and neuroimmune alterations [75].
Depending on time and inflamed milieu, disruption of BBB
integrity can occur, leading to immune cell trafficking into the
CNS [10, 76]. Astrocyte-derived VEGF, which is regulated by
NF«kB, mediates BBB permeability by increasing tight junc-
tion protein levels [52, 77]; we demonstrated that its expres-
sion increased in response to ammonia in both neonatal and
mature astrocytes. In this scenario, peripheral immune signal-
ing might exacerbate the inflammatory response in HE [78],
promoting detrimental effects on other neural cells.

It is also important to point out some interesting differences
found in our study regarding the expression of inflammatory
and immune response-related genes between neonatal and
mature astrocytes. In agreement with our previous findings,
we observed an age-related increase of pro-inflammatory
markers in mature astrocytes compared with neonatal cells
[23, 26, 79, 80]. Previous studies have shown the role of IL-
13 signaling in impairing synaptic plasticity processes and in
aging brain [81-83]. Particularly, we herein found that mRNA
expression of IL-1(3 was markedly upregulated in mature as-
trocytes under control conditions, as well as there was an
increase in its receptor ILIR1. However, we did not observe
age-related differences in mRNA expression of TNF-« and its
receptor TNFR1. On the other hand, considering the pro-
inflammatory effects of ammonia, they were more evident in
the expression of genes associated with TNF-x signaling.
Therefore, these results suggest that age- and ammonia-
related inflammatory responses in astrocytes may occur by
different mechanisms. However, both of them seem to be
regulated in a p38 MAPK-dependent signaling [84, 85]. The
p38 MAPK inhibitor (SB 203580) abolished the increased
release of TNF-« and IL-13 in mature astrocytes when com-
pared with neonatal controls, and in astrocyte (neonatal and
mature) cultures exposed to ammonia.

Interestingly, the upregulation of IL-13 gene expression may
be related to the increased expression of TLR4 by mature
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astrocytes [7, 86]. TLRs are pattern recognition receptors of the
innate immune system whose function is sensing potentially
dangerous signals, including pathogen- and damage-associated
molecular patterns, to drive inflammatory responses [7, 87].
TLR2 and TLR4 are the main family members expressed by
neural cells, including astrocytes [88]. The expression of these
receptors can be modulated in response to pathogens and other
environmental stresses [30, 89, 90]. Moreover, it has been report-
ed that aging induces an upregulation of some family members
of TLRs in mouse brain [87, 91]. Using our primary astrocyte
cultures, we demonstrated that the mRNA expression of both
TLR2 and TLR4 was higher in astrocytes obtained from adult
brain relative to those derived from neonate animals. Thus, the
challenging experiences to which an organism is exposed
throughout life can leave an immune mark in their astrocytes
and can determine how these cells will respond to damage stim-
uli, such as ammonia.

Several trophic factors associated with protective functions of
astrocytes, such as BDNF and GDNF, were also modulated by
either ammonia or age. BDNF and GDNF expression and/or
functions have been associated with AQP4 in the CNS [92,
93]. Moreover, ammonia decreased BDNF release in hippocam-
pal slices [94]. Our data are in agreement with these recent find-
ings, and showed that GDNF, another important trophic factor,
also had its release decreased by ammonia. The impairment in
the release of BDNF and GDNF by ammonia was prevented by
AQP4 inhibitor, but appears to be independent of p38 MAPK. A
deficit in trophic signaling in the CNS can be related to impaired
synaptic connectivity in HE [95]. In contrast with our previous
data [23, 26], these parameters were not changed by age in cor-
tical astrocytes.

Fig. 5 Ammonia-induced
inflammaging in primary
astrocyte cultures. Summarizing
scheme showing the effects of
ammonia on primary astrocyte
cultures obtained from neonate @
and adult Wistar rats. It is

important to note that
inflammatory signaling increased
from neonatal to mature
astrocytes, while cytoprotective
mechanisms were decreased.
Ammonia, in turn, was able to
potentiate intrinsic age-related in-
flammatory and senescence
markers in mature astrocytes

Neonate rats

In addition, signaling pathways including Nrf2, HO-1, and
p21 presented interesting age-dependent changes after ammo-
nia challenge. HO-1 belongs to a family of enzymes whose
expression can be transcriptionally regulated by Nrf2, the
master regulator of antioxidant response, as an adaptive de-
fense mechanism to protect cells from damage [96-98].
Products of HO-1 activity, mainly biliverdin and monoxide
carbon, have been shown antioxidant and anti-inflammatory
properties [99, 100]. In our study, we observed that ammonia
upregulated mRNA levels of both HO-1 and Nrf2 in neonatal
astrocytes, but in mature astrocytes, their expression was
downregulated. These results suggest that neonatal and ma-
ture astrocytes may have different abilities to generate
cytoprotective responses under stressful conditions, such as
ammonia exposure. It is important to note that other works
also demonstrated an inducer effect of ammonia on HO-1 in
cultured astrocytes (derived from neonatal animals), in in vivo
models of HE using adult animals, and in post-mortem brains
[101-103]. However, it remains to be established in which
cell types, the expression of HO-1, are increased in adult brain,
since a previous study showed that ammonia did not affect
HO-1 expression in neurons [103], and we demonstrated that
in mature astrocytes, ammonia decreased HO-1 gene
expression.

In agreement with recent reports, we observed that ammo-
nia increased mRNA expression of p21, a cell cycle inhibitory
factor used as a marker of senescence [21, 104]. In addition,
p21 was also upregulated in mature astrocyte cultures relative
to neonatal cells at control conditions, indicating a natural
course of senescence of these cells. Senescence is a process
that occurs during biological aging, characterized by the loss

Adult rats

2

Primary astrocyte cultures

¢ Increased expression of proteins associated with BBB permeability

¢ Increased expression of senescence marker p21

e Induction of inflammatory response/inflammaging
o Activation of p38 MAPK/NFkB pathways
o Altered HO-1 expression

¢ Decreased trophic factor release
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of cellular ability to replicate as a consequence of the arrest of
the cell cycle [105, 106]. Moreover, senescent astrocytes ac-
quire a pro-inflammatory secretory phenotype [107].
Although senescence is commonly associated with aging, it
can also be prematurely induced, including in astrocytes, by a
variety of stressors, such as ammonia [21, 108]. Importantly,
p38 MAPK pathway can regulate the expression of p21 by
astrocytes [21]. Moreover, although HO-1 exerts beneficial
effects, its persistent expression can be deleterious. In line
with this, HO-1 was proposed to participate in ammonia-
induced senescence [102]. However, it is important to point
out that such effect was reported in primary astrocyte cultures
obtained from neonate animals. In mature astrocytes, probably
other mechanisms rather than HO-1 (i.e., inflammatory re-
sponse) can participate in ammonia-induced increase of p21.
It is important to note that as astrocyte senescence correlates
with cognitive decline, it may be associated with the persistent
cognitive impairment in HE patients [104, 109, 110].
Depending upon the degree of hyperammonemia and its du-
ration, irreversible brain damages and disabilities can be
established [111].

Two possible limitations of this study should be men-
tioned. Firstly, TEA is a non-specific inhibitor of AQP4.
Although TEA incubation suggests a role of AQP4 in the
effects of ammonia on neonatal and mature astrocytes, other
strategies, such as gene silencing and/or more specific phar-
macological inhibitors for AQP4, are needed to support this
evidence and to further investigate the dynamics of AQP4 in
ammonia gliotoxicity. Secondly, the effects of ammonia on
mature astrocytes were evaluated only in primary cultures
obtained from 90-day-old rats. In this regard, data from cul-
tured astrocytes derived from older rats, as well as from ani-
mals subjected to in vivo experimental hyperammonemia
models, will confirm and expand the knowledge about
ammonia-induced glial-inflammaging.

In summary, we observed age-dependent differences in
astrocyte gene expression, which may reflect age-related func-
tional properties of these cells (Fig. 5). The present study also
showed that ammonia markedly altered a wide range of sig-
naling pathways and molecules that mediate important astro-
cyte functions. Moreover, we demonstrated a role of AQP4
and p38 MAPK, at least in part, as potentially mediators of
ammonia damage effects. Considering the essential roles of
astrocytes in brain homeostasis and support to neurons, it is
reasonable to assume that functional alterations caused by
ammonia in mature astrocytes, which potentially accelerate
the inflammaging process, may be associated with the perma-
nence of cognitive symptoms in adult after HE.
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