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Abstract

Primary cultures of rat astroglial cells were exposed to 1, 3 and 5 mM NH,ClI for up to 10
days. Dose- and time-dependent reductions in cell numbers were seen, plus an increase in
the proportion of cells in the S phase. The DNA content was reduced in the treated cells,
and BrdU incorporation diminished. However, neither ammonia nor ammonia plus gluta-
mine had any effect on DNA polymerase activity. iTRAQ analysis showed that exposure to
ammonia induced a significant reduction in histone and heterochromatin protein 1 expres-
sion. A reduction in cell viability was also noted. The ammonia-induced reduction of prolifer-
ative activity in these cultured astroglial cells seems to be due to a delay in the completion
of the S phase provoked by the inhibition of chromatin protein synthesis.

Introduction

Metabolic ammonia is the main causal agent of hepatic encephalopathy (HE) [1]. It has been
suggested that ammonia might affect cerebral energy metabolism, neurotransmitter pathways,
nitric oxide synthesis and signal transduction, and produce oxidative stress [2-4], but the exact
pathological mechanisms underlying HE remain unknown.

Astroglial cells play a pivotal role in ammonia metabolism [5]. In fact, glutamine synthetase,
the enzyme that detoxifies ammonia by condensing it with glutamate to form glutamine, is
mainly found in astrocytes [6]. Astroglial dysfunction might, therefore, lead to nerve cell dis-
ease [7]. Many astroglial abnormalities have been reported in HE and hyperammonemia, with
astroglial edema among the most prominent [8]. The effects of ammonia on astroglial prolifer-
ation, however, have been little documented. The many changes in cell physiology induced by
ammonia might have an effect on the cell cycle (which is normally carefully regulated), and
consequently on astroglial proliferation. However, it must be remembered that cell prolifera-
tion is reduced in this system in adult animals, even though the central nervous system pos-
sesses neural progenitor cells. In vivo studies showing ammonia-induced alterations of
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astroglial proliferative activity are very scarce [9, 10], but they suggest that proliferation is
increased.

In our work on the role of astrocytes in HE, we use astroglial cell cultures as an in vitro
model. In routine monitoring of these cultures it was noticed that, at confluence, the cells con-
tinued to proliferate, but were smaller. Ammonia-treated astroglial cells, however, showed no
similar size reduction, perhaps because of a potentially lower proliferation rate. The aim of the
present work was therefore to examine the effect of ammonia on the proliferative activity of
cultivated astroglial cells. In order to determine when the effect(s) of ammonia occur, the pro-
portions of cells in different phases of the cell cycle were noted, and BrdU incorporation and
chromatin protein expression investigated.

Materials and Methods

PO-P1 rats were anaesthetized with halothane to avoid unnecessary suffering and, after decapi-
tation, the cerebral hemispheres dissected out. Astroglial cells, obtained as previously described
[11], were grown in 75 cm? flasks (primary cultures) containing DMEM medium (Gibco) sup-
plemented with 10% fetal bovine serum (FBS) (Gibco) and an antibiotic/antimycotic solution
(Gibco), at 37°C in a 5% CO, atmosphere. Before confluence, the cells were detached with tryp-
sin and reseeded (forming secondary cultures) in different multiwell plates (6, 24 and 96 wells)
with FBS concentrations depending on the experiment (see below). The Wistar rats used to
provide the astroglial cells were handled adhering to European Union Directive 63/2010/EC,
Spanish law (Real Decreto 53/2013), and institutional guidelines on animal welfare prepared
by the “Comité de Etica de Investigacién y Experimentacién Animal (Universidad de Alcald)”.
This study was approved by this committee and the sacrifice of the rats performed under its
supervision.

Hyperammonemia was induced by adding 1, 3 or 5 mM NH,CI to the culture medium. The
hyperammonemic levels induced, which are pathophysiological in nature, are those most com-
monly employed in in vitro experiments. Given that NH,CI completely dissociates, the final
concentration of ammonia was the same as the NH,Cl concentration. Culture media were
changed every three days, and new NH,Cl added to maintain stable ammonia concentrations.

Cell number analysis

Detached astroglial cells were reseeded in 24-multiwell plates (12,000 cells/well) with 5% FBS.
Three days later these cells were exposed to ammonia (1, 3 or 5 mM NH,CI) for 1, 3 or 10 days.
Both control and treated cells were then washed with PBS, detached with trypsin, washed
again, and centrifuged (100 g for 5 min) in culture medium. After suspension in PBS, the cells
were stained with trypan blue to identify those alive and dead; enumerating was performed
using a Countess automatic cell counter (Invitrogen) and cell counting chamber slides. The
experiment was performed in duplicate with six wells used for each duration and ammonia
concentration.

Viability: MTT assay

Astroglial cells were seeded (12,000 cells/well) and grown in 24-well plates, and the experiment
begun three days after confluence was reached and the FBS content reduced to 5%. The cells
were subjected to 1, 3 and 5 mM of NH,Cl for 1, 3, 5 and 10 days as above; this was performed
in duplicate with 6 wells used for each duration and ammonia concentration. MTT (3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) was used to assess cell viability.
Formazan was solubilized with DMSO and colorimetric analysis performed using a LX800
microplate reader (Biotek Instruments) with 570/630 nm filters.
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Cell cycle analysis

The treatments and conditions were the same as above with the exception that the cells were
reseeded in 6-multiwell plates (130,000 cells/well), and exposure to ammonia was for a full 10
days. After suspension in PBS, the cells were permeabilized and stained with propidium iodide.
Their DNA content was measured using a FACSCalibur flow cytometer (Becton-Dickinson)
employing a 488 nm argon ion laser as the excitation source. Cell cycle analysis was performed
using Cylchred free software. The experiment was performed in triplicate, with six wells used
for each ammonia concentration.

Well DNA content

Cells were grown in 96-multiwell plates and exposed to ammonia as described above for 1, 5 or
10 days. After confluence the cells were fixed in formaldehyde (3% in PBS) for 20 min at room
temperature and permeabilized using a solution of 0.1% Triton X-100 in PBS. A solution of
DRAQS5 (diluted 1:2000) was used for DNA staining. After five 5 min washes and the complete
removal of the wash solution, the plate was immediately scanned at 700 nm using an infrared
imaging system (LICOR Biosciences). This experiment was performed only once, but using 20
wells for each duration and ammonia concentration.

BrdU incorporation

The experimental conditions were the same as those described for cell number analysis,
although the cells were grown over round coverslips to facilitate the quantification of BrdU
incorporation. BrdU (Sigma) (1 pg/mL for 5 min) was added to the culture medium and incu-
bated at 37°C. For the detection of BrdU, and following 4% paraformaldehyde fixation, the
samples were incubated with the appropriate primary antibody (DAKO) (diluted 1:300) at 4°C
overnight. An appropriate Cy3-labelled secondary antibody (Jackson) (diluted 1:1500 in block-
ing solution) was then added and incubation allowed to proceed for 1 h at room temperature.
Nucleic acids were stained with DAPI. The stains were analyzed by conventional fluorescence
microscopy (Zeiss) or confocal microscopy (Leica SP5). The number of positive cells was
recorded as a percentage of the total number.

Effect of ammonia on DNA polymerase

TaqDNA polymerase DNA replication efficiency was measured in real-time polymerase chain
reactions (PCR) using Ct as a measure of amplification. Peripheral blood mononuclear cells
from a donor were isolated by Ficoll gradient separation and their RNA isolated using the
Ribozol ™ Plus RNA Purification Kit (Amresco). RNA concentrations were measured using a
Quawell Q5000 spectrophotometer (Quawell). RNA integrity was verified using the Agilent
RNA 6000 Nano Kit and employing a 2100 Bioanalyzer (Agilent). cDNA was generated from

1 pg of total RNA using the High Capacity cDNA Archive Kit (Life Technologies). The final
reaction volume was 20 puL. Real-time PCR was performed in triplicate in a MicroAmpTM Fast
96-well reaction plate (0.1 mL) (Life Technologies) using 2 pL/well of a 1:10 dilution of cDNA
plus 0.04 uM of GAPDH forward (5-AGC CAC ATC GCT CAG ACA C-3’) and reverse (5-
GCC CAA TAC GAC CAA ATC C-3’) primers and 1x SYBR Green PCR Master Mix (Roche
Applied Science) (total reaction volume 20 pL). PCR reactions were run at increasing concen-
trations (1, 3 and 5 mM) of NH,CL. A control without NH,Cl or glutamine was used for com-
parisons. PCR reactions were run in a StepOne Plus™ Real-Time PCR System (Life
Technologies). ROX-normalized Ct values for each condition were compared using StepOne'™
Software v.2.3 (Life Technologies).
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iTRAQ protein analysis

To obtain sufficient protein for analysis, cultures were raised in 75 cm? flasks—three for every
condition combination studied (1, 3, 5 and 10 days, with 1, 3 or 5 mM NH,4CI). The experi-
ment, performed in duplicate, began three days after confluence was reached and the FBS con-
tent had been reduced to 5%. Cells were detached and processed according to the Calbiochem
Complete Proteo Extract Kit User’s Guide, and maintained at -80°C until use.

Cell pellets were dissolved in lysis buffer (8 M urea, 2 M thiourea, 5% CHAPS, 2 mM
TCEP-HCI and protease inhibitor) and the cells subjected to ultrasonication (10 pulses at low
amplitude) on ice. The lysed product was centrifuged at 20,000 g for 10 min at 4°C, and the
supernatant containing the solubilized proteins later used in iTRAQ experiments. The total
protein concentration was determined using the Pierce 660 nm Protein Assay Kit (Thermo).
For digestion, 40 ug of the protein produced by each treatment were precipitated by the metha-
nol/chloroform method. Protein pellets were resuspended and denatured in 20 ul of 7 M urea/
2M thiourea/100 mM TEAB, pH 7.5, and reduced with 1 uL of 50 mM Tris(2-carboxyethyl)
phosphine (TCEP, AB SCIEX), pH 8.0, at 37°C for 60 min. This was followed by the addition
of 2 pL of 200 mM cysteine-blocking reagent (methyl methanethiosulfonate (MMTS) (Pierce)
for 10 min at room temperature. Samples were diluted to 140 uL with 25 mM TEAB to reduce
the urea/thiourea concentration. Digestions were initiated by adding 2 pL (1 ug/pL) sequence
grade-modified trypsin (Sigma-Aldrich) to each sample in the ratio 1:20 (w/w); the reactions
were incubated at 37°C overnight on a shaker. The digested samples were then labeled with dif-
ferent iTRAQ tags as follows: control, iTRAQ 114 or 115; celastrol-treated, iTRAQ 116 or 117.
The samples were then pooled and dried and the peptides further labeled using the iTRAQ
4-plex Kit (AB SCIEX) according to the manufacturer's instructions. After labeling, the samples
were pooled, dried and desalted using a SEP-PAK C18 Cartridge (Waters). Finally, the cleaned
tryptic peptides were evaporated to dryness and stored at -20°C until analysis.

A 2 ug aliquot of these pooled, cleaned, tryptic peptides was subjected to 2D-nano LC
ESI-MSMS analysis using a nano liquid chromatography system (Eksigent Technologies
nanoLC Ultra 1D plus, AB SCIEX) coupled to high speed Triple TOF 5600 mass spectrometer
(AB SCIEX) with a duo spray ionization source. The analytical column used was a silica-based
reversed phase column (C18 ChromXP, 75 um x 15 cm, 3 um particle size, 120 A pore size)
(Eksigent Technologies, AB SCIEX). The trap column was also a C18 ChromXP model, in line
with the analytical column. The loading pump delivered a solution of 0.1% formic acid in
water at 2 uL/min. The nano-pump provided a flow rate of 300 nL/min and was operated
under gradient elution conditions using 0.1% formic acid in water as mobile phase A, and 0.1%
formic acid in acetonitrile as mobile phase B. Peptides with iTRAQ labels were separated using
a 200 min gradient ranging from 2% to 90% mobile phase B (mobile phase A: 2% acetonitrile,
0.1% formic acid; mobile phase B: 100% acetonitrile, 0.1% formic acid). The injection volume
was 5 uL.

Data were acquired using a TripleTOF 5600 System (AB SCIEX) with the following settings:
ion spray voltage floating (ISVF) 2800 V, curtain gas (CUR) 20 I/h, interface heater tempera-
ture (IHT) 150°C, ion source gas 1 (GS1) 20 I/h, declustering potential (DP) 85 V. All data
were collected in information-dependent acquisition (IDA) mode using Analyst TF 1.5 soft-
ware (AB SCIEX). A 0.25 s MS survey scan was performed in the mass range 350-1250 Da, fol-
lowed by 30 MS/MS scans of 150 ms in the mass range 100-1800 (total cycle time: 4.04 s).
Switching criteria were set to ions with a mass/charge ratio (m/z) of >350 but <1250, with a
charge state of 2-5 and an abundance threshold of more than 70 counts (cps). Former target
ions were excluded for 20 s. The IDA rolling collision energy (CE) parameters script option
was used for automatically controlling the CE.
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MS and MS/MS data obtained for pooled samples were processed using Analyst™ TF 1.5.1
software (AB SCIEX). Raw data file conversion tools generated mgf files which were compared
against the Homo sapiens database (which contains 40,530 protein-coding genes and their cor-
responding reversed entries), using the Mascot Server v. 2.5.0 (Matrix Science). The search
parameters were: enzyme, trypsin; allowed missed cleavages, 1; fixed modifications, iTRAQ4-
plex (N-term and K) and beta-methylthiolation of cysteine; variable modifications, oxidation
of methionine. Peptide mass tolerance was set at + 25 ppm for precursors and 0.05 Da for frag-
ment masses. The confidence interval for protein identification was set to >95% (p<0.05);
only peptides with an individual ion score above the 1% false discovery rate (FDR) threshold
were considered correctly identified. Only proteins with at least two quantified peptides were
considered in quantitation. A 5% quantitation FDR threshold was used to consider proteins
differentially expressed.

Statistical analysis

One-way ANOVA followed by a Bonferroni post-hoc comparison for pairwise tests was used
to compare the measured variables between control and treatment cultures. Only significant
changes between the control and ammonia-treated groups are included in the figures; signifi-
cant changes between different ammonia-treated groups are not included.

Results

To determine the optimum conditions for studying changes in the proliferative activity of the
cells, a preliminary experiment was performed. It is logical to assume that cells growing under
very low FBS content conditions might have a low proliferative rate, and that this might make
it difficult to detect any effect of ammonia. Confluent astroglial cells were exposed to 5 mM
NH,CI for 10 days with either 0.5 or 5% FBS. Fig 1 shows that ammonia affects astroglial pro-
liferation, but this effect was only clear for the cells cultured with 5% FBS: a significant 40%
reduction (p<0.01) was detected with 5% FBS, but only a non-significant 20% reduction was
observed in cells growing with 0.5% FBS.

Cell number analysis and viability

Exposure to ammonia induced a dose- and time-dependent reduction in cell number. Clear,
significant reductions were observed after 10 days in the 3 and 5 mM ammonia treatments
(44.8 and 50.4% respectively; p<0.01) (Fig 2). These reductions were not due to an increase in
the number of dead cells; their number was small and very similar under all experimental con-
dition (data not shown).

The MTT assay showed ammonia to affect cell viability in a dose- and time-dependent man-
ner (Fig 3). A 40% reduction in viability was detected after 10 days of exposure to 5 mM ammo-
nia, a reduction reflected in the cell count analysis. Indeed, a strong correlation was seen
between the cell count (Fig 2) and viability data (Fig 3) (r=0.933,p = 0.51x107%).

Cell cycle analysis

No significant differences were observed between treatments in terms of the number of cells in
the G,-M phase. However, a clear increase in the number of cells in the S phase was detected
(reaching 9% with the 5 mM ammonia treatment), with a concomitant reduction in the num-
ber of cells in the Gy-G, phase (Fig 4). Using the algorithm N = N, x 2Y8 (where N and N, are
the final and initial cell numbers, t the duration of treatment, and g the duration of the cell
cycle), and taking into account (1) a cell cycle length 20 h [12], (2) 10 days of exposure, and (3)
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Fig 1. Effect of ammonia and serum on astroglial proliferation. Effect of ammonia (NH,Cl) exposure on
astroglial proliferation was tested at two FBS concentrations (0.5 and 5%). **p<0.01. The percentage value
is calculated taking the value for the 5% FBS control as 100% (1.65 x 10° cells). Columns and bars represent
means and SDs.

doi:10.1371/journal.pone.0139619.g001

that ammonia induces a 10% time delay in the completion of the cell cycle, a theoretical reduc-
tion of 46% is obtained. This figure lies between the 40% and 50% reductions detected in cell
count analysis.

Well DNA content

A lower cell proliferation rate leads to a reduction in cell number, which should be associated
with a lower well DNA content. This was measured using an in-cell based assay to avoid proto-
cols including cell fragmentation and DNA extraction. In general, the well DNA content was

5
1.6 x 10°| O Control
*T m1mm
@3 mM
A5mM

1.2 x 10°]

8x 10"

Cell number

4x10"

3 10

O
-—

Days

Fig 2. Effect of ammonia on astroglial proliferation. Change in astroglial cell number after 10 days of
exposure to ammonia. Standard deviations are not shown for 1 and 3 days since differences between the
control and ammonia-treated cells were not significant at these times. *p<0.05, **p<0.01.

doi:10.1371/journal.pone.0139619.g002
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Fig 3. Effect of ammonia on viability of astroglial cells. MTT viability assay of astroglial cells exposed to
ammonia. Points and bars represent means and SDs. No SD values are included for 1, 3 and 5 days since
they were <10% different to the mean.

doi:10.1371/journal.pone.0139619.g003

reduced when cells were treated with ammonia, with significant changes observed after 5 days

of exposure to the 5 mM concentration, and after 10 days of exposure to the 3 mM concentra-
tion (Fig 5).

BrdU incorporation

The delay in the completion of the S phase was examined by BrdU incorporation. BrdU is
incorporated into newly synthesized DNA in the place of thymidine, and is very easy to detect;
slower DNA synthesis should thus be revealed by reduced BrdU incorporation. BrdU was
incorporated to a lesser extent by ammonia-treated than by control cells (Fig 6). At 10 days,

EGO-G1
S
80
Rels L - . WG
°\°
= 60
5 -
E
S 40
Cc -
©
(&) 20_
Control NH4Cl 1mM NH4Cl 3mM NH4Cl 5mM

Fig 4. Effect of ammonia on cell cycle phases. Cell cycle analysis after 10 days of exposure to 1, 3and 5
mM ammonia. The dotted lines are included to indicate the trends for the cell cycle phases. Columns and
bars represent means and SDs. The percentages of cells in the phases considered (Gy-G1, S and Go-M) are
included for every experimental condition; it should be noted that the sum of the three phases is 100% (10*
cells).

doi:10.1371/journal.pone.0139619.g004
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Fig 5. Effect of ammonia on DNA content. (A) Four rows of the in-cell DNA content analysis plate; note that
ammonia exposure reduced the fluorescence signal. The row shows only nine results since the external wells
were not seeded and the control point without fluorescent dye is not included. (B) Plot showing the change in
well DNA content after ammonia exposure. Points and bars represent means and SDs. **p<0.05,
**¥p<0.01.

doi:10.1371/journal.pone.0139619.g005

the 5 mM ammonia-treated cells incorporated 45.5% less BrdU than did controls, in line with
the reduction recorded in cell count analysis.

Effect of ammonia on DNA polymerase

To determine whether the delay in DNA synthesis was due to an ammonia dysfunction involv-
ing DNA polymerase, real-time PCR analysis starting with the same quantity of cDNA was
performed with or without ammonia in the reaction medium. Fig 7 shows that ammonia had
no significant effect on DNA amplification or, consequently, on DNA polymerase function.
Given that a difference of 1 unit in Ct corresponds to a 2x-fold expression change, the differ-
ences observed under the different ammonia conditions are extremely small.

iTRAQ protein analysis

Table 1 shows that the expression of histones H1, H2A, H2B, H3 and H4, and of heterochro-
matin protein 1 (HP1, a non-histone chromatin protein), was reduced by exposure to ammonia
in a dose-dependent manner.
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Fig 6. Effect of ammonia on BrdU incorporation. (A) BrdU incorporation by astroglial cells following
exposure to ammonia. Points and bars represent means and SD. No significant changes were observed. (B)
Cultured cells showing BrdU incorporation (red): (1) 1 day control, (2) 3 days after exposure to 5 mM
ammonia. Scale bar: 10 ym.

doi:10.1371/journal.pone.0139619.g006

Discussion

The effect of ammonia on cell proliferation has been studied in enterocytes, kidney epithelial
cells and nerve cells, but information regarding its effect on cell proliferation in astroglia is very
scarce, and what there is can be contradictory. In general, ammonia inhibits cell proliferation;
this has been reported for human gastric cancer cells (HGC-27, MKN-1 and MKN-45) [13,
14], human colon adenocarcinoma cells (HF-29) [15], and human prostatic cancer cells (DU-
145) [16]. However, contradictory results were obtained in the first autoradiographic studies: a
dose-dependent depression of cell replication was seen in cultured kidney cells [17] yet no
influence on proliferation was observed in rat enterocytes (IEL-6 line) [18]. The first studies on
the effect of ammonia in in vivo models suggested there to be an increase in astroglial prolifera-
tion [9,10]. In fact, DNA synthesis has been shown in Alzheimer type II astrocytes, a cell type
that appears in HE [19]. However, the results of the present work show that ammonia reduces
the proliferative activity of astroglial cells in culture. Similar inhibition has been reported for
astrocytoma cells [20] and cultured astrocytes [21]. The fact that increased and decreased pro-
liferative activity has been described in in vivo and in vitro models respectively may reflect
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NH+Cl 1mM
NH4Cl 3mM
NH+Cl 5mM

{

Fig 7. Effect of ammonia on DNA polymerase. Effect of ammonia (NH4CI) on the activity of DNA
polymerase, analyzed via real-time PCR. Note that the Ct variation ranges between 20 and 21. Columns and
bars represent means and SDs. No significant changes were observed.

doi:10.1371/journal.pone.0139619.g007

differences in these models themselves; moreover, it should be remembered that in vitro mod-
els cannot fully reproduce HE. It is well known that astroglial cells proliferate in the adult cen-
tral nervous system and that this proliferative activity may be involved in the development of
different cognitive functions. HE causes, among other neurological disorders, the impairment
of memory formation [22], and astrocytes have been clearly involved in establishing memory
[23]. Thus, it might be that a reduction in astroglial proliferation is involved in the memory
and cognitive alterations seen in HE [24, 25].

Table 1. iTRAQ analysis of histones and HP1 expression.

1 mM NH,CI p-value
z-score
3 mM NH,CI p-value
z-score
5 mM NH,4CI p-value
z-score

H1 H2A H2B H3 H4 HP1
0.012 0.038 0.402 0.05 0.007 0.11
-2.50 -2.06 -0.83 -1.95 -2.69 -1.59
0.05 0.005 0.067 0.028 0.009 0.022
-1.88 -2.60 -1.82 -2.18 -2.58 2.28
1.3107° 42107 0.03 6.510™ 11107 0.005
-4.34 -3.00 -2.08 -3.40 -3.86 -2.79

Change in p-value and z-score for histones (H1, H2A, H2B, H 3 and H4) and HP1 determined by iTRAQ analysis of astroglial cells exposed to ammonia

for 5 days.

doi:10.1371/journal.pone.0139619.t001
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A number of mechanisms have been proposed to explain the inhibition of cell proliferation
from a cell cycle perspective. The accumulation of cells in the S [14] or G,-M [26] phases in
ammonia-treated cells has been reported, but so has the repression of proliferation with no
changes in the distribution of cells in the different phases of the cell cycle [15]. The inhibitory
effect of ammonia on the synthesis of polyamines (metabolites needed for cell growth) has
been proposed responsible for the latter. The present results, and those of Matsui et al. [14] in
enterocytes, clearly show that exposure to ammonia causes astroglial cells to become delayed in
the S phase. This might increase the length of the cell cycle by 10%, enough to explain the inhi-
bition of proliferation observed in the present work. The possibility that ammonia might
inhibit entry into the cell cycle has also been suggested; indeed, the p53-mediated enhanced
transcription of cell cycle inhibitory genes (GADD45¢a and p21) in the presence of ammonia
has recently been demonstrated [21]. The inhibition of cell cycle entry by ammonia [21], and
the induction of cell cycle delay (present results) are not mutually exclusive processes. On the
contrary, they should be considered complementary strategies aimed at reducing astroglial
proliferation.

The synthesis of chromatin is a pivotal event in the S phase. Chromatin is composed of
DNA and specific proteins, and the synthesis of both is finely regulated; in fact, an imbalanced
synthesis compromises chromosome replication. The present results show that ammonia
inhibits DNA synthesis, as indicated by the reduced DNA content and BrdU incorporation
observed in the ammonia-treated cells. A similar inhibitory effect of ammonia on DNA synthe-
sis has been reported in other studies [14, 17, 27]. Neither BrdU incorporation nor mitotic fig-
ures were observed in the liver of rats in an in vivo model of fulminant hepatic failure
associated with hyperammonemia [28]. However, DNA synthesis and mitotic divisions have
been described in Alzheimer type II astrocytes, cells associated with HE [19]. To determine
whether the inhibition of DNA synthesis was due to an effect of ammonia and/or glutamine on
DNA polymerase, the functioning of this enzyme under high ammonia concentrations was
tested using PCR. No significant changes in the enzyme’s functioning were seen; it seems that
DNA polymerase is not affected by ammonia.

A reduction in DNA synthesis should be associated with an inhibition in chromatin protein
expression. The present results are the first to reveal an inhibitory effect of ammonia on the
expression of histones H1, H2A, H2B, H3 and H4, and HP1. The present results cannot, of
course, reveal whether the inhibition of DNA synthesis is the cause or the effect of the inhibi-
tion of chromatin protein expression. However, it is well known that most histone proteins are
produced during the S phase, and that their synthesis depends on DNA replication. In fact,
these histones are known as replication-dependent proteins [29]. Thus, the inhibition of DNA
synthesis by ammonia ought to inhibit histone synthesis. HP1 is a non-histone chromosomal
protein associated with heterochromatin; it is essential for maintaining the active transcription
of genes involved in cell cycle progression [30].

It is well known that energy metabolism influences the progression of the cell cycle, and that
ammonia affects the metabolic status of the cell. Thus, the effect of ammonia on astroglial pro-
liferation might be due to an energy imbalance. However, the results show that exposure to
ammonia greatly reduced cell viability, and that this correlated strongly with the reduction in
cell number. This suggests that the loss of viability is almost exclusively due to the reduction in
cell number and not to alterations in energy metabolism. The possibility that the loss of viabil-
ity is owed to cell death can be ruled out since the number of dead cells was very low and simi-
lar under all experimental conditions. Although a clear inhibitory effect of ammonia leading to
mitochondrial dysfunction has been observed in different studies [31, 32], the effects of ammo-
nia on cerebral oxidative energy metabolism are heterogeneous [33]. Certainly, the role of
astroglial cells in cerebral oxidative metabolism remains somewhat unclear. Mitochondrial
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dysfunction induced by changes in mitochondrial permeability transition [34], and in the
malate-aspartate shuttle [35], have been observed in in vitro studies, but no changes in astro-
glial oxidative metabolism have been seen in in vivo studies [36]. The present iTRAQ results
confirm that ammonia induces alterations in astroglial energy metabolism, but the response is
positively regulated, as suggested by the significant increase detected in many mitochondrial
proteins, including ADP/ATP translocase, mitochondrial import receptor subunit TOM6, and
ATP synthetase subunit § (z-score 3.11, 2,54, and 1.8 respectively). The possibility that these
changes represent an adaptive response to ammonia-induced alterations in mitochondrial
metabolism of astrocytes needs to be investigated.

Conclusions

Ammonia induces a dose- and time-dependent reduction in the proliferative activity of astro-
glial cells in culture. The cell cycle phase analysis and BrdU incorporation results show this
reduction to be due to an accumulation of cells in the S phase, as corroborated by a reduced
well DNA content and the strong inhibition of the expression of histones and HP1. The inter-
ference of energy status by ammonia as a reason for reduced proliferation is not supported. An
effect of ammonia and glutamine on DNA polymerase, the enzyme that replicates DNA, does
not seem probable, although it cannot be completely ruled out. Further studies are required to
determine the precise mechanisms by which ammonia affects DNA synthesis.
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