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Abstract

Intracranial hypertension due to brain edema and associated astrocyte swelling is a potentially
lethal complication of acute liver failure (ALF). Mechanisms of edema formation are not well
understood but elevated levels of blood and brain ammonia and its byproduct glutamine have been
implicated in this process. We examined mMRNA and protein expression of the water channel
protein aquaporin-4 (AQP4) in cerebral cortex in a rat model of ALF induced by the hepatotoxin
thioacetamide. Rats with ALF showed increased AQP4 protein in the plasma membrane (PM).
Total tissue levels of AQP4 protein and mRNA levels were not altered indicating that increased
AQP4 is not transcriptionally mediated but is likely due to a conformational change in the protein,
i.e. a more stable anchoring of AQP4 to the PM and/or interference with its degradation. By
immunohistochemistry there was an increase in AQP4 immunoreactivity in the PM of perivascular
astrocytes in ALF. Rats with ALF showed increased levels of a-syntrophin, a protein involved in
the anchoring of AQP4 to perivascular astrocytic end-feet. Increased AQP4 and a-syntrophin
levels were inhibited by L-histidine, an inhibitor of glutamine transport into mitochondria,
suggesting a role for glutamine in the increase of PM levels of AQP4. These results indicate that
increased AQP4 PM levels in perivascular astrocytic end-feet are likely critical to the development
of brain edema in ALF.
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INTRODUCTION

Acute liver failure (ALF) is a life-threatening condition with approximately 80% mortality
(1, 2). This high mortality is in part due to the development of severe brain edema that leads

to increased intracranial pressure and brain herniation. Currently, there is no effective
treatment for the brain edema in ALF other than emergency liver transplantation (2—4).
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Cytotoxic brain edema, principally due to astrocyte swelling, is the major neuropathological
finding in ALF (5-7). Several lines of evidence indicate that elevated blood and brain
ammonia levels play major roles in the development of brain edema in ALF (6, 8-12).
Moreover, ammonia is known to cause astrocyte swelling in cell culture (13-15), brain
slices (16), and in vivo (17-19).

Various studies strongly suggest that the effect of ammonia on astrocyte swelling/cytotoxic
edema is mediated by glutamine, a product of ammonia metabolism (20-23). Accordingly,
high levels of glutamine in brain and cerebrospinal fluid correlate with the degree of
encephalopathy and brain edema in ALF (24-28). It has additionally been proposed that
glutamine transport into mitochondria and its subsequent hydrolysis results in high levels of
ammonia in this organelle which ultimately results in brain edema (23, 29-31). Consistent
with these observations, L-histidine, an inhibitor of mitochondrial glutamine transport, was
recently shown to block the brain edema in a rat model of ALF (32).

While mechanisms by which ammonia/glutamine lead to astrocyte swelling are not
completely clear, ALF ultimately results in altered ion homeostasis leading to an extra-
intracellular osmolar imbalance (33). Restoration of osmotic balance is accompanied by the
entry of water into cells, a process accomplished by the water channels aquaporins (AQPS)
(34). Among several aquaporins, AQP4 has been shown to be particularly enriched in brain,
especially in astrocytes (35). However, such restoration of osmotic imbalance by AQP4
contributes to the development of brain edema in various neurological conditions, including
ischemic stroke, trauma and neoplasms (36—39). Moreover, mice deficient in brain AQP4
are resistant to the development of brain edema in ischemic stroke (40). Conversely, mice
that over-express AQP4 in astrocytes show accelerated development of brain edema under
hypo-osmotic conditions (41).

We previously documented that treatment of cultured astrocytes with ammonia resulted in
increased levels of AQP4 in a time-dependent manner, and that this increase correlated with
the degree of cell swelling (42). These studies strongly suggested a role of AQP4 in
ammonia-induced astrocyte swelling but this potential involvement has not been
investigated in vivo. Here, we examined AQP4 protein and mRNA levels and its
immunohistochemical localization in brain in experimental ALF. We also examined whether
silencing the AQP4 gene by siRNA in cultured astrocytes results in a diminution of cell
swelling by ammonia, the principal neurotoxin implicated in the brain edema of ALF.

MATERIALS AND METHODS
Induction of ALF

ALF was induced by a single daily i.p. injection of the hepatotoxin thioacetamide (TAA;
300 mg/kg) to Fisher 344 rats (200-250 gm, Charles River Laboratories, MA) for 24, 48 and
72 hours, as previously described (32, 43). Rats were killed 24 hours after the last injection,
except for the 72-hour group, which was killed 4 hours later (76 hours). To prevent
hypoglycemia, rats were given 12.5 ml/kg of isotonic solution containing 5% dextrose and
0.45% saline with 20 mEg/I of potassium chloride s.c. every 12 hours, as described earlier
(44). Normal controls received saline (vehicle used for TAA). Rats treated with TAA were
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clinically monitored daily, and stages of encephalopathy were graded according to the
criteria of Gammal et al (45) as follows: Grade I: generalized reduction in spontaneous
activity; Grade Il: mild ataxia; Grade I11: lack of spontaneous movement but with intact
righting reflexes; Grade 1V: loss of righting reflex but with an intact pain reflex (as
determined by the reaction to tail pinch); Grade V: coma (unresponsive to sensory stimuli)
and loss of corneal reflexes. This model has been used for more than 25 years and shares
morphological and clinical abnormalities that are similar to those in humans (43-48).
Additionally, the TAA model of ALF does not result in a breakdown of the blood-brain
barrier as assessed by the Evans blue extravasation method (unpublished observations).

Animals were killed by decapitation and cerebral cortices were rapidly dissected and frozen
at —80°C for subsequent biochemical and Western blot studies. All experimental procedures
followed guidelines established by National Institute of Health Guide for the Care and Use
of Laboratory animals and were approved by the Institutional Animal Care and Use
Committee (IACUC).

Preparation of Cerebral Cortex Lysates

Cell lysates from frozen cerebral cortex were prepared by homogenizing the tissue in lysis
buffer containing 50 mM Tris-HCI (pH 7.4), 150 mM NacCl, 1 mM sodium orthovanadate, 1
mM sodium fluoride, 10% glycerol and 1% Non-iodet P40. Homogenates were kept on ice
for 30 minutes and centrifuged at 10,000 g for 20 minutes; the pellet was discarded and the
supernatant was saved for immunoblotting.

Preparation of Plasma Membranes from Cerebral Cortex

Plasma membrane (PM) enriched fractions were isolated following the method of Marples et
al (49), except that high speed centrifugation (200,000 g) was omitted. In brief, cortical
tissue was homogenized in 0.32 M sucrose-EDTA buffer containing a protease inhibitor
cocktail (PIC, Roche Diagnostics) and then centrifuged at 3,000 g for 5 minutes; the
supernatant was frozen at —80°C for 1 hour to fracture the cells and then thawed and
homogenized in 50 mM Tris-HCI (pH 8) containing PIC. Homogenates were centrifuged at
17,500 g for 30 minutes and the pellets were rehomogenized 2X in 50 mM Tris-HCI buffer.
The final pellet containing the PM enriched fraction was dissolved in 0.25 ml of
radioimmunoprecipitation assay buffer containing 50 mM Tris-HCI (pH 7.4), 150 mM

NaCl, 10% SDS, 1% NP-40, 5% sodium-deoxycholate and PIC.

The purity of the PM was assessed by determining the activity of Na*,K*-ATPase following
the method of Bonting (50). The Na*,K*-ATPase activity was enriched 5-fold in PM vs.
total homogenates (4.99 + 0.5 umoles/mg protein/min in PM vs. 0.91 + 0.2 umoles/mg
protein/minute in total homogenates). This enrichment of enzyme activity is consistent with
earlier reports showing 4-to 5-fold higher activities of Na*,K*-ATPase in brain PM vs.
homogenates (51-53). We also examined for potential cytosolic contamination of the PM
fraction by determining the activity of glutamine synthetase and found very low activity in
the PM fraction (0.044 £ 0.002 umoles/mg protein/hour) vs. total homogenates (0.63 £ 0.03
pumoles/mg protein/hour).
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Immunoblotting

Protein concentration of PM fraction and cortical lysates were determined by the
bicinchoninic acid method (BioRad, Hercules, CA). Equal quantities of PM fraction and
tissue lysates were subjected to SDS-PAGE using 12% gels (Tris-HCI, pH 7.4) and then
electrophoretically transferred to PVDF membranes. Blots were blocked with 5% nonfat dry
milk in tris-buffered saline (TBS) containing Tween 20 (20 mM Tris-HCI, 150 mM NacCl,
pH 7.4, and 0.05% Tween 20) for 2 hours at room temperature (RT) and then incubated with
rabbit anti-AQP4 antibody (1:3000, Millipore), goat anti-a-syntrophin antibody (1:1000),
rabbit anti-Na*,K*-ATPase (1:1000) overnight (ON) at 4°C. PVDF membranes were
washed with TBS-T and incubated with HRP-conjugated secondary antibodies for 2 hours at
RT. After washing, membranes were visualized using enhanced chemiluminescence (ECL-
plus; Amersham Biosciences, Piscataway, NJ). Optical densities of the bands were measured
with the Chemi-Imager digital imaging system (Alpha Innotech, San Leandro, CA) and
results were quantified with the Sigma Scan Pro program (Sigma, St. Louis, MO) as a
proportion of the signal of Na*,K*-ATPase for PM fractions and a-tubulin for total tissue
lysates.

RNA Isolation and cDNA Synthesis

RNA was isolated from adult rat brain cortex samples. Frozen samples were homogenized
using the QIAshredder™ (Qiagen #79654, Qiagen, Valencia, CA) and centrifuged at 15,000
rpm for 30 seconds at 4°C. RNA isolation was done using the RNAqueous®-4PCR kit
(Ambion #AM1914, Applied Biosystems, Foster City, CA). RNA was quantified with a
spectrophotometer (Nanodrop ND-1000, Thermo Scientific, DE). Reverse transcription of
RNA to cDNA was done using 2 pg of total RNA with random hexamer primers using the
High Capacity cDNA Reverse Transcription Kit (Applied Biosystems #4368814). Only
RNA with a 260/280 ratio between 1.9 and 2.0 was used for cDNA synthesis and
polymerase chain reaction (PCR) analysis.

Quantitative Real-Time PCR

Quantitative real-time PCR was done using 10 ul of 1:20 diluted cDNA on the Mx3005P
Multiplex Quantitative PCR System (Stratagen #401513) using quantitative PCR SYBR
GREEN Reagents (Brilliant® 11 SYBR® Green QPCR Master Mix, Agilent Technologies,
Santa Clara, CA) with ROX reference dye used as a loading control. Rat-specific primer pair
sequences were constructed using NCBI Primer-BLAST. Primer pairs were obtained from
Operon Biotechnologies (Huntsville, AL). For elongation factor RPL13a, the forward
sequence was 5-GGCTGAAGCCTACCAGAAAG-3, and the reverse sequence was 5'-
CTTTGCCTTTTCCTTCCGTT-3; for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH); the forward sequence was 5’-GACAATGCCTGGATCCCTAA-3, and the
reverse sequence was 5-TGGGGTATCATTTAGGCCAG-3'. Primer pairs specific for
AQP4 (NM_001142366 & NM_012825) were obtained from Qiagen (QuantiTect Primer
Assay: Rn_Agp4_1 SG). Quantitative PCR cycling conditions were as follows: an initial
95°C for 10 minutes, followed by 40 cycles of 95°C for 30 seconds; 58°C for 30 seconds;
and 72°C for 15 seconds. The MxPro-Mx3005P v4.10 software was used to determine the
crossing point for each amplification reaction. Results were exported to Microsoft Excel for
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analysis. All corresponding quantitative PCR data were analyzed using the AACP method
(54) and normalized against 1 negative control, and the housekeeping gene GAPDH
(NM_017008). The “Fit Point Method’ was used to determine the crossing points for each
reaction.

Immunohistochemistry

Rats (3 animals each from control and TAA-treated for 72 hours) were anesthetized and
transcardially perfused with heparinized saline for 1 minute, followed by fixation in 4%
paraformaldehyde for 15 minutes. Animals were decapitated and heads were left in the same
fixative for an additional 24 hours at 5°C and cryoprotected with 30% sucrose in PBS.
Coronal sections of brain were obtained and 20-pum-thick sections were prepared with a
cryostat. Frozen sections were blocked with 10% goat serum and incubated with specific
antibodies to glutamate transporter -1 (GLT-1, 1:200, Santa Cruz Biotechnology, Inc., Santa
Cruz, CA), a-syntrophin (1:100, Santa Cruz Biotechnology Inc) and AQP4 (1:250)
(Chemicon, Temecula, CA) ON at 4°C. Sections were washed with TBS containing 0.1%
Triton X-100 and then incubated with fluorescent HRP-conjugated secondary antibodies
(1:500) AlexaFlour-Rhodamine for GLT-1 and a-syntrophin, and AlexaFlour-FITC for
AQP4 for 2 hours; mounted with commercial mounting media (Vector Laboratories), and
examined with a laser scanning confocal microscope (Olympus, Japan). Fluorescent images
for GLT-1, a-syntrophin and AQP4 were captured, and the images were merged to identify
co-localization of AQP4 and GLT-1, as well as AQP4 and a-syntrophin. The specificity of
antibodies corresponding to AQP4, a-syntrophin and GLT-1 was determined by performing
immunohistochemistry procedures in the absence of primary antibody (negative controls),
and using “absorption controls” by precipitating the antibody using synthetic polypeptides
supplied by the manufacturer.

Measurement of Brain Edema

Brain water content was determined by the wet/dry weight method. Approximately 10 mg
tissue (3-4 pieces from each rat) of cerebral cortex was dissected and wet weights of tissue
were determined. The tissue was dried ON in an oven at 120°C and dry weights were
determined. The difference in wet/dry weights was expressed as percent water content.

Astrocyte Cultures

Primary cultures of astrocytes were prepared from cerebral cortices of 1-to 2-day-old rats, as
described earlier (55). Briefly, cortices were freed of meninges, minced and dissociated by
trituration, passed through sterile nylon sieves and then placed in Dulbecco’s modified Eagle
medium containing penicillin, streptomycin, and 15% fetal bovine serum. Approximately
0.5 X 108 cells were seeded in 35-mm culture plates and maintained at 37°C in an incubator
equilibrated with 5% CO, and 95% air. Cultures consisted of 95% to 99% astrocytes based
on immunohistochemistry staining for glial fibrillary acidic protein. After 14 days, cultures
were treated and maintained with dibutyryl cAMP to enhance cell differentiation (56).
Three- to 4-week-old cells were used for experiments.
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Transfection of AQP4 siRNA

AQP4 siRNA (ON-TARGETplus SMARTpool) and non-targeting siRNA control (ON-
TARGETDplus Non-targeting Pool) were obtained from Dharmacon, Inc. (Lafayette, CO).
Transfection of siRNA was carried out using Lipofectamine™ 2000 (Invitrogen, Carlsbad,
CA) following the manufacturer’s protocol. In brief, Lipofectamine was diluted 1:50 (v/v) in
OPTIMEM low serum medium (Invitrogen) and incubated at RT for 5 minutes. AQP4
SiRNA and non-targeting control siRNA (50 nM) were diluted in OPTIMEM medium,
added separately to Lipofectamine, and incubated at RT for 20 minutes. A 0.5 ml of the
mixture containing Lipofectamine and siRNA was then added to each culture plate
containing 2 ml of media and the transfection was carried out for 48 hours. Specific
silencing of AQP4 was confirmed by Western blots and by quantitative real-time PCR as
described above.

Cell Volume Determination

Cell volume (intracellular water space) was determined using the 3-O-methyl-[3H]-glucose
(OMG) method described by Kletzien et al (57), and modified for astrocyte cultures by
Norenberg et al (13). In brief, cultured astrocytes at different time points after manganese
treatment were incubated with [BHJOMG (1 mM containing 1 uCi of radioactive OMG,
Sigma), and at the end of incubation a small aliquot of medium was saved for specific
activity determination. Cultures were washed 3X with ice-cold buffer containing 290 mM
sucrose, 1 mM Tris-nitrate (pH 7.4), 0.5 mM calcium nitrate and 0.1 mM phloretin. Cells
were harvested in 0.5 ml of 1 N NaOH. Radioactivity was converted to intracellular water
space and expressed as pl/mg cell protein. Protein content was determined by the BCA
method (BioRad).

Statistical Analysis

Data were presented as mean + SEM of 5 rats each from control and experimental groups.
The data were subjected to analysis of variance followed by Newman-Keuls post-hoc
analysis. A p < 0.05 value was considered significant.

RESULTS

Clinical Assessment of ALF

TAA-treated rats appeared normal during the first 40 hours after the initial administration of
TAA. Between 40 and 60 hours the rats gradually developed Grade | encephalopathy. These
signs progressively worsened over time and by approximately 60 to 72 hours, the rats
evolved into Grade II-I111 encephalopathy. This was followed by a rapid progression into
Grade 1V stage (at approximately 80 hours). Loss of righting reflexes and unresponsiveness
to pain was followed by reduced corneal reflexes. At this stage, the body temperatures
significantly dropped (37.9 + 0.5 in control vs. 33.4 £ 0.8 in TAA). Such decreases have
been documented by other investigators and appear to represent an adaptive response;
correction of the hypothermia leads to a worsening of the clinical outcome (7).

The extent of liver injury was assessed by serum levels of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST) using a Cobes 0501 automatic analyzer (Roche
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Diagnostics, IN), and by brain ammonia and glutamine levels, as determined by commercial
assay kits (Sigma-Aldrich) (Table). There was a 60-fold increase in ALT activity and a 5-
fold increase AST activity in TAA-treated animals vs. controls. Similarly, brain ammonia
and glutamine levels were significantly elevated in TAA-treated rats vs. controls (Table).

Brain Water Content

Rats treated with TAA for 24 hours did not display an increase in brain water content but
after 48 hours a 1.3%-increase was identified (p < 0.05), which further increased by 72
hours (2.9%, p < 0.01) vs. saline-treated controls (controls and 48 hour and 72 hour TAA-
treated rats were 78.7 + 1.2%, 80 £1.5% and 81.05 +1%, respectively) (Fig. 1).

AQP4 Protein and mRNA Contents

AQP4 protein content was determined in PM and total tissue fractions 24, 48 and 72 hours
after the first injection of TAA. Increased AQP4 protein levels (30%, p < 0.05) in the PM
were first detected at 48 hours and further increased (75%, p < 0.01) by 72 hours (Fig. 2A,
C). AQP4 protein content did not change in the total tissue fraction at any time point studied
(Fig. 2B), indicating that the increase in AQP4 content in the PM is not due to its neo-
synthesis. Likewise, MRNA levels of AQP4 were unaltered in rats treated with TAA (72
hours) vs. controls (Fig. 3). The increase in AQP4 protein levels correlated with the extent
of brain edema in rats with ALF (r2 = 0.8).

Immunohistochemistry of AQP4

Immunofluorescence analysis of AQP4 in cortical sections in control and TAA-treated (72
hours) rats displayed AQP4 fluorescence immediately peripheral to capillaries (i.e.
perivascular) and small blood vessels, consistent with localization to the perivascular
astrocytic end-feet; there was lesser staining in the neuropil (Fig. 4A). Double labeling of
sections with GLT-1, an astrocyte PM protein, showed colocalization with AQP4 (Fig. 4C),
indicating that AQP4 staining is localized to the astrocyte PM. Sections from rats with ALF
displayed intense AQP4 fluorescence adjacent to the blood vessels (Fig. 4D), consistent with
its localization in perivascular astrocytic end-feet.

Effect of AQP4 Gene Silencing on Cell Swelling in Cultured Astrocytes Treated with
Ammonia

Ammonia is the principal neurotoxin implicated in the cytotoxic brain edema in ALF (11,
12, 58). Our previous studies documented that exposure of cultured astrocytes to ammonia
(5 mM), a concentration found in brain in experimental ALF (59), results in astrocyte
swelling (13, 60); such swelling was associated with increased AQP4 expression (42). To
establish the potential contribution of AQP4 to ammonia-induced astrocyte swelling,
astrocyte cultures were transfected with siRNA targeted to AQP4. Preliminary transfection
experiments were performed using 2 different concentrations (50 and 100 nM) of AQP4
SiRNA for 48 to 96 hours. An 85 + 5% and 60-73 £ 4% reduction in mMRNA and protein
levels of AQP4, respectively, were identified 48 hours following transfection and persisted
for up to 96 hours (Fig. 5). Transfection of cultures with non-targeting control sSiRNA
(scrambled) did not show a reduction in AQP4 mRNA or in protein levels (Fig. 5).
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Transfection of cultures with either AQP4 siRNA or control siRNA did not cause
morphological changes or cytotoxicity (data not shown).

We next examined the effect of transfection of cultures with AQP4 siRNA on ammonia-
induced astrocyte swelling. Cultures were separately transfected with AQP4 siRNA and
with control siRNA (50 nM each). At 48 hours after transfection, the cells were treated with
ammonia (5 mM NH4CI) and cell volume was determined 24 hours later. In cultures
transfected with control siRNA, ammonia caused significant cell swelling (60 + 3%),
whereas cultures transfected with AQP4 siRNA showed a marked reduction (75 + 5%) in
astrocyte swelling after ammonia treatment (Fig. 6).

a-Syntrophin Protein Content

a-Syntrophin is an anchoring protein involved in polarizing AQP4 to perivascular astrocytic
end-feet. a-Syntrophin protein content was significantly increased in the PM fraction (35%)
at 48 hours after TAA treatment and it further rose to 86% at 72 hours after treatment (Fig.
7.

Immunohistochemistry of a-Syntrophin

Cortical sections of control rats displayed a-syntrophin immunofluorescence in perivascular
astrocytic end-feet (Fig. 8A). Double labeling of sections with AQP4 showed colocalization
of a-syntrophin with AQP4 (Fig. 8C). Sections obtained from rats treated with TAA (72
hours) displayed an increase in immunofluorescence in both a-syntrophin and AQP4 in
perivascular astrocytic end-feet (Fig. 8D-F).

Effect of L-Histidine on AQP4 and a-Syntrophin Protein Content

We recently documented that L-histidine completely blocked the formation of brain edema
in rats with ALF (32). Therefore, we examined the effect of L-histidine on AQP4 and a-
syntrophin levels. Rats were treated with TAA (300 mg/kg, i.p.) and L-histidine (100 mg/kg,
dissolved in saline, i.p.) daily for 3 days. L-histidine was administered 2 hours before each
TAA injection. Protein levels of AQP4 and a-syntrophin in PM were determined by
immunoblots. TAA-treated rats given L-histidine showed no increase in AQP4 or a-
syntrophin protein levels in PM vs. controls (Figs. 9, 10).

DISCUSSION

Brain edema in ALF is largely “cytotoxic” due largely to swelling of astrocytes (5-7) and
elevated blood and brain levels of ammonia have been shown to contribute to its
development (11, 12). While mechanisms of astrocyte swelling/cytotoxic edema in ALF are
not completely clear, alterations in the activity of various ion transporters and exchangers
that are generally involved in cell volume regulation may contribute to astrocyte swelling.
Changes in the activity of these ion transporters can result in altered ion homeostasis and
associated cellular osmolar imbalances that ultimately lead to astrocyte swelling (33, 61,62).

Although a disturbance in ion homeostasis resulting from altered activities of ion
transporters initiates the process of astrocyte swelling, such alterations must be accompanied
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by an excessive entry of water into cells to achieve osmotic equilibrium. AQP4 is
abundantly expressed in astrocytes and is involved in water entry (34) and contributes to
cytotoxic edema in various neurological conditions, including brain trauma, cerebral
ischemia, brain tumors and hyponatremia (40, 63-68).

Here, we demonstrate that rats with TAA-induced ALF displayed an elevation of AQP4 in
PM of cerebral cortex, whereas total cellular levels of AQP4 were unchanged. Additionally,
MRNA levels of AQP4 in the cerebral cortex of rats with ALF were not altered, indicating
that increased synthesis of AQP4 protein was not responsible for its increased content in the
PM. A similar increase in AQP4 without a change in its net synthesis has also been reported
in cultured astrocytes treated with hypoxia, lactic acid and in cerebral cortex of rats with
hyponatremia (67, 69, 70).

Here, we found no changes in AQP4 mRNA levels but this may be at slight variance with a
report showing a slight (57%) reduction in AQP4 mRNA expression in the sparse-fur mouse
model of congenital hyperammonemia (71). The reason for this minor discrepancy in
MRNA levels in these models is not known but the sparse-fur mouse model is associated
with only moderate levels of fluctuating hyperammonemia (72), whereas rats with ALF
consistently show sustained high levels of blood and brain ammonia (32, 43).

The mechanism by which ALF results in an apparent increase in PM levels of AQP4 in the
absence of increase in its MRNA or total brain protein content are not known. In a model of
hyponatremia, Vajda et al suggested that the increase in AQP4 PM levels might be due to
conformational changes in AQP4 that result in its increased immunoreactivity(67). Such
conformational changes presumably might also result in functional activation of AQP4.

Another mechanism for increased PM levels of AQP4 in ALF may be due to a reduction in
its degradation. Precise mechanisms responsible for AQP4 degradation in brain have not
been extensively examined, but AQP4 is ubiquitinated in retinal Maller cells and its
ubiquitination is inhibited leading to an increase in its levels in the PM following retinal
injury (76). Likewise, Leitch et al reported that AQP1 normally undergoes ubiquitination,
followed by its degradation by the proteasomal system and that this was inhibited by
osmotic stress, resulting in its increased expression in the PM (77). Therefore, it is possible
that interference with the degradation of AQP4 (e.g. due to decreased ubiquitination) may
result in its over-expression in the PM in ALF. It is of interest that oxidative/nitrosative
stress (ONS) inhibits protein ubiquitination and subsequent proteasomal activity (80, 81),
that ALF is associated with ONS (78, 79), and that ONS has been implicated in AQP4 over-
expression in other neurological conditions (82, 83). Therefore, it is possible that ONS
resulting from ALF may contribute to increased AQP4 PM levels.

a-Syntrophin, a member of dystrophin-associated proteins (74), anchors AQP4 to the PM of
astrocytic end-feet (73). Neely et al have suggested that a-syntrophin tethers AQP4 at the C-
terminal PDZ domain of AQP4, thereby promoting a greater anchoring (i.e. stability) of
AQP4 in the PM (73). Because we found increased a-syntrophin levels in rats with ALF, it
is possible that such increases might partially account for the increase in PM AQP4 content.
Nevertheless, although all these possibilities may contribute to increases in AQP4 PM

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2016 February 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rama Rao et al.

Page 10

levels, the precise mechanisms by which ALF results in such increases remains to be
determined.

a-Syntrophin also facilitates the polarization of AQP4 to the perivascular astrocytic end-feet
(73). In the present study, TAA treatment resulted in a marked increase of AQP4
immunoreactivity in perivascular astrocytic end-feet. Additionally, our observation of
increased a-syntrophin, as well as of AQP4, in the PM of cerebral cortex of rats with ALF
supports the view that a-syntrophin contributes to the increased polarization of AQP4 to the
perivascular astrocytic end-feet in ALF. These findings are consistent with reports showing
increased AQP4 and a-syntrophin proteins in the PM of astrocytes in edematous tissue
surrounding brain tumors (66, 75).

While increased PM expression of AQP4 in rats with ALF correlated with the formation of
brain edema, we cannot implicate AQP4 definitively in brain edema formation in ALF.
Nevertheless, the marked reduction in cell swelling observed in cultured astrocytes
transfected with AQP4 siRNA following ammonia treatment supports the concept that
AQP4 plays a critical role in the cytotoxic brain edema/astrocyte swelling in ALF, in which
ammonia is the principal neurotoxin.

We recently documented that L-histidine, which can inhibit mitochondrial glutamine
transport, completely abolished brain edema in TAA-treated rats (32), which is consistent
with an important role for glutamine in the development of brain edema in ALF (84, 85). It
was postulated that glial accumulation of glutamine leads to an osmotic shift of water into
astrocytes resulting in their swelling (osmolyte hypothesis) (20), but more recently it has
been proposed that glutamine is initially transported into mitochondria and subsequently
hydrolyzed by phosphate-activated glutaminase, thus yielding high levels of ammonia in
that organelle (30, 86, 87). Such high ammonia levels in mitochondria stimulate ONS and
induce the mitochondrial permeability transition, i.e. processes known to cause astrocyte
swelling (23). Consistent with this view, we recently demonstrated that L-histidine
diminished ONS in rats with ALF (32) and the present study shows that L-histidine also
completely blocked the increased AQP4 levels in the PM in TAA-treated rats. This suggests
that the action of histidine in inhibiting AQP4 over-expression in ALF may be a
consequence of its inhibition of ONS.

In summary, we demonstrate that brain edema in ALF is associated with increased brain
levels of AQP4 in the PM, whereas total AQP4 protein and mRNA levels are unchanged.
The basis for this increase is unknown, but may be due to conformational changes in AQP4
protein, interference with its degradation, or increased anchoring of AQP4 to the PM,
possibly related to an increase in a-syntrophin. The latter may also be involved in the
polarization of AQP4 to the perivascular astrocytic end-feet. L-histidine, an inhibitor of
mitochondrial glutamine transport completely blocked the increase in AQP4 and a-
syntrophin proteins, suggesting a key role of glutamine in the process by which AQP4 is
over-expressed in PM. Taken together, the results suggest that AQP4 and/or a-syntrophin
represent potential therapeutic targets to counteract brain edema associated with ALF.
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Figure 1.
Time-course of brain water content in thioacetamide (TAA)-treated rats killed at 24, 48 and

72 hours after last TAA injection. Values are mean £ SEM of 5 rats per group. *vs. control,
p < 0.05-0.01; ** vs. 48 hours.
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Figure 2.
(A) Time-course of aquaporin-4 (AQP4) protein expression in plasma membranes. (B) Total

tissue fraction following thioacetamide (TAA) treatment. (C) Quantitation of AQP4 protein.
Values are mean + SEM of 5 rats per group. * vs. control, p < 0.05-0.01.
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Figure 3.
Aquaporin-4 (AQP4) mRNA levels in cerebral cortex of control and thioacetamide (TAA)-

treated (72 hours) rats. No significant changes in AQP4 mRNA were identified in TAA-
treated rats vs. controls. Values are mean + SEM of 4 rats per group.
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Figure 4.
Immunohistochemistry of aquaporin-4 (AQP4) and glutamate transporter -1 (GLT-1) in

cerebral cortex of control (A—C) and thioacetamide (TAA)-treated (D-F) rats. (A) Control
section showing AQP4 fluorescence (green) around the lumen of blood vessel (arrows
indicate vascular structures). Panels B and E show GLT-1 immunoreactivity in control (B)
and TAA-treated rats (E), respectively. A section from a TAA-treated rat (D) shows a
marked increase in perivascular fluorescence. Immunofluorescence studies were done on
sections from 3 control and 3 ALF animals treated with TAA for 72 hours. Scale bar = 50
pm.
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Figure 5.
Effect of different concentrations of aquaporin-4 (AQP4) siRNA on the time-course of

AQP4 protein and mRNA levels. (A) Immunoblots showing a reduction of AQP4 protein
content in cultures transfected with AQP4 siRNA (siR) as compared to non-transfected
control ([C] in figure). Cultures transfected with non-targeting siRNA (scrambled, Scr)
showed no reduction in AQP4 protein. (B) Quantification of AQP4 protein bands showing a
65% to 72% reduction in AQP4 protein in cultures transfected with AQP4 siRNA. (C)
Levels of AQP4 mRNA in cultures transfected with scrambled siRNA (Scr) and AQP4
SiRNA (siR). Values are mean + SEM of 3 individual plates taken from 3 separate seedings.
*vs. Cand Scr, p <0.01.
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Effect of aquaporin-4 (AQP4) gene silencing on ammonia-induced cell swelling in cultured
astrocytes. Cultures were transfected with 50 nM each of scrambled siRNA (Scr) and AQP4
SiRNA (siR) for 48 hours and cell volume was determined in cultures 24 hours after
treatment with ammonia (NH4CI, 5 mM). Values are mean + SEM of 5 individual plates
taken from 2 separate seedings. * vs. non-transfected control (NT Con) and Scr. p < 0.01; **
vs. Scr+NH,4 and non-transfected cultures treated with ammonia (NT NH,). p < 0.01.
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Figure 7.
(A) Time-course of a-syntrophin protein expression in plasma membranes following

thioacetamaide (TAA) treatment. (B) Quantitation of a-syntrophin protein. Values are mean
+ SEM of 5 animals in each experimental group. * vs. control, p < 0.05-0.01.
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Figure 8.
Immunohistochemistry of a-syntrophin and aquaporin-4 (AQP4) in cerebral cortex of

control and thioacetamide (TAA)-treated rats. (A—C) Control sections (A, B) show a-
syntrophin (red) and AQP4 (green) fluorescence in perivascular astrocytes; there is
colocalization in the merged image (C). (D-F) Sections from a TAA-treated rat (D, E) show
a marked increase in perivascular fluorescence and a colocalization of AQP4 and a-
syntrophin (F). Immunofluorescence studies were done on sections from 3 control and 3 rats
treated with TAA for 72 hours. Scale bar = 50 um.
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Figure 9.

(A) Effect of L-histidine (Hist, 100 mg/kg, i.p.) on aquaporin-4 (AQP4) protein content in
plasma membranes of thioacetamide (TAA)-treated rats. (B) Quantitation of AQP4 protein.
Values are mean + SEM of 5 rats in each group. * vs. control (p < 0.05); ** vs. TAA (p <
0.01).
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Figure 10.

(A) Immunoblots showing the effect of L-histidine (Hist) on a-syntrophin protein in plasma
membranes of thioacetamide (TAA)-treated rats. (B) Quantitation of a-syntrophin protein.
Values are mean + SEM of 5 rats in each group. * vs. control (p < 0.05); ** vs. TAA (p <
0.01).
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Table

Assessment of Acute Liver Failure in Rats Treated with Thioacetamide

Brain Ammonia pmoles/ Brain Glutamine umoles/
Experimental Group  Serum ALT (Units/L)  Serum AST (Units/L) gram wt gram wt
Control 109 + 26 221+45 25+0.3 95+1.2
TAA 6,700 + 30 1,235 + 180 6.7+0.36 28+5.0

Abbreviations: TAA, thioacetamide, ALT, alanine aminotransferase; AST, aspartate aminotransferase. Assays were determined 72 h after the final
injection of TAA.
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