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Brain edema and the consequent increase in intracranial pres-
sure and brain herniation are major complications of acute liver
failure (fulminant hepatic failure) and a major cause of death in
this condition. Ammonia has been strongly implicated as an
important factor, and astrocyte swelling appears to be primarily
responsible for the edema. Ammonia is known to cause cell
swelling in cultured astrocytes, although the means by which
this occurs has not been fully elucidated. A disturbance in one or
more of these systems may result in loss of ion homeostasis and
cell swelling. In particular, activation of the Na-K-Cl cotrans-
porter (NKCC1) has been shown to be involved in cell swelling in
several neurological disorders. We therefore examined the
effect of ammonia on NKCC activity and its potential role in the
swelling of astrocytes. Cultured astrocytes were exposed to
ammonia (NH,Cl; 5 mMm), and NKCC activity was measured.
Ammonia increased NKCC activity at 24 h. Inhibition of this
activity by bumetanide diminished ammonia-induced astrocyte
swelling. Ammonia also increased total as well as phosphoryla-
ted NKCC1. Treatment with cyclohexamide, a potent inhibitor
of protein synthesis, diminished NKCC1 protein expression and
NKCC activity. Since ammonia is known to induce oxidative/
nitrosative stress, and antioxidants and nitric-oxide synthase
inhibition diminish astrocyte swelling, we also examined
whether ammonia caused oxidation and/or nitration of NKCC1.
Cultures exposed to ammonia increased the state of oxidation and
nitration of NKCC1, whereas the antioxidants N-nitro-L-arginine
methyl ester and uric acid all significantly diminished NKCC activ-
ity. These agents also reduced phosphorylated NKCC1 expression.
These results suggest that activation of NKCC1 is an important
factor in the mediation of astrocyte swelling by ammonia and that
such activation appears to be mediated by NKCC1 abundance as
well as by its oxidation/nitration and phosphorylation.

* This work was supported, in whole or in part, by National Institutes of Health
Grant DK063311. This work was also supported by a Merit Review from the
Department of Veterans Affairs. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

' Supported by the American Association for the Study of Liver Disease/
American Liver Foundation Grant.

2To whom correspondence should be addressed: Dept. of Pathology
(D-33), P.O.Box 016960, University of Miami School of Medicine, Miami,
FL 33101. Tel.: 305-585-7049; Fax: 305-585-5311; E-mail: mnorenbe@
med.miami.edu.

33874 JOURNAL OF BIOLOGICAL CHEMISTRY

Hepatic encephalopathy is a neurological disorder that
occurs in patients with severe liver failure. The acute form (ful-
minant hepatic failure) is associated with cerebral edema,
increased intracranial pressure, herniation, and death (1).
Although the pathogenetic mechanisms for brain edema are
still not clear, ammonia has been strongly implicated as an
important etiological factor (for reviews, see Refs. 2 and 3), and
astrocyte swelling has been implicated as a major process
responsible for the edema (cytotoxic edema) (4—7). Mecha-
nisms mediating the astrocyte swelling and the subsequent
brain edema in fulminant hepatic failure remain poorly
understood.

Ion channels, exchangers, and transporters represent impor-
tant factors in the mechanism of cell volume regulation (for
reviews, see Refs. 8 —11). Structural and functional changes in
these systems may result in the loss of ion homeostasis (for a
review, see Ref. 12) and the subsequent accumulation of intra-
cellular water. These ion transporters and exchangers include
the Na-K-Cl cotransporter (NKCC),®> volume-sensitive
osmolyte anion channels, Na*/Ca®>" exchanger, the Na*/H™
exchanger, and the nonselective cation channel (NC., 1p)
(11). The Na-K-Cl cotransporter-1 (NKCC1), in particular, has
been shown to play an important role in the mediation of cell
swelling/brain edema (for a review, see Ref. 13).

NKCC cotransporters are a class of membrane proteins that
transport Na™*, K¥, and Cl~ ions into and out of a wide variety
of epithelial and nonepithelial cells and are part of a superfamily
of cation-chloride cotransporters (14). Two isoforms of NKCC
have been identified (NKCC1 and NKCC2) (15, 16). NKCC1 is
present in many cell types, including astrocytes (17-22). The
NKCC2 isoform is localized exclusively to the kidney (23, 24).
NKCC1 activation was shown to contribute to astrocyte swell-
ing/brain edema in ischemia and to brain edema after traumatic
brain injury (25-30). Its role in astrocyte swelling after ammo-
nia treatment and in the brain edema in fulminant hepatic fail-
ure, however, are not known.

This study investigated whether NKCC activation occurs in
ammonia-treated astrocyte cultures and whether such activa-
tion contributes to astrocyte swelling. Our findings demon-

3 The abbreviations used are: NKCC, Na-K-Cl cotransporter; ANOVA, analysis
of variance; p-NKCC1, phosphorylated NKCC1; L-NAME, N-nitro-L-arginine
methyl ester; NOS, nitric-oxide synthase; SNAP, S-nitroso-N-acetyl penicil-
lamine; SIN-1, 3-morpholinosydnoimine HCl; CHX, cyclohexamide.
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strate that ammonia increased NKCC activity, which was asso-
ciated with an increase in total and phosphorylated NKCC1
protein expression, as well as in its oxidation and nitration.
Blocking NKCC activity with bumetanide attenuated ammo-
nia-induced astrocyte swelling. Altogether, our findings sug-
gest that activation of NKCC plays an important role in the
mediation of ammonia-induced astrocyte swelling and possibly
in the brain edema associated with fulminant hepatic failure.

EXPERIMENTAL PROCEDURES

Astrocyte Cultures—Astrocyte cultures were prepared from
brains of 1-2-day-old rat pups by the method of Ducis et al.
(31). Briefly, cerebral cortices were freed of meninges, minced,
dissociated by trituration and vortexing, passed through sterile
nylon sieves, placed in Dulbecco’s modified Eagle’s medium
containing penicillin, streptomycin, and fetal bovine serum,
and incubated at 37 °C in a humidified chamber provided with
5% CO, and 95% air. After 10 days in culture, bovine serum was
replaced with 10% horse serum. After 14 days, cultures were
treated and maintained with dibutyryl-cAMP (Sigma) so as to
enhance cell differentiation (32). Cultures consisted of at least
98% astrocytes, as determined by glial fibrillary acidic protein
and glutamine synthetase immunocytochemistry. The
remaining cells consisted of microglia. Experiments were
carried out in 3-4-week-old cells. Procedures followed
guidelines established by the National Institutes of Health
Guide for the Care and use of Laboratory Animals and were
approved by the local animal care committee (Institutional
Animal Care and Use Committee).

NKCC Activity—NKCC activity was measured as the bumet-
anide-sensitive K" influx, using ®Rb as a tracer for K* by a
modification of the method of Sun and Murali (33). Briefly,
primary astrocyte cultures were treated once with a pathophys-
iological concentration of ammonia (NH,Cl; 5 mm); such a
value is found in the brains of animals with acute liver failure
(34). The ammonia concentration in the medium rapidly
declines to undetectable levels by 30 — 60 min.* At the end of the
treatment (24 h), cultures were equilibrated and preincubated
with or without 50 uM bumetanide for 15-30 min at 37 °C in an
isotonic HEPES-minimal essential medium (140 mm NaCl, 5.36
mum KCl, 0.81 mm MgSO,, 1.27 mm CaCl,, 0.44 mm KH,PO,,
0.33 mm Na,HPO,, 5.55 mMm glucose, and 20 mm HEPES (300
mosm)). Cultures were then exposed to 1 wCi/ml **Rb for 3 min
and subsequently rinsed with ice-cold 0.1 M MgCl,. Cells were
then extracted in 1% SDS, and the radioactivity was analyzed by
liquid scintillation. The ®*Rb influx rate was calculated by sub-
tracting the influx (with bumetanide) from total influx (without
bumetanide) and expressed as nmol of **Rb/mg of protein/min.
Quadruplicate determinations were obtained throughout the
study, and the protein content was determined employing the
BCA assay (Pierce).

Measurement of Intracellular Na™ Concentration [Na™]—
As another measure of NKCC activity, [Na™], level was deter-
mined by modifications of the methods of Rose and Ransom
(35) and Su et al. (26), employing the fluorescent dye sodium-
binding benzofuran isophthalate acetoxy methyl esters-AM.

“M. D. Norenberg, unpublished observation.
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Culture medium was removed, and the cells were washed two
times with 2 ml of prewarmed (37 °C) HEPES-minimal essential
medium. Cells were incubated for 30 min at 37 °C for 1 hin 2 ml
of fresh HEPES-minimal essential medium containing 0.05%
pluronic acid and 10 um sodium-binding benzofuran isophtha-
late acetoxy methyl esters-AM. At the end of the incubation
period, the medium was aspirated, and the cells were washed
twice with ice-cold phosphate-buffered saline. Cells were
scraped into 500 ul of 0.2% Triton X-100 and sonicated for 5 s.
A small aliquot of the cell extract was removed for protein esti-
mation, and fluorescence intensity was measured in the
remaining solution with a spectrofluorophotometer (Spectro-
photofluorome, RF-1501; Shimadzu Scientific Instruments
Inc., Norcross, GA) at dual excitation wavelength of 340
nm/385 nm, and emission fluorescence at 510 nm. Protein con-
tent was determined by the BCA method. The results were
expressed as fluorescence intensity units/mg of protein.

Cell Volume Determination—Cell volume was estimated by
measuring the intracellular water space by the method of Kletz-
ien et al. (36), as modified by Kimelberg (37) and Bender and
Norenberg (38). Briefly, 1 mm 3-O-methylglucose and 0.5
wCi/ml *H-labeled 3-O-methylglucose were added to the cul-
ture 6 h before the volume assay. At the end of the incubation
period, culture medium was aspirated, and an aliquot was saved
for radioactivity determination. Cells were rapidly washed six
times with ice-cold buffer containing 229 mm sucrose, 1 mm Tris
nitrate, 0.5 mm calcium nitrate, and 0.1 mm phloretin, pH 7.4. Cells
were then harvested into 0.5 ml of 1 N sodium hydroxide. Radio-
activity in the cell extracts and medium were determined, and an
aliquot of the cell extract was used for protein estimation (BCA
method). Values were normalized to protein level, and the cell
volume was expressed as ul/mg of protein.

Western Blots—Astrocyte cultures were solubilized in lysis
buffer (125 mm Tris-HCI, pH 6.8, 4% SDS, phosphatase inhibi-
tors (Sigma), and a protease inhibitor mixture (Roche Applied
Science)), and protein levels were measured by the BCA
method. Equal amounts of protein were subjected to gel elec-
trophoresis, as previously described (39), and transferred to
nitrocellulose membranes. Following blocking with nonfat dry
milk, membranes were incubated with respective antibodies.
Total NKCC1 antibody was purchased from Chemicon Inter-
national (Temecula, CA). Primary antibodies to detect phos-
phorylated (R5) and total NKCC1 were used at 1:1000. Anti-a-
tubulin antibody was obtained from Oncogene (San Diego,
CA). Anti-rabbit and anti-mouse horseradish peroxidase-con-
jugated secondary antibodies (Vector Laboratories) were used
at 1:1000. Optical density of the bands were determined with
the Chemi-Imager (Alpha Innotech, San Leandro, CA) digital
imaging system, and the results were quantified with the Sigma
Scan Pro (Jandell Scientific, San Jose, CA) program as a propor-
tion of the signal of a housekeeping protein band (a-tubulin).

Determination of NKCC1 Oxidation and Nitration—NKCC1
oxidative adducts (an index of protein oxidation) were deter-
mined in NKCC1-immunoprecipitated samples by using the
OxyBlot™ protein oxidation detection kit (S7150; Chemicon
International). Lysates were immunoprecipitated with NKCC1
(T4) antibody (developed by Christian Lytle, University of Cal-
ifornia, Riverside; obtained from the Developmental Studies

JOURNAL OF BIOLOGICAL CHEMISTRY 33875



NKCC1 and Ammonia-induced Astrocyte Swelling

&0

- -
= =
" L

[
=
"

NKCC Activity (% over control)

1 6 12 18 24

Time (hrs)

FIGURE 1. Cultured astrocytes were exposed to 5 mm NH,Cl for different
time periods (1-24 h), and the bumetanide-sensitive NKCC activity was
measured. Ammonia significantly increased NKCC activity at 12, 18,and 24 h.
Data were subjected to ANOVA (n = 5; ¥, p < 0.05 versus control). Error bars,
mean = S.E.

Hybridoma Bank developed under the auspices of the NICHD,
National Institutes of Health, and maintained by the University
of lowa Department of Biological Sciences (Iowa City, IA)) and
subjected to gel electrophoresis and immunoblotting as
described above. Anti-nitrotyrosine (mouse monoclonal anti-
body (1:1000; catalog number 487923; Calbiochem) was used to
detect nitrated NKCC1 (T4).

Each experimental group consisted of 4—5 culture dishes/
experiment for each time point studied in the cell swelling
experiments. At least 2—4 plates were used for Western blot
analysis. All experiments were performed from 47 separate
seedings. Data were subjected to ANOVA, followed by Tukey’s
post hoc comparisons. At each time point, the experimental
cultures were compared with their respective controls.

RESULTS

Activation of NKCC by Ammonia in Cultured Astrocytes—
Ammonia significantly increased NKCC activity, as measured
by the bumetanide-sensitive K™ influx, using **Rb as a tracer
for K*. The initial increase was observed at 12 h (37.5%; p <
0.05 versus control), which persisted up to 24 h, with the peak
increase occurring at 18 and 24 h (61.4 and 63%, respectively;
p < 0.05 versus control) (Fig. 1).

Ammonia Increased [Na™ ]—As another measure of NKCC1
activity, we examined [Na™]; after exposure to ammonia for
24 h. [Na™], was measured in the presence or absence of the
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FIGURE 2. Cultures were exposed to 5 mm NH,Cl for 24 h and [Na™]; was
measured by using the Na™ fluorescent probe sodium-binding benzofu-
ran isophthalate. Ammonia significantly increased [Na*],. Treatment with
bumetanide (BUM; 50 um), an inhibitor of NKCC, significantly diminished this
effect. Data were subjected to ANOVA (n = 3; *, p < 0.05 versus control; T, p <
0.05 versus NH,Cl). Error bars, mean = S.E.

NKCC inhibitor bumetanide. Cultures exposed to ammonia
significantly increased [Na™], (63.2%; p < 0.05 versus control)
(Fig. 2). Such an increase was blocked by bumetanide (50 um)
(Fig. 2).

Inhibition of NKCC Activity Attenuated Ammonia-induced
Astrocyte Swelling— Astrocyte cultures were exposed to ammo-
nia for 24 h with or without bumetanide (50 uMm), and cell vol-
ume was determined. The intracellular water space of control
primary astrocytes culture was 4.2 = 0.1 ul/mg of protein. Cul-
tures exposed to ammonia showed a significant increase in cell
volume (41% as compared with control; p < 0.05). Cell swelling
was significantly attenuated by treatment with 50 um bumet-
anide (64%; p < 0.05 versus control) (Fig. 3).

Ammonia Increased NKCCI Protein Expression—Cultures
exposed to ammonia significantly increased the total NKCC1
protein level as measured by Western blots. The initial increase
was observed at 6 h and persisted for up to 24 h (Fig. 4), which
was similar to the time course of NKCC activation (Fig. 1).

Inhibition of Protein Synthesis Diminished Ammonia-in-
duced NKCCI1 Protein Expression and Activity—To test
whether the increase in NKCC activity was associated with an
increase in NKCC1 protein synthesis, astrocyte cultures were
exposed to 5 mm NH,Cl in the presence or absence of different
concentrations of cyclohexamide (CHX) (100 nm, 500 nm, 1 um,
2 uM, and 3 um). NH,CI significantly increased total NKCC1
protein level at 24 h (46.2% as compared with control; p < 0.05).
This enhancement in protein abundance was significantly
reduced by treatment with 1 um CHX (61%; p < 0.05) (Fig. 5).
Doses other than 1 um CHX had no significant effect on ammo-
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FIGURE 3. Cultured astrocytes exposed to 5 mm NH,CI significantly
increased cell swelling (54%) at 24 h. Treatment with the NKCC inhibitor
bumetanide (BUM; 50 um) significantly diminished such swelling (65%). Data
were subjected to ANOVA (n = 6;*, p < 0.05 versus control; T, p < 0.05 versus
NH,Cl). Error bars, mean = S.E.
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FIGURE 4. A, Western blots show a significant increase in total NKCC1 protein
level when cultures were exposed to 5 mm NH,Cl. B, quantification of NH,,Cl-
induced changes in NKCC1 protein expression. NKCC1 levels were normal-
ized against a-tubulin. Data were subjected to ANOVA (n = 5; *, p < 0.05
versus control). Error bars, mean = S.E.

nia-induced increase in total NKCCI1 protein expression (data
not shown). We then examined whether the increase in protein
abundance contributed to changes in NKCC activity. Cultures
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FIGURE 5. A, Western blots show the effect of CHX on ammonia-induced total
NKCC1 protein level. B, quantification of NKCC1 protein expression. NKCC1
levels were normalized against a-tubulin. C, effect of cyclohexamide on
ammonia-induced NKCC activity. Data were subjected to ANOVA (n = 5; %,
p < 0.05 versus control; T, p < 0.05 versus NH,CI). Error bars, mean = S.E.

NH,"+ CHX

exposed to NH,Cl significantly increased NKCC activity at 24 h
(61.7%), whereas treatment with 1 um CHX significantly dimin-
ished this activity (40.1%; p < 0.05) (Fig. 5), suggesting that an
ammonia-induced increase in NKCC1 protein abundance con-
tributes to its increased activity.

Ammonia Increased Phosphorylated (Activated) NKCCI
(p-NKCC1)—Cultures exposed to ammonia significantly
increased p-NKCC1 protein expression. The initial increase
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FIGURE 6. A, Western blots show a significant increase in p-NKCC1 level when
cultures were exposed to 5 mm NH,Cl. B, quantification of NH,Cl-induced
phospho-NKCC1. Phospho-NKCC1 levels were normalized against a-tubulin.
Data were subjected to ANOVA (n = 4; *, p < 0.05 versus control). Error bars,
mean = S.E.

was observed at 3 h and persisted for up to 18 h (Fig. 6). At 24 h,
a slight increase (23.1%) in p-NKCC1 was observed, but it was
not significant from control.

Inhibition of the Ammonia-induced Increase in p-NKCC1 by
Antioxidants, N-Nitro-L-arginine Methyl Ester (1--NAME), and
Uric Acid—Pretreatment (15 min) of cultures with antioxidants
(dimethylthiourea (100 wm), Mn(III) tetrakis (4-benzoic acid)
porphyrin (10 wm), catalase (250 units/ml), a-tocopherol (100
um), and tempol (10 um)) significantly decreased ammonia-
induced increase in p-NKCC1 levels (53.7, 58.6, 50.5, 49.1, and
72.7%, respectively; p < 0.05) (Fig. 7). Cultures treated with the
nitric-oxide synthase (NOS) inhibitor L-NAME (250 um) and
the peroxynitrite scavenger uric acid (500 uMm) also significantly
diminished the ammonia-induced increase in p-NKCC1 levels
(56.1 and 53.8%, respectively; p < 0.05) (Fig. 7). Altogether,
these findings strongly suggest that oxidative/nitrosative stress
contributes to the ammonia-induced NKCC1 phosphorylation.

Inhibition of Ammonia-induced NKCC Activity by Antioxi-
dants, .I-NAME, and Uric Acid—Cultures exposed to NH,Cl
significantly increased NKCC activity at 24 h (74% as compared
with control). Pretreatment (15 min) of cultures with antioxi-
dants Mn(III) tetrakis (4-benzoic acid) porphyrin (10 um), di-
methylthiourea (100 um), tempol (10 um), catalase (250 units/
ml), and «-tocopherol (100 um) significantly decreased
ammonia-induced NKCC activity (68.7, 52, 69.3, 48.5, and
71.6%, respectively; p < 0.05) (Fig. 8). Although N-tert-butyl-«-
phenylnitrone diminished NKCC1 activity (by 23.6%; p < 0.05
versus NH,Cl), this decrease was not significant (Fig. 8). Cul-
tures treated with L-NAME (250 um) and uric acid (500 um)
also significantly diminished ammonia-induced NKCC activity
(63 and 76.5%, respectively; p < 0.05) (Fig. 8).

Oxidation and Nitration of NKCCI1 by Ammonia—Astrocyte
cultures exposed to ammonia displayed an increase in both oxi-
dized (carbonylated) and nitrated (nitrotyrosinated) NKCC1.
Increased oxidation of NKCC1 was detected at 1 h (348% as
compared with control; p < 0.05), which persisted forup to 12 h
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FIGURE 7. Effect of antioxidants, L-NAME, and uric acid on p-NKCC1
expression. Astrocytes were pretreated (15 min) with dimethylthiourea
(DMTU; 100 wm), Mn(lll) tetrakis (4-benzoic acid) porphyrin (MnTBAP; 10 um),
catalase (250 units/ml), a-tocopherol (100 um), tempol (10 wm), L-NAME (250
M), and uric acid (500 um) and exposed to ammonia for 24 h, and p-NKCC1
levels were measured. Antioxidants, L-NAME, and uric acid significantly inhib-
ited p-NKCC1 expression. Data were subjected to ANOVA (n = 4; *, p < 0.05
versus control; t, p < 0.05 versus NH,Cl). Error bars, mean =+ S.E.

(Fig. 9). Ammonia also increased the nitration of NKCC1 (1-48
h). The initial increase in nitrated NKCC1 was observed at 1 h
(136.4% versus control), after which there was a decline at 3 h,
followed by an increase at 6 — 48 h (Fig. 10). As positive controls,
cells were exposed to hydrogen peroxide (H,O,; 250 um) and
the nitric oxide (NO) donors S-nitroso-N-acetyl penicillamine
(SNAP; 200 um) and 3-morpholinosydnoimine HCI (SIN-1;
500 uM). Such treatment exhibited a significant increase in oxi-
dized and nitrated NKCC1 levels at 3 h (Fig. 11).

Activation of NKCC by Oxidants and NO Donors—Astro-
cytes were treated with hydrogen peroxide (H,O,; 25 um), tert-
butylhydroperoxide (25 um), SNAP (50 um), and SIN-1 (100
uMm) for 24 h, and NKCC activity was determined. Oxidants and
NO donors significantly increased NKCC activity as compared
with the control group (H,O,, 58%; tert-butylhydroperoxide,
53%; SNAP, 71%; and SIN-1, 64%; p < 0.05) (Fig. 12).

DISCUSSION

This study demonstrates for the first time that the ion trans-
porter protein NKCC1 is involved in the mechanism of ammo-
nia-induced astrocyte swelling. Cultured astrocytes exposed to
ammonia increased the bumetanide-sensitive NKCC activity,
which was associated with an increase in total and phosphoryl-
ated (activated) NKCC1 protein. Inhibition of protein synthesis
with cyclohexamide significantly diminished NKCC1 protein
expression and NKCC activity. The time course of NKCC acti-
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FIGURE 8. Effect of antioxidants, L-NAME, and uric acid on NKCC1 activity.
Astrocytes were treated with Mn(lll) tetrakis (4-benzoic acid) porphyrin (MnT-
BAP; 10 um), dimethylthiourea (DMTU; 100 um), tempol (10 wm), catalase (250
units/ml), a-tocopherol (100 um), L-NAME (250 um), and uric acid (500 um) for
24 h, and NKCCT1 activity was measured. Antioxidants, L-NAME, and uric acid
significantly inhibited NKCC1 activity. Data were subjected to ANOVA (n = 5;
*, p < 0.05 versus control; T, p < 0.05 versus NH,Cl). Error bars, mean = S.E.

vation paralleled the previously established time course of
ammonia-induced astrocyte swelling (40). Blocking NKCC
activation with bumetanide diminished ammonia-induced cell
swelling. Additionally, cultures exposed to ammonia increased
the state of oxidation, nitration, and phosphorylation of
NKCC1, and such protein modifications led to the increase in
NKCC activity. This increase in activity was diminished by anti-
oxidants, an NOS inhibitor (.-NAME), and a peroxynitrite
scavenger (uric acid). Taken together, these findings suggest
thatammonia-induced activation of NKCC is an important fac-
tor in the mediation of cell swelling in cultured astrocytes and
that such activation appears to be mediated by increased
NKCC1 protein abundance as well as by oxidation, nitration,
and phosphorylation of NKCCI1.

The use of ammonia-treated cultured astrocytes as a model
for hepatic encephalopathy is highly appropriate. First, sub-
stantial evidence invokes the role of ammonia in the pathogen-
esis of hepatic encephalopathy (2, 3), and astrocytes are the
principal cell affected in this condition (6, 41-43). Moreover,
many of the findings occurring in hepatic encephalopathy are
also observed in these cultures, including characteristic mor-
phologic changes (44, 45), cell swelling (46), defects in gluta-
mate transport (47—49), up-regulation of the peripheral benzo-
diazepine receptor (50) (recently renamed the 18-kDa
translocator protein (51)), reduction in levels of glial fibrillary
acidic protein and myo-inositol (52, 53), disturbance in energy
metabolism (54), and evidence of oxidative/nitrosative stress
(55, 56). However, although astrocyte cultures have been a use-
ful model for the study of astrocyte properties and function
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FIGURE 9. Cultured astrocytes were treated with 5 mm NH,Cl for different
time periods (1-24 h), and oxidized NKCC1 protein was determined by
using “OxyBlot.” A, Western blots show a significant increase in oxidized
NKCC1 at 1, 3, and 12 h after ammonia treatment. Lane C, control. B, quantifi-
cation of ammonia-induced NKCC1 oxidative adduct formation. Oxidized
NKCC1 levels are normalized against a-tubulin. Data were subjected to
ANOVA (n = 4; *, p < 0.05 versus control). Error bars, mean * S.E.

(57-59), a recent report noted differences between cultured
astrocytes and astrocytes isolated from adult mice brains (ex
vivo) with regard to their gene expression profile (60). To what
extent these ex vivo astrocytes reflect their in vivo counterparts,
however, remains to be determined.

The reason for the predisposition of astrocytes to be princi-
pally affected by ammonia is unclear. It is probably a conse-
quence of glutamine, resulting from the action of glutamine
synthetase, an enzyme that in the central nervous system is
predominantly, if not exclusively, located in astrocytes (61).
Emerging evidence suggests that glutamine is the agent respon-
sible for the neurotoxicity caused by ammonia (62).

NKCC is involved in the regulation of several cellular func-
tions, including ion transport across secretory and absorptive
epithelia (for a review, see Ref. 63), NH; transport (64), and the
maintenance and regulation of cell volume and ion gradients
(for a review, see Ref. 65). The electroneutral NKCC protein
transports Na™, K*, and Cl ™ into cells under both physiological
and pathophysiological conditions with a stoichiometry of 1
Na™:1 K":2 Cl™ (for a review, see Ref. 14). NKCC can be inhib-
ited by either bumetanide or furosemide (66, 67).

The cotransporter activity in astrocytes is significantly stim-
ulated in response to high K* in a Ca®>*-dependent manner
(21). Stimulation of NKCC1 by high extracellular concentra-
tion of K™ results in cell swelling through a net increase of
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FIGURE 10. Cultured astrocytes were treated with 5 mm NH,Cl for differ-
ent time periods (1-48 h), and nitrated NKCC1 was measured. A, Western
blots show a significant increase in nitrated NKCC1 from 1-48 h after ammo-
nia treatment. Lane C, control. B, quantification of ammonia-induced NKCC1
nitration. Nitrated NKCC1 levels are normalized against a-tubulin. Data were
subjected to ANOVA (n = 5;*, p < 0.05 versus control). Error bars, mean = S.E.
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FIGURE 11. Astrocyte cultures were treated with hydrogen peroxide
(H,0,; 250 um) and nitric oxide donors (SNAP (200 um) and SIN-1 (500
pm)), and nitrated NKCC1 was measured at 3 h. A, both SNAP and SIN-1
increased protein tyrosine nitration. B, H,O, increased oxidized NKCC1.
C, quantification of ammonia-induced NKCC1 oxidation/nitration. Nitrated
NKCC1 levels are normalized against a-tubulin. Data were subjected to
ANOVA (n = 5; %, p < 0.05 versus control). Error bars, mean = S.E.
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FIGURE 12. NKCC1 activity after exposure of astrocyte cultures to oxi-
dants and NO donors. Astrocytes were treated with H,0, (25 um), tert-butyl-
hydroperoxide (TBOH) (25 um), SNAP (50 um), and SIN-1 (100 um) for 24 h, and
NKCC1 activity was measured. Both oxidants (H,0, (58%) and tert-butylhy-
droperoxide (53%)) and NO donors (SNAP (71%) and SIN-1 (64%)) signifi-
cantly increased NKCC1 activity. Data were subjected to ANOVA (n = 4;*,p <
0.05 versus control). Error bars, mean = S.E.

intracellular Na™, K*, Cl~, and accompanying water. Su et al.
(26) showed that inhibition of NKCC by bumetanide abolishes
high extracellular K*-induced swelling and intracellular C1~
accumulation in rat cortical astrocytes. Additionally, it has been
shown that astrocytes from NKCC1 cotransporter-null mice
exhibit an absence of swelling when exposed to high extracel-
lular K* (26). An increase in [Na™], concentration due to
increased NKCC1 activity was observed in rat cortical astro-
cytes after chemical hypoxia, in rat spinal cord astrocytes after
glucose deprivation (68), and in mouse cortical astrocytes after
ischemia (69). Such NKCC1-mediated intracellular accumula-
tion of Na™, K", and C1~ was shown to cause cellular swelling
(70), and bumetanide, an inhibitor of NKCC, diminished both
cell swelling and the intracellular Na™, K*, and CI~ accumula-
tion in cultured astrocytes after oxygen and glucose deprivation
(71). Our findings are consistent with these reports, in that we
found increased NKCC activity when astrocyte cultures
exposed to ammonia and that blocking such activity signifi-
cantly reduced ammonia-induced astrocyte swelling. These
findings are also concordant with in vivo studies showing the
involvement of NKCC in the brain edema associated with
ischemia and trauma (22, 28 —30).

In addition to increased NKCC activity, we also found a sig-
nificant increase in total NKCC1 protein level after ammonia
treatment. Inhibition of such protein abundance significantly
blocked ammonia-induced NKCC1 protein expression and
NKCC activity, suggesting that the ammonia-induced increase
in NKCC1 protein abundance contributes to its increased
activity. Consistent with this view, Su et al. (26) reported that
NKCC1 protein expression and activity are elevated in dibu-
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tyryl cAMP-treated astrocyte cultures and that such increases
were blocked by the protein synthesis inhibitor CHX. Con-
versely, studies have also shown that reduced NKCC1 protein
expression diminished NKCC activity in bovine brain endothe-
lial cells after exposure to hypoxia/aglycemia (72).

Phosphorylation of proteins generally results in conforma-
tional changes that may affect their activity. Phosphorylation of
NKCC1 has been shown to activate its activity (67, 73), and such
phosphorylation correlated well with NKCC activation in epi-
thelial cells (74) and in cultured cortical neurons (75). Our
study demonstrates that cultured astrocytes exposed to ammo-
nia results in the phosphorylation (activation) of NKCCI1,
thereby implicating its involvement in the ammonia-induced
increase in NKCC activity.

Modification of proteins by free radicals can result in a gain
or loss of function. Thus, the superoxide anion has been shown
to enhance Na™ entry into the thick ascending limb of the rat
kidney by increasing NKCC activity (76). Similarly, the expo-
sure of cultured rabbit ciliary epithelial cells to H,O, results in
increased NKCC activity along with increased intracellular
Na™ levels (77). On the other hand, Elliott and Schilling (78)
found inhibition of NKCC activity when endothelial cells were
exposed to the oxidant tert-butylhydroperoxide. Although oxi-
dation may increase or decrease NKCC activity, the present
study found that astrocytes exposed to ammonia caused the
oxidation of NKCC1 protein and that antioxidants diminished
the ammonia-induced NKCCI1 activation. Additionally, astro-
cyte cultures exposed to H,O, resulted in the oxidation of
NKCC1, and H,0, as well as tert-butylhydroperoxide signifi-
cantly increased NKCC activity, suggesting that oxidation of
NKCC1 after ammonia contributes to the stimulation of NKCC
activity.

The involvement of oxidative stress in the activation NKCC
corresponds well with our previous findings showing that
ammonia stimulates the production of free radicals (79) and
induces oxidative stress (55, 56), which contributes to the cell
swelling in cultured astrocytes (80). Since oxidants can increase
astrocyte swelling and antioxidants and NOS inhibition
reduces ammonia-induced astrocyte swelling (39, 81), it is likely
that structural and functional changes in NKCC1, resulting
from its oxidation, represent mechanisms contributing to cell
swelling. Although these findings strongly suggest that oxida-
tive stress affects NKCC activity, it is possible that some of the
activation could be an indirect effect, since oxidation may also
affect ancillary proteins (e.g Na™/Ca>* exchanger) (82) that are
known to regulate NKCC activity.

Like oxidative stress, protein tyrosine nitration may affect
protein structure and function. Nitration of protein tyrosine
residues was shown to facilitate protein phosphorylation, and
such phosphorylation resulted in increased activation of that
protein (e.g. Lyn, a tyrosine kinase of the Src family) (83, 84). In
the present study, we found nitration of NKCC1 after ammonia
treatment and that the NOS inhibitor L-NAME and peroxyni-
trite scavenger uric acid significantly diminished ammonia-in-
duced NKCC1 activity. Additionally, cultures exposed to the
NO donors SIN-1 and SNAP showed an increase in nitrated
NKCC1, a process that was associated with an increase in its
activity. Since ammonia was shown to increase protein tyrosine
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nitration and NOS inhibitors reduced ammonia-induced astro-
cyte swelling (39, 81), it is likely that nitration of NKCC1 plays
an important role in the increase in NKCC activity and in cell
swelling.

Since ammonia-induced oxidation/nitration of NKCC1 con-
tributes to the stimulation of NKCC activity and since phos-
phorylation is well known to activate NKCC, we considered the
possibility that oxidation/nitration of NKCC may facilitate the
ammonia-induced phosphorylation of NKCCI. Astrocytes
exposed to ammonia increased p-NKCC1 and such increase
was significantly diminished by treatment of cultures with anti-
oxidants and L-NAME, suggesting that ammonia-induced oxi-
dative/nitrosative stress may also contribute to the phosphoryl-
ation and thus to the activation of NKCCI1.

In summary, this report shows that activation of NKCC is
involved in the mediation of ammonia-induced astrocyte swell-
ing and that increased NKCC1 protein abundance, phosphoryl-
ation, oxidation, and nitration of NKCC1 all contribute to such
activation although each with a different time course. Targeting
NKCC1 may provide a useful strategy for the treatment of the
brain edema associated with fulminant hepatic failure and
other hyperammonemic states.
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