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Abstract

Brain edema is an important complication of acute hepatic encephalopathy (AHE), and astrocyte 

swelling is largely responsible for its development. Elevated blood and brain ammonia levels have 

been considered as major etiological factors in this edema. In addition to ammonia, recent studies 

have suggested that systemic infection, inflammation (and associated cytokines), as well as 

endotoxin (lipopolysaccharide, LPS) are also involved in AHE-associated brain edema. As 

endothelial cells (ECs) are the first resident brain cells exposed to blood-borne “noxious agents” 

(i.e., ammonia, cytokines, LPS) that are present in AHE, these cells may be in a critical position to 

react to these agents and trigger a process resulting in astrocyte swelling/brain edema. We 

therefore examined the effect of conditioned media (CM) from ammonia, LPS and cytokine-

treated cultured brain ECs on cell swelling in cultured astrocytes. CM from ammonia-treated ECs 

when added to astrocytes caused significant cell swelling, and such swelling was potentiated when 

astrocytes were exposed to CM from ECs-treated with a combination of ammonia, LPS and CKs. 

We also found an additive effect when astrocytes were exposed to ammonia along with CM from 

ammonia-treated ECs. Additionally, ECs treated with ammonia showed a significant increase in 

the production of oxy-radicals, nitric oxide, as well as evidence of oxidative/nitrative stress and 

activation of the transcription factor NF-κ B. CM derived from ECs treated with ammonia, along 

with antioxidants or the NF-κB inhibitor BAY 11-7082, when added to astrocytes resulted in a 

significant reduction in cell swelling, as compared to the effect of CM from ECs-treated only with 

ammonia. We also identified increased nuclear NF-κB expression in rat brain cortical ECs in the 

thioacetamide model of AHE. These studies suggest that endothelial cells significantly contribute 

to the astrocyte swelling/brain edema in AHE, likely as a consequence of oxidative/nitrative stress 

and activation of NF-κB.
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1. Introduction

Brain edema is the major neurological complication of acute hepatic encephalopathy (AHE), 

and astrocyte swelling appears to play a major role in this process (Martinez, 1968; 

Norenberg, 1977, 2001; Traber et al., 1987; Kato et al., 1992). While the pathogenesis of 

brain edema in AHE is incompletely understood, ammonia has been strongly implicated in 

its development as ammonia has been shown to induce cell swelling in cultured astrocytes 

(Gregorios et al., 1985a, 1985b; Norenberg et al., 1991; Zwingmann et al., 2000), brain 

slices (Ganz et al., 1989; Zielinska et al., 2003), as well as in vivo (Voorhies et al., 1983; 

Norenberg, 1977; Blei et al., 1994; Willard-Mack et al., 1996).

In addition to ammonia, recent studies suggest the involvement of sepsis and inflammation 

in the mechanism of the brain edema in AHE (Rolando et al., 2000). Induction of 

endotoxemia by the administration of lipopolysaccharide (LPS) was shown to exacerbate the 

brain edema in an experimental model of AHE (Wright et al., 2007), suggesting that 

infection and inflammation (and associated cytokines) also contribute to the astrocyte 

swelling/brain edema in AHE. As ECs are the first resident brain cells exposed to blood-

borne “noxious agents” (i.e., ammonia, cytokines, LPS), it is possible that all of these agents 

trigger a process in ECs that ultimately results in astrocyte swelling/brain edema in AHE. 

Moreover, as LPS does not cross the blood-brain barrier (Chung et al., 2010), the means by 

which LPS exerts its effect on brain edema likely occurs through an influence on brain 

endothelial cells (ECs).

While not generally thought of as “inflammatory” cells, ECs are indeed capable of 

activating a plethora of inflammatory factors [inducible nitric oxide synthase (iNOS), 

NADPH oxidase (NOX), phospholipase A2 (PLA2), cyclooxygenase-2 (COX2), as well as 

the transcription factor nuclear factor kappa B (NF-κB)]. Activation of these factors results 

in the production of “cell swelling mediators”, including arachidonic acid (AA), reactive 

oxygen/nitrogen species (RONS), prostaglandins, cytokines (CKs), and chemokines (for 

review, see Feuerstein et al., 1998). iNOS gene expression and NO production are 

particularly important events in brain ECs during systemic inflammation (Trickler et al., 

2005; see also Feuerstein et al., 1998 for review), that could potentiate the direct effect of 

ammonia on astrocyte swelling/brain edema in AHE. Additionally, receptors for CKs such 

as IL-1β and TNFα, have been identified in brain ECs in experimental models of sepsis 

(Hashimoto et al., 1991), and activation of these receptors may further stimulate the 

synthesis and release of additional CKs (Matsumura and Kobayashi, 2004) that may 

exacerbate the brain edema in AHE.

While LPS and CKs are known to influence brain ECs resulting in the production of 

inflammatory factors and potential cell swelling mediators, there is a dearth of information 

regarding the effect of ammonia on ECs in AHE. Alterations in amino acid transport, 

Jayakumar et al. Page 2

Neuroscience. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



inhibition of cGMP and Ca2+ accumulation have been documented in ammonia-treated brain 

ECs (James et al., 1978; Zanchin et al., 1979; Cardelli-Cangiano et al., 1984; Hilgier et al., 

1992; Konopacka et al., 2008). However, there is currently no evidence pertaining to a role 

of brain ECs in the mechanism of astrocyte swelling/brain edema in AHE. This study 

therefore examined the potential involvement of brain ECs on astrocyte swelling in response 

to ammonia, cytokines and LPS.

2. Materials and Methods

2.1 Astrocyte cultures

Primary cultures of cortical astrocytes were prepared as described previously (Ducis et al. 

1990). Briefly, neonatal (1–2 day old rat pups) brain cortices were minced in ice-cold 

Hank’s balanced salt solution with 15% fetal bovine serum. The tissue suspension was 

vortexed for 25 seconds; passed through 75 μm and 10 μm filters and centrifuged for 5 min 

at 1,500 rpm. The supernatants were removed and the cells were resuspended in Dulbecco’s 

modified Eagle’s medium containing 15% FBS, penicillin/streptomycin and Fungizone. 

Cells were grown on 35-mm culture dishes and maintained at 37°C in a humidified 5% CO2 

incubator. Culture media was changed twice weekly. On day 10 post-seeding, FBS was 

replaced with 10% horse serum. After 14 days, cultures were treated with 0.5 mM dibutyryl 

cAMP to enhance cellular differentiation (Juurlink and Hertz, 1985). Cultures consisted of at 

least 95% astrocytes as determined by glial fibrillary acidic protein (GFAP) 

immunohistochemistry. All cultures used were 25–28 days old. All animal procedures 

followed guidelines established by the National Institute of Health Guide for the Care and 

Use of Laboratory Animals and were approved by our Institutional Animal Care and Use 

Committee (IACUC).

The use of ammonia-treated cultured astrocytes as a model for hepatic encephalopathy is 

highly appropriate since substantial evidence invokes the role of ammonia in the 

pathogenesis of hepatic encephalopathy (Albrecht and Jones, 1999; Hazell and Butterworth, 

1999), and astrocytes are the principal cells affected in this condition (Norenberg, 1981, 

1992, 1998). Moreover, many of the findings occurring in hepatic encephalopathy in vivo 

are also observed in these cultures, including characteristic morphologic changes, cell 

swelling, defects in glutamate transport, up-regulation of the peripheral benzodiazepine 

receptor (recently renamed the 18-kDa translocator protein), reduction in levels of glial 

fibrillary acidic protein and myo-inositol, disturbance in energy metabolism, and evidence of 

oxidative/nitrosative stress (for review, see Norenberg et al., 2009).

2.2. Endothelial cell cultures

Primary cultures of brain endothelial cells (ECs) were prepared from adult (300 gm) male 

Wistar rats following the method of Bowman et al. (1983). Briefly, cerebral cortices were 

removed from rat brain, finely minced at room temperature and incubated in Dispase 

solution (0.8% Dispase in DMEM/F12 containing antibiotics) for 2 h at 37°C in a shaking 

water bath. Following incubation, cells were gently triturated and centrifuged at 5000 g for 

30 min. The pellet containing the microvessels were washed once in DMEM/F12, 

transferred onto a 30% dextran gradient and centrifuged at 6000 g for 30 min. The pellet was 
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digested for another 2.5 h at 37°C with collagenase-Dispase solution (1 mg/ml in 

DMEM/F12 containing antibiotics). The cell suspension was carefully layered on a 

continuous 50% Percoll gradient and centrifuged at 1000 g for 10 min at RT. The band of 

endothelial cells was aspirated, washed twice in DMEM/F12, and then plated onto rat-tail 

collagen-coated 60-mm plastic dishes (Fisher Scientific, Springfield, NJ). Cultures were 

used for experimentation at day 14. The purity of the cultures was determined by 

immunocytochemistry using the endothelial marker von Willebrand factor (Factor VIII). 

Cultures consisted of at least 97% endothelial cells.

2.3. Cell volume measurement

Astrocyte cell volume (intracellular water space) was determined using 3-O-methyl-[3H]-

glucose (OMG) equilibration method (Kletzein et al., 1975), as modified for astrocyte 

cultures by Bender and Norenberg (1998). Briefly, cultures were incubated with [3H]OMG 

(NEN, Life sciences, Boston MA) (1 mM containing 1 μCi of radioactive OMG) for 12 h, 

and at the end of incubation a small aliquot of medium was saved for specific activity 

determination. Cultures were quickly washed five times 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 then lysed in 0.5 ml of 1 N sodium hydroxide. Radioactivity was converted to 

intracellular water space and expressed as μl/mg protein. Protein content was determined 

employing the bicinchoninic acid assay (Pierce, Rockford, IL, USA).

2.4. Measurement of reactive oxygen species (ROS)

ROS production was measured using the fluorescent probe dihydrorhodamine 123 (DHR) as 

described previously (Grzelak et al., (2001). Briefly, ECs were treated with ammonia and at 

different time points after treatment, 20 μl of culture medium was added to 1 ml phosphate 

buffered saline and mixed well with 20 μM DHR and incubated for 15 min at 37°C. At the 

end of each incubation, the fluorescence in the culture media was measured at an excitation 

wavelength of 485 nm and emission wavelength of 535 nm.

2.5. Measurement of nitric oxide (NO)

NO released into the culture medium was measured by the Griess reaction (which detect 

total nitrite in the sample) using 1% sulfanilamide/0.l% naphthyethylenediamine 

dihydrochloride/2.5% phosphoric acid (H3PO4), as described previously (Grisham et al., 

1996).

2.6. Determination of oxidized and nitrated proteins in ammonia-treated ECs

Oxy/nitro protein adducts (an index of protein oxidation and nitration) were determined by 

using the OxyBlot™ protein oxidation detection kit (S7150; Chemicon International) as 

previously described (Jayakumar et al., 2008). Briefly, equal amounts of cell lysates were 

subjected to gel electrophoresis, and immunoblotting was performed as previously described 

(Jayakumar et al., 2008). DNP antibody (1:350 dilution, OxyBlot™ protein oxidation 

detection kit) was used to detect oxidized proteins, and anti-nitrotyrosine (mouse 

monoclonal antibody, 1:1000 dilution, catalog number 487923; Calbiochem) was used to 

detect nitrated proteins.
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2.7. Heme oxygenase-1 (HO-1) determination

HO-1 expression (a marker of oxidative stress) was measured as previously described 

(Méthy et al., 2004). Briefly, equal amounts of protein were subjected to gel electrophoresis 

and the proteins were transferred to polyvinylidene difluoride membranes. After blocking 

with bovine serum albumin, the membranes were incubated with rabbit anti-heme 

oxygenase-1 (1:2000, Millipore, CA) and mouse anti–α-tubulin antibodies (1:2000, 

Oncogene, CA). Anti-rabbit and anti-mouse horseradish peroxidase-conjugated secondary 

antibodies (Vector Laboratories) were used at 1:1000. The peroxidase activity was detected 

by chemiluminescence using the ECL detection system (Amersham, Arlington Heights, IL). 

Optical density of the bands was determined with the Chemi-Imager (Alpha Innotech Corp, 

San Leandro, CA) digital imaging system, and the results were quantified with the Sigma 

Scan Pro (Jandell Scientific, San Jose, CA) program as a proportion of the signal of a 

housekeeping protein band (α-tubulin).

2.8. Nuclear translocation (activation) of NF-κB

The nuclear extract was prepared as previously described (Sinke et al., 2008). In brief, after 

treatment with ammonia, ECs were harvested in 1 ml PBS and centrifuged at 735 g for 3 

min at 4°C. The cell pellet was suspended in a buffer containing 10 mM HEPES (pH 7.9), 

10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 μM dithiothreitol and a complete protease 

inhibitor cocktail (Roche, Mannheim, Germany); incubated on ice for 15 min; 15 μl of 10% 

NP-40 (Roche Diagnostics Corp., Indianapolis, IN) was added and the sample vortexed 

thoroughly for 40 s and centrifuged at 735 g for 3 min at 4°C. The resulting nuclear pellet 

was resuspended in a buffer containing 20 mM HEPES (pH 7.9), 0.4 M NaCl, 1 mM EDTA, 

1 mM EGTA, 1 μM dithiothreitol and protease inhibitors and centrifuged at 16,000 g for 5 

min at 4°C. The supernatant was loaded onto SDS polyacrylamide gels and Western blots 

were performed as noted above.

Antibodies against NF-κB-p65 (H-286) (Santa Cruz Biotechnology Inc, Santa Cruz, CA) 

and the nuclear marker lamin (Cell Signaling Technology, Beverly, MA) were used at 1:750 

and 1:1000 dilutions, respectively. Horseradish peroxidase-conjugated anti-rabbit secondary 

antibody (1:1000) (Vector Laboratories, Burlingame, CA) was used. Membranes were 

visualized using an enhanced chemiluminescence reagent. The optical density of the bands 

was measured with the Chemi-Imager digital imaging system as noted above, as a 

proportion of the signal of a housekeeping protein band (lamin A/C).

2.9. AHE model

The thioacetamide (TAA)-treated rat model of AHE was used in this study (Hilgier et al., 

1983; Zimmermann et al., 1989; Rama Rao et al., 2010c; Jayakumar et al., 2011a). This 

model has been well established relative to the clinical status, liver function, blood–brain 

barrier integrity, and brain edema development (Zimmermann et al., 1989; Hilgier et al., 

1996; Rama Rao et al., 2010c; Jayakumar et al., 2011b). In brief, rats were given TAA (300 

mg/kg bwt) for 3 consecutive days. Animals were sacrificed 4 h after the last injection. To 

prevent hypoglycemia and dehydration, rats were given 12.5 ml/kg of fluid therapy (5% 

dextrose and 0.45% saline with 20 mEq/L of potassium chloride) every 12 hours, s.c. 

Normal controls received saline (vehicle used for TAA). Rats were clinically monitored at 
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least twice a day and stages of encephalopathy were graded according to the criteria of 

Gammal et al. (1990).

2.10. Immunohistochemistry of nuclear NF-κB in a rat model of AHE

Control and TAA-treated rats (four animals each) were anesthetized at the end of TAA 

treatment and then transcardially perfused with heparinized saline for 1 min, followed by 

fixation in 4% paraformaldehyde for 15 min. After decapitation, heads were left in the same 

fixative for an additional 24 h. Brains were cryoprotected (12–24 h) in 30% sucrose, and 20 

micron-thick cortical sections obtained with a cryostat were blocked with 10% goat serum 

and incubated overnight at 4°C with specific antibodies to the p65 subunit of NF-κB (1:200 

dilution; Santa Cruz Biotech. Inc, Santa Cruz, CA) and Factor VIII (endothelial marker, 

1:150 dilution Abcam, Cambridge, MA). Following incubation with primary antibodies, 

sections were washed with TBS containing 1% Tween-20 (TBS-T) and incubated with 

fluorescent HRP-conjugated secondary antibodies (1:500; AlexaFlour-Rhodamine for GFAP 

and Factor-VIII; Alexa Flour-FITC for NF-κB) for 2 h. Sections were then mounted with 

commercial mounting media (Vector Labs., Burlingame, CA) containing DAPI (nuclear 

stain). Immunofluorescent images were acquired with a Zeiss LSM510/UV Axiovert 200M 

confocal microscope with a plan apochromat 40x objective lens, and a 2x zoom resulting in 

images 125×125 μm in area and 1.0 μm optical slice thickness (1.0 Airy units for Alexa 

Fluor 546 or 568 emission channel). Random collection of images from sections of control 

and TAA-treated rats was achieved by systematically capturing each image in a blinded 

manner by moving the microscope stage approximately 5 mm in four different directions. At 

least 15 fluorescent images were captured per rat, and the images were merged to localize 

endothelial nuclear NF-κ B expression.

2.11. Statistical analysis

All experiments were repeated four to seven times using cells derived from different batches 

of astrocyte and endothelial cultures. The number of individual culture plates in each 

experimental group was five for astrocyte swelling, and six to eight plates for free radical 

measurement. Data of all experiments were subjected to ANOVA followed by Tukey’s post 

hoc comparisons. A value of p < 0.05 was considered significant. Error bars represent mean 

± SEM.

3. Results

3.1. Conditioned media (CM) from ammonia-treated endothelial cells (ECs) increases cell 
swelling in cultured astrocytes

ECs were treated with ammonia (5 mM NH4Cl) for different time points (3, 6, 12 and 24 h) 

as this concentration has been observed in brains of experimental animals with AHE (Mans 

et al., 1979; Swain et al., 1992; Rama Rao et al., 2010a, 2010c). At the end of treatment, 2 

ml of CM from ammonia-treated ECs was added to astrocyte cultures and cell volume was 

determined 24 h later. CM from ECs that were treated with ammonia for 3 and 6 h 

significantly increased cell volume by 29.1 and 24.7%, respectively (Fig. 1A). Astrocytes 

exposed to CM from untreated (control) ECs had no effect on cell volume.
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We chose a 3–24 h ammonia exposure to ECs to examine their effect on astrocyte swelling, 

since during these time periods ammonia levels in EC conditioned culture media were 

reduced to 1.4 to 0.25 mM after 3–24 h (Figure 1B), concentrations that do not cause cell 

swelling (Figure 1C) (i.e., the amount of ammonia remaining in the CM at these time 

intervals cannot contribute to the astrocyte swelling). To further exclude a potential role of 

any retained ammonia in the CM that might have contributed to the astrocyte swelling, we 

treated ECs with 5 mM ammonia for 3 h, after which the ammonia-containing media was 

completely removed, cells washed twice and fresh media added to the ECs. At 1–3 h later 

the conditioned media from ECs was added to astrocytes and cell volume determined 24 h 

later. This procedure also resulted in a similar degree of cell swelling (25.4% and 27.6 and at 

1 and 3 h, respectively) (Figure 1A), indicating that the astrocyte swelling was derived from 

factors released by ammonia-treated ECs and not from any ammonia that may have been 

retained in the CM. A similar strategy was employed with regard to LPS and cytokines and 

comparable results were obtained as with ammonia (data not shown).

3.2. Effect of ammonia on astrocyte swelling in the presence of CM from ammonia-treated 
ECs

Ammonia is known to cause cell swelling in cultured astrocytes (Norenberg et al., 1991). 

Here we examined whether such swelling can be additionally influenced by CM derived 

from ammonia-treated ECs. Astrocyte cultures exposed to ammonia for 24 h showed a 

32.1% increase in cell swelling, while adding the CM from ammonia-treated ECs for 3 h to 

astrocytes caused a 29.1% increase in cell swelling at 24 h. When both ammonia and CM 

from ammonia-treated ECs were added to astrocytes for 24 h, a potentiation of cell swelling 

was observed (51.86%, p<0.05) (Fig. 1D).

3.3. Effect of CM from ammonia, LPS and cytokine treated ECs on astrocyte swelling

Since LPS and cytokines are well known inflammatory factors that can influence brain ECs 

(Verma et al., 2006; Durieu-Trautmann et al., 1993; Collins-Underwood et al., 2006; Vigne 

and Frelin, 1994; Trickler et al., 2005), we examined whether LPS- and cytokine-treated 

ECs are also involved in astrocyte swelling. ECs were treated with ammonia (5 mM), LPS 

(10 ng/ml) or with a mixture of cytokines (IL-1, IL-6, TNF-α, IFN-γ, each at 10 ng/ml), 

alone or in combination, for 3 h. At the end of treatment, 2 ml of CM was added to astrocyte 

cultures, and cell volume determined 24 h later. CM from ECs treated with ammonia, LPS 

or cytokines for 3 h when added to astrocytes caused 29.1, 28.6 and 32.9% cell swelling, 

respectively. Such swelling was potentiated (62.7%) when astrocytes were exposed to CM 

from ECs that were treated with a combination of these agents (Fig. 1E).

3.4. Oxy-radicals and nitric oxide (NO) release from ammonia-treated ECs

Cultured ECs were exposed to ammonia (5 mM) for different time periods (3, 6, 12 and 24 

h) and levels of oxy-radicals and NO in the culture medium were measured. A significant 

increase in oxy-radicals was observed only at 3 and 6 h after ammonia treatment (41.7 and 

34.9%, respectively) (Fig. 2A). On the other hand, a significant increase in NO was 

observed in endothelial cell culture medium at all time points after ammonia treatment 

(316.4, 152.1, 106.7 and 61.8%) at 3, 6, 12 and 24 h, respectively (Fig. 2B). Noteworthy, the 

time course of oxy-radicals and nitric oxide released from ammonia-treated ECs (peak 

Jayakumar et al. Page 7

Neuroscience. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



release, 3 and 6 h) corresponded well with the time course of astrocyte swelling produced by 

CM from ammonia-treated ECs (Fig. 1A).

3.5. Heme oxygenase (HO-1) in ammonia-treated ECs

Cultured ECs were exposed to ammonia (5 mM) for different time periods (3, 6, 12 and 24 

h) and at the end of treatment, heme oxygenase (HO-1), a commonly used marker of 

oxidative stress (Sandau et al., 1998; Méthy et al., 2004), was measured in the cell extract. 

Ammonia significantly increased the level of HO-1 expression (218.5–342.4%) at all time 

points examined (Fig. 3).

3.6. Oxy/nitro protein adducts after ammonia treatment in cultured ECs

Cultured ECs were exposed to ammonia (5 mM) for different time periods (3, 6, 12 and 24 

h), and at the end of treatment the extent of protein oxidation and nitration was determined 

in cell extracts. Ammonia significantly increased protein oxidation. Proteins of molecular 

weight 26–40 kD, 62, 90 and 214 kD were found to be oxidized at all time points (Fig. 4A, 

Table 1). We also found increased protein nitration. Proteins of molecular weight 26, 52–85 

kD and 132 kD were found to be nitrated at all time points (Fig. 4B, Table 2). Proteins of 

molecular weight 17 and 29–40 kD were nitrated at 3, 12 and 24 h after ammonia exposure 

(Fig. 4B, Table 2), while the extent of nitration was of lower intensity at 3 h.

3.7. Astrocytes exposed to CM from ammonia plus antioxidant treated ECs show less cell 
swelling

Since ammonia-treated ECs increases oxy-radical and nitric oxide (NO) production, we 

examined the potential role of endothelial-derived free radicals on astrocyte swelling. ECs 

were treated with the membrane-permeable antioxidants, the NADPH oxidase inhibitor 

apocynin (APO, 300 μM), the spin trapping agent N-tert-butyl-α-phenylnitrone (PBN, 100 

μM), superoxide scavenger Tempol (10 μM), or the peroxynitrite scavenger uric acid (UA, 

500 μM), along with ammonia for 3 h. CM derived from these antioxidant-treated 

endothelial cells were added to astrocyte cultures and cell swelling measured 24 h later. CM 

derived from ammonia-treated ECs showed 29.1% astrocyte swelling, and such effect was 

diminished by apocynin, PBN, Tempol, or uric acid (47.21, 47.52, 40.89, and 51.85% 

inhibition, respectively) (Fig. 5 gray bars). We chose the 3 h time point to examine the effect 

of CM from antioxidants (AOs) plus ammonia-treated ECs on astrocyte swelling, since the 

peak increase in free radical generation was detected at 3 h after ammonia-treatment in ECs 

(Fig. 2). To further exclude a direct effect of AOs on astrocyte swelling, we treated ECs with 

ammonia plus AOs for 3 h, after which the ammonia- and AO-containing media was 

removed, cells washed two-times and fresh media added to the ECs. At 3 h later the 

conditioned media from ECs was added to astrocyte cultures and cell volume determined 24 

h later. This procedure also resulted in a comparable decrease in cell swelling (Fig. 5 dark 

bars). Additionally, ECs were treated with ammonia (3 h), after which the ammonia-

containing media was removed; replaced with fresh media and the extent of free radical 

release was measured 3 h later. This procedure also resulted in a significant increase in free 

radical release (Figure 2A). Further, direct exposure of normal (untreated) astrocytes to 

these AOs were previously shown to have no effect on cell volume (Jayakumar et al., 2006). 
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These studies collectively suggest that free radicals released from ECs in response to 

ammonia contribute to astrocyte swelling.

3.8. NF-κB nuclear translocation (activation) in ammonia-treated ECs

One potential factor known to be activated in ECs exposed to blood-derived noxious agents 

(e.g., LPS, cytokines) is the transcription factor NF-κ B (Trickler et al., 2005), and such 

activation was shown to stimulate the production and release of various agents, including 

pro-inflammatory cytokines, reactive oxygen/nitrogen species, arachidonic acid and 

prostaglandins (Verma et al., 2006; Durieu-Trautmann et al., 1993; Collins-Underwood et 

al., 2006; Vigne and Frelin, 1994; Trickler et al., 2005), all of which may impact on 

astrocytes and result in their swelling (Chan et al., 1982, 1989). Cultured ECs were exposed 

to ammonia (5 mM) for different time periods (3, 6, 12 and 24 h) and at the end of treatment 

the level of nuclear NF-κ B translocation was determined as previously described (Sinke et 

al., 2008). ECs exposed to ammonia showed a significant increase in nuclear NF-κ B 

expression at 3, 6, and 24 h (113.6, 51.2, and 54.5%, respectively). Ammonia had no effect 

on NF-κ B activation at 12 h (Figs. 6A,B).

We next examined the role of endothelial NF-κ B on astrocyte swelling by exposing 

astrocytes to CM from ECs in which the activation of NF-κ B was inhibited with BAY 

11-7082 (Sinke et al., 2008). ECs were treated with ammonia plus BAY 11-7082 (5 μM) for 

3 h. CM derived from these ECs were then added to astrocyte cultures and cell swelling was 

measured 24 h later. CM derived from ammonia-treated ECs showed 29.1% increase in 

astrocyte swelling, and such effect was diminished by 60.1% when astrocytes were exposed 

to endothelial CM to which ammonia plus BAY 11-7082 had been added (Fig. 6C). We 

chose the 3 h time point to examine the effect of BAY 11-7082 since the peak increase in 

NF-κ B activation was detected at 3 h after ammonia-treatment in ECs (Figs. 6A,B). Direct 

exposure of normal astrocytes to the NF-κB inhibitor BAY 11-7082 was previously shown 

to have no effect on cell volume (Sinke et al., 2008). To exclude a direct effect of BAY 

11-7082 on astrocyte swelling, we treated ECs with ammonia plus BAY 11-7082 for 3 h, 

after which the ammonia- and BAY 11-7082-containing media were removed, cells washed 

two-times and fresh media added to the ECs. After 3 h the conditioned media from ECs was 

added to astrocyte cultures and cell volume determined 24 h later. This procedure also 

resulted in a comparable decrease in cell swelling (Fig. 6C).

3.9. Activation of endothelial NF-κB in cerebral cortex of rats with AHE following the 
administration of thioacetamide (TAA)

Since inflammation plays a major role in AHE (Rolando et al., 2000, and considering that 

cerebral endothelial cells are likely to contribute to the inflammatory process (see 

Introduction), we examined whether activation of NF-κ B also occurs in cerebral endothelial 

cells in an experimental model of AHE (thioacetamide-treated rats). Cortical sections were 

co-immunostained with NF-κ B-p65, von Willebrand factor (endothelial marker) and DAPI 

(nuclear stain). TAA-treated rats exhibited increased NF-κB nuclear staining (activation) in 

endothelial cells as compared to control animals (Fig. 7).
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Beside ECs, increased fluorescent signal in other neural cells were also observed. We 

previously documented that ammonia-treated astrocyte cultures exhibit NF-κ B activation 

(Sinke et al. 2008), and a similar activation was also observed in microglia of TAA-treated 

rat brain (unpublished observations). However, as the focus of this study was endothelial 

cells, the status of NF-κ B activation in other neural cells was not examined.

4. Discussion

This study demonstrates for the first time that astrocyte cultures exposed to conditioned 

media (CM) from ammonia-treated brain endothelial cells (ECs) caused cell swelling, and 

that such swelling was enhanced by the direct addition of ammonia to astrocytes. ECs 

exposed to ammonia showed a significant increase in free radical production and activation 

of NF-κ B, and blocking these events resulted in a lesser degree of astrocyte swelling. 

Further, CM from ECs treated with a combination of ammonia, LPS and a mixture of 

cytokines (IL-1, IL-6, TNF-α, IFN-γ) resulted in a significantly greater degree of cell 

swelling as compared to the effect of CM from ECs treated only with ammonia. We also 

identified increased nuclear NF-κ B expression (activation) in rat brain cortical ECs in the 

thioacetamide model of acute hepatic encephalopathy (AHE). A preliminary account of 

these findings has been presented (Norenberg et al., 2011).

Ammonia is known to cause astrocyte swelling/brain edema (see Introduction). While the 

precise means by which ammonia brings about these changes are not completely understood, 

recent studies have shown the potential involvement of increased intracellular calcium, 

oxidative/nitrosative stress, the mitochondrial permeability transition and the subsequent 

activation of mitogen-activated protein kinases (MAPKs), as well as the transcription factors 

p53 and NF-κ B (for review, see Norenberg et al., 2009). Activation of NF-κ B then 

upregulates the ion transporter, Na+, K+, Cl− cotransporter-1 (NKCC1), as well as the water 

channel, aquaporin-4 (AQP4); the latter two events representing crucial penultimate 

phenomena in the process of astrocyte swelling by ammonia (Norenberg et al., 2009).

In addition to the direct ammonia effect on astrocytes, it is also possible that ammonia may 

impact other brain cells, in particular ECs, that may ultimately affect astrocytes. This view is 

plausible as astrocyte processes are juxtaposed to ECs and completely encircle these cells 

(Mathiisen et al., 2010). Brain ECs are dynamic cells that perform a variety of functions, 

including the release of neuroprotective growth factors, prevention of thrombosis, provision 

of a barrier against potentially noxious substances, transport of nutrients (e.g., amino acids, 

glucose, oxygen) and leukocyte trafficking (for reviews, see Wolburg et al., 2009; Abbott et 

al., 2010). When endothelial and glial cells are grown together there is a mutual up-

regulation of many proteins, including AQP4 and antioxidant enzymes, such that the 

endothelial/glial relationship may be better able to cope with oxidative and osmotic stress 

(for review, see Abbott and Hansson, 2006). Thus signals between endothelium and glia 

(glio-vascular unit) seem to be critical for the maintenance of central nervous system (CNS) 

homeostasis, and a disturbance of this unit may negatively impact the CNS resulting in the 

development of brain edema.
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The means by which ammonia-treated ECs contribute to astrocyte swelling, however, is not 

clear. Literature evidence, however, indicates that activation of NF-κB is likely a major 

event in ECs in response to various extracellular stimuli (Trickler et al., 2005; for review, 

see Baldwin, 1996). In the present study we observed the nuclear translocation (activation) 

of NF-κB when ECs were treated with ammonia. Additionally, exposing astrocytes to CM 

from ECs that were treated with ammonia plus BAY 11-7082 (an inhibitor of NF-κ B) 

showed a lesser degree of cell swelling as compared to CM from ECs treated only with 

ammonia, strongly implicating NF-κ B in the mechanism of astrocyte swelling. Consistent 

with these observations, we also found increased nuclear NF-κB expression in rat brain 

cortical endothelial cells in the thioacetamide model of AHE.

Ammonia caused an increase in NF-κB activation in cultured ECs in a biphasic manner, 

with an initial increase at 3 h, followed by a decline at 6 and 12 h, followed by a second rise 

at 24 h (Fig. 6). The reason for the decline in NF-κB activation at 6 and 12 h is not known. It 

is possible that failure of proteasome-mediated degradation of IkB-α may be impaired 

resulting in an inhibition of NF-κB (for review, see Verma et al., 1995). Similarly, we also 

observed a biphasic effect of ammonia on HO-1 expression in ECs (Fig. 3). Comparable 

findings have also been reported in macrophages when stimulated with LPS (Srisook and 

Cha, 2004). These authors suggested that the biphasic induction of heme oxygenase-1 

following treatement with LPS was due to a suppression of free radical and nitric oxide 

production by elevated HO-1 through an auto-regulatory mechanism.

One consequence of NF-κ B activation in response to various stress stimuli in brain ECs is 

the production and release of reactive oxygen/nitrogen species (Durieu-Trautmann et al., 

1993; Xu et al., 1997; Collins-Underwood et al., 2008), agents known to cause astrocyte 

swelling (Jayakumar et al., 2006; Sinke et al., 2008). Activation of NF-κ B in brain ECs is 

also known to produce and release other factors capable of inducing cell swelling, including 

arachidonic acid (AA) (Vigne and Frelin, 1994) and prostaglandins (Trickler et al., 2005) 

through the activation of phospholipase A2, cyclooxygenase-2, respectively (Trickler et al., 

2005). Consistent with findings that ECs produce and release free radicals in response to 

various stimuli, we observed an increase in reactive oxygen/nitrogen species in primary 

endothelial cell culture medium when exposed to ammonia. Additionally, treating astrocytes 

with CM from ECs that were given ammonia plus antioxidants or a peroxynitrite scavenger 

showed a lesser degree of cell swelling, as compared to CM in which antioxidants were 

omitted, implicating free radicals in the mechanism of astrocyte swelling caused by CM 

from ammonia-treated ECs. Increased free radical production has recently been reported in a 

brain endothelial cell line (RBE-4) after exposure to ammonia (Skowronska et al., 2012).

Recent studies have shown that sepsis and inflammation also play major roles in the 

mechanism of brain edema formation in AHE. A high incidence of systemic infection and 

sepsis was shown to correlate with the severity of encephalopathy and brain edema in AHE 

(Rolando et al., 2000), and induction of endotoxemia by the administration of 

lipopolysaccharide (LPS) was shown to exacerbate the brain edema in an experimental 

model of AHE (Wright et al., 2007). Additionally, elevated blood cytokine levels have been 

identified in patients and experimental animals with AHE (Odeh et al., 2005), possibly as a 

consequence of liver necrosis, as well as sepsis. Increases in blood cytokine levels may 
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result in their levels being increased in brain, as cytokines are known to cross the blood-

brain barrier (Banks et al., 1995). High ammonia levels in brain may also contribute to the 

production of cytokines as a recent study showed increased levels of IL-1β, and other 

inflammatory mediators in brains of hyperammonemic rats (Rodrigo et al., 2010). 

Additionally, transgenic mice deficient in TNFα, IL1β and IL6 receptors were shown to 

exhibit a lesser degree of brain edema after the administration of the liver toxin, 

azoxymethane, as compared to wild-type mice (Bémeur et al., 2010). Similarly, we recently 

reported that TNF-α, IL-1β, IL-6 and IFN-γ resulted in significant cell swelling in cultured 

astrocytes (Rama Rao et al., 2010b).

In addition to cytokines directly influencing astrocyte swelling (Rama Rao et al., 2010b), 

cytokines may also stimulate brain ECs resulting in the synthesis and release of arachidonic 

acid, prostaglandins and the activation of phospholipase A2, cyclooxygenase-2, as well as 

NF-κ B (Vallieres and Rivest, 1997; Matsumura and Kobayashi, 2004; Rizzo and Leaver, 

2010), all of which can lead to cell swelling (for review, see Norenberg et al., 2009). 

Cytokines can further promote the production of additional cytokines in ECs through the 

activation of NF-κ B (Vallieres and Rivest, 1997; Zheng and Yenari, 2004) thereby 

amplifying the direct effect of cytokines on astrocyte swelling. Consistent with these 

observations, we found that astrocytes exposed to CM from ECs treated with a combination 

of cytokines (TNF-α, IL-1β, IL-6 and IFN-γ) caused cell swelling in cultured astrocytes and 

such effect was potentiated by CM from ammonia-treated ECs (Fig. 1C).

As noted above, sepsis also plays a major role in the mechanism of brain edema in AHE. 

Lipopolysaccharide (LPS), a cell-wall component of gram-negative bacteria, contributes to 

tissue injury and pathophysiological changes associated with sepsis (Holst et al., 1996). Like 

cytokines, LPS was also shown to stimulate a number of signaling systems in brain ECs. 

LPS is known to bind to toll-like receptor-4 (TLR-4) on endothelial cell membranes 

(Maslinska et al., 2004) thus initiating various signaling events, including the activation of 

NF-κB (Singh and Jiang, 2000; Bannerman and Goldblum, 2003; Dauphinee and Karsan, 

2006)). This results in the production of factors comparable to those generated by cytokines 

(e.g., ROS, NO) (Verma et al., 2006; Durieu-Trautmann et al., 1993; Collins-Underwood et 

al., 2006; Vigne and Frelin, 1994; Trickler et al., 2005), which are known to contribute to 

cell swelling/brain edema in other neurological conditions (Katayama et al., 1990; 

Norenberg et al., 2009; Rama Rao et al., 2010b). Consistent with these observations, we 

found that CM from ECs treated with LPS when added to astrocyte cultures resulted in a 

significant increase in cell swelling, and such swelling was enhanced when astrocytes were 

exposed to CM from ECs treated with ammonia and cytokines (Fig. 1C).

In summary, CM from ammonia-treated brain ECs caused cell swelling in cultured 

astrocytes and such effect was potentiated by the direct addition of ammonia to astrocytes. 

Ammonia-induced free radical production and the activation of NF-κ B by ECs are likely 

involved in the mediation of such cell swelling. Additionally, CM from LPS and cytokines-

treated ECs potentiated the effect of CM from ammonia-treated ECs on astrocyte swelling. 

We anticipate that studies on the involvement of endothelial cells in the mechanism of 

astrocyte swelling/brain edema in AHE will translate into novel therapeutic modalities for 

the brain edema associated with AHE and other hyperammonemic conditions.
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Highlights

• Ammonia stimulates endothelial cells to release astrocyte swelling factors

• Cultured ECs release free radicals and activate NF-κ B when exposed to 

ammonia

• CM from ammonia, LPS and cytokine-treated ECs potentiates astrocyte 

swelling

• NF-κ B activation is increased in brain endothelial cells (ECs) in acute liver 

failure
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Figure 1. 
Cell swelling in cultured astrocytes after exposure to conditioned media (CM) from 

ammonia-treated endothelial cells (ECs). A. Cultured brain ECs were exposed to 5 mM 

NH4Cl for different time periods (3–24 h), the CM was added to astrocyte cultures for 24 h, 

and cell volume was determined. To exclude a potential role of any retained ammonia in the 

CM that might have contributed to the astrocyte swelling, ECs were treated with ammonia 

for 3 h, after which the ammonia-containing media was completely removed, and fresh 

media added to the ECs. At 1 and 3 h later the conditioned media from ECs was added to 

astrocytes and cell volume determined 24 h later (5th and 6th bars, media replaced). B. 
Ammonia concentration at different time points after ECs were treated with 5 mM NH4Cl. 
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C. Time course of cell volume in ammonia-treated astrocyte cultures. D. Direct exposure of 

astrocyte cultures to ammonia, or to CM derived from ammonia-treated ECs (3 h) showed a 

significant increase in cell swelling, while a combination of these two treatments displayed a 

potentiation in cell swelling. E. ECs were treated with ammonia, LPS or with a mixture of 

cytokines (IL-1, IL-6, TNF-α, IFN-γ), alone or in combination (combo). CM from ammonia, 

LPS or mixture of cytokine-treated ECs when added to astrocytes caused a significant 

increase in astrocyte swelling, while CM from ECs treated with a combination of these 

agents resulted in a potentiation of astrocyte swelling. Data were subjected to ANOVA (n=7 

for A; n=5 for B; n=4 for C; n=6 for D; n=5 for E). *p<0.05 vs. control. †p<0.05 vs. 

ammonia alone or with CM from ammonia-treated ECs in D; †p<0.05 versus ammonia, LPS 

or cytokines in E. Error bars, mean ± S.E. NH4
+, ammonium chloride; LPS, 

lipopolysaccharide; CKs, a mixture of cytokines.
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Figure 2. 
Time-dependent changes in free radical production in ECs following treatment with 

ammonia. A. Cultured ECs were exposed to ammonia (5 mM) for different time periods (3, 

6, 12 and 24 h) and levels of free radicals in the culture medium were measured. A 

significant increase in oxy-radicals was observed at 3 and 6 h. Additionally, to establish 

whether free radicals (which might contribute to astrocyte swelling) can be identified after 

replacing the ammonia-containing media with fresh culture media, we measured free 

radicals in the freshly added cell culture media after 3 h. Free radicals were identified in the 

freshly added culture media (5th bar). B. A significant increase in nitric oxide was observed 
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after ammonia treatment at all time points, with a peak at 3 h. Data were subjected to 

ANOVA (n=4). *p<0.05 vs. control. Error bars, mean ± S.E.
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Figure 3. 
Heme oxygenase-1 (HO-1) protein expression in ECs following ammonia treatement. A. 
Representative western blots show a significant increase in HO-1 protein level when 

endothelial cultures were exposed to 5 mM NH4Cl. B. Quantification of NH4Cl-induced 

changes in HO-1 protein expression. HO-1 levels were normalized against α-tubulin. Data 

were subjected to ANOVA (n=5). *p<0.05 vs. control. †p<0.05 versus 3 and 24 h. Error 

bars, mean ± S.E.
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Figure 4. 
Protein oxidation/nitration in ammonia-treated ECs. A. Oxidized proteins were detected by 

Western blot analysis with 2-DNPH. Proteins ranging in molecular weight from 26–40 kD 

as well as 62, 90 and 214 kD were found to be oxidized at all time points. Table 1, 

quantification of NH4Cl-induced changes in oxidized protein in ECs. B. Protein tyrosine 

nitration was also detected by Western blot analysis with an antibody raised against 3-

nitrotyrosine. Proteins of molecular weight 26, 52–85 kD and 132 kD were found to be 

nitrated at all time points. Proteins of molecular weight 17 and 29–40 were nitrated at 3, 12 

and 24 h after ammonia exposure (n=4). Table 2, quantification of NH4Cl-induced changes 

in nitrated protein in ECs. Oxidized and nitrated protein levels were normalized against α-

tubulin.
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Figure 5. 
Effect of CM from ECs treated with ammonia, in the presence or absence of antioxidants on 

astrocyte swelling. Astrocytes were exposed to CM derived from ammonia or ammonia plus 

antioxidants-treated ECs for 3 h. Ammonia plus antioxidant-treated ECs displayed a lesser 

degree of cell swelling as compared to astrocytes exposed to CM from only ammonia-

treated ECs (gray bars). To rule-out the possibility that AOs in endothelial CM may have 

directly influenced the astrocyte swelling, ECs were treated with ammonia plus AOs for 3 h, 

after which the ammonia- and AO-containing media was removed, and fresh media added to 

the ECs. After 3 h the conditioned media from ECs was added to astrocyte cultures and cell 

volume determined 24 h later. This procedure also resulted in a comparable decrease in cell 

swelling (dark bars). Data were subjected to ANOVA (n=5 for gray bars and n=4 for dark 

bars). *p<0.05 vs. control. †p<0.05 vs. ammonia. Error bars, mean ± S.E. PBN, N-tert-butyl-

α-phenylnitrone; APO, apocynin; TEMP, Tempol; UA, uric acid.
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Figure 6. 
Nuclear translocation (activation) of NF-κ B in ammonia-treated ECs. Increased NF-κ B 

was identified in the nuclear fraction of cultured ECs that were treated with 5 mM NH4Cl. 

A. Western blots of NF-κ B (p65) in nuclear fraction. B. Quantification of Western blots. 

Ammonia caused an increase in nuclear NF-κ B at 3, 6, and 24 h, but had no effect at 12 h. 

NF-κ B content was normalized against lamin A/C. C. ECs were treated with BAY 11-7082, 

an inhibitor of NF-κ B, along with ammonia and the CM was added to astrocytes. Such 

treatment resulted in a lesser degree of cell swelling as compared to CM from ECs treated 

with ammonia alone. To exclude a direct effect of BAY 11-7082 on astrocyte swelling, ECs 

were treated with ammonia plus BAY 11-7082 for 3 h, after which the ammonia- and BAY 

11-7082-containing media was removed, and fresh media added to the ECs. After 3 h the 
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conditioned media from ECs was added to astrocyte cultures and cell volume determined 24 

h later. This procedure also resulted in a comparable decrease in cell swelling (media 

replaced). ANOVA (n=4) for NF-κ B expression and n=5 for cell swelling studies. *p<0.05 

versus control. †p<0.05 vs. ammonia. Error bars, mean ± S.E. BAY, BAY 11-7082.
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Figure 7. 
Activation of NF-κ B in endothelial cells from cerebral cortex of rats with acute hepatic 

encephalopathy following the administration of the hepatotoxin thioacetamide (TAA) for 3 

days. Control (normal) brain: von Willebrand Factor (vWF, red, endothelial cells), NF-κ B 

(green), and DAPI (blue, nuclei). The co-localization (merged) of NF-κ B, von Willebrand 

factor and DAPI illustrates that NF-κ B is not present in nuclei of von Willebrand factor-

positive cells (arrows). TAA-treated rat brain: note the co-localization of NF-κ B and DAPI 

in vWF-positive cells, indicating nuclear localization (activation) of NF-κ B in endothelial 

cells (arrows). Scale bar =15 μm.

Jayakumar et al. Page 28

Neuroscience. Author manuscript; available in PMC 2016 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


