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ABSTRACT 

Toxic build-ups of ammonia can cause potentially fatal brain swelling in 

mammals, but such swelling is reversible in the anoxia- and ammonia-tolerant goldfish 

(Carassius auratus). The mechanisms of ammonia-induced brain swelling and tolerance 

remain elusive, but several studies have suggested a role for reactive oxygen species 

(ROS), which may damage proteins and lipids in the plasma membrane of astrocytes in 

the brain. As a result, osmotic gradients across cell membranes may be altered leading to 

water uptake by astrocytes and swelling. While a role for ROS has been proposed in 

mammals, no studies have addressed this question in teleosts, in which blood ammonia 

concentrations can fluctuate markedly following feeding, exercise, and exposure to 

environmental ammonia. This study aimed to determine if exposure to high external 

ammonia (HEA; 5 mmol L-1) induced oxidative stress in the brain and liver of goldfish. 

HEA exposure led to 10-fold increases in internal ammonia and oxidative stress in the 

liver and brain. Oxidative damage was most pronounced in the brain, in which there were 

114% increases in thiobarbituric-acid reactive substances (TBARS) and 3–fold increases 

in protein carbonyl content after 72 h HEA in warm-acclimated (14°C) goldfish. Notably, 

cold-water acclimation (4°C) completely attenuated the oxidative stress response in the 

goldfish brain and liver. This was accompanied by a marked diminution of the brain 

swelling response in cold-acclimated goldfish, whereas brain water volume increased by 

20% in normothermic (14°C) individuals after 72 h HEA. The present study also 

demonstrated an increase in the activity of key antioxidant enzymes in the brain (CAT, 

GPx, GR) and liver (SOD, CAT, GR) during HEA, suggesting that goldfish are able to 

upregulate their antioxidant capacity in response to ammonia. In conclusion, oxidative 
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stress appears to play a central role in the brain swelling process during acute 

hyperammonemia. Moreover, goldfish brains appear to have a high capacity to withstand 

oxidative stress in response to variations in internal ammonia. This likely explains why 

goldfish are more resilient to this homeostatic disturbance than mammalian brains.  
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Chapter 1 

General Introduction  
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INTRODUCTION 

Ammonia Toxicity  

Increased internal ammonia concentrations, a condition referred to as 

hyperammonemia, can lead to ammonia toxicity characterized by seizures, 

hyperexcitability, cognitive deficits, coma, and life-threatening brain swelling (Felipo and 

Butterworth 2002). Brain swelling is a characteristic feature of several hyperammonemic 

syndromes including acute liver failure (ALF), fulminant hepatic failure, Reye’s 

syndrome, and congenital urea cycle pathologies (Felipo and Butterworth 2002). The 

brain swelling observed in patients suffering from various liver insufficiencies is referred 

to clinically as hepatic encephalopathy (HE; Blei and Cordoba 2001). Such brain 

swelling is accompanied by increases in intracranial pressure, brain herniation, and is the 

most frequent cause of death in patients exhibiting HE (Felipo and Butterworth 2002; 

Norenberg et al. 2007). Currently, effective treatments for the brain swelling observed in 

HE are limited to emergency liver transplants (Hoofnagle et al. 1995).  

The vertebrate liver is responsible for detoxifying ammonia, which inevitably 

arises from the breakdown of proteins and subsequent deamination of amino acids 

(Mommsen and Walsh 1992; Felipo and Butterworth 2002; Weihrauch et al. 2009). In 

mammals, ammonia is converted to urea via the ornithine-urea cycle enzymes contained 

in the liver, and is subsequently excreted via the urine (Felipo and Butterworth 2002). In 

most freshwater fishes, nitrogenous waste is excreted predominantly as ammonia directly 

across the gill epithelium via Rhesus (Rh) glycoproteins (Weihrauch et al. 2009; Wright 

and Wood 2009).  Defects in the liver’s ability to detoxify ammonia, owing to congenital 

anomalies or liver failure, can cause ammonia to accumulate in mammalian tissues. In 
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aquatic ecosystems, agricultural run-off containing ammonia-rich fertilizers, industrial 

effluent, and overcrowding can lead to high levels of environmental ammonia (Randall 

and Tsui 2002). Moreover, stress, prolonged periods of starvation, and routine activities 

such as feeding and vigorous swimming can also lead to hyperammonemia in fish tissues 

(Mommsen and Walsh 1992; Wang et al. 1994a; Wood 2001; Wicks and Randall 2002; 

Ortega et al. 2005).  

In the central nervous system (CNS), ammonia permeates the blood-brain barrier 

by simple diffusion rather than via a saturable transport system, and this process is highly 

pH-dependent (Lockwood et al. 1980; Felipo and Butterworth 2002). In aqueous solution, 

unionized ammonia (NH3) exists in equilibrium with the ionized ammonium form 

(NH4
+). The relative ratio of these two species is a function of pH, as described by the 

Henderson-Hasselbalch equation:  

 

log10[NH3/NH4
+] = pH – pKa                                             (1) 

 

Consequently, at normal physiological pH (pH 7.8 at 15°C in fish blood; Wilkie and 

Wood 1991), the majority of ammonia is present as NH4
+. Unionized NH3 permeates cell 

membranes more freely than the ionized form, NH4
+. However, researchers suggest that 

under physiological conditions, 25% of ammonia may enter the brain as NH4
+ (Felipo 

and Butterworth 2002). Since NH4
+ has ionic properties similar to K+, it can compete 

with K+ ions and be transported across the blood-brain barrier through K+ channels, 

Na+/K+-ATPases, and Na+/K+/2 Cl- co-transporters (Ip and Chew 2010).  
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The molecular basis by which ammonia induces brain swelling is poorly 

understood, but it is generally accepted that astrocytes are the primary target. The central 

nervous system (CNS) of vertebrates is composed of two main classes of cells: neurons 

and glial cells. Astrocytes are specialized glial cells that provide structural and metabolic 

support for neurons. These cells are most susceptible to the neurotoxic effects of high 

levels of ammonia. Primary cultures of mammalian astrocytes undergo significant cell 

swelling when treated with ammonia (Norenberg 1988). Furthermore, astrocyte size has 

been shown to increase significantly in mammals following experimentally-induced HE 

in vivo (Swain et al. 1991).  

It is unclear why astrocytes are prone to swelling in acute hyperammonemia, but 

the exclusive localization of glutamine synthetase (GS) in astrocytes may explain their 

particular vulnerability. Under normal conditions, astrocytes recycle excess glutamate 

neurotransmitter from the synaptic cleft via GS (Figure 1.1; Cooper and Plum 1987; 

Mommsen and Walsh 1992; Felipo and Butterworth 2002, Murray et al. 2003). Excess 

glutamate is taken up by nearby astrocytes via Na+/glutamine co-transporters EAAT-1 

and EAAT-2, terminating the excitatory signal (Walsh et al. 2007). Astrocytic GS 

catalyzes the addition of ammonia to glutamate, forming glutamine at the expense of 

ATP (Walsh et al. 2007). The glutamine is then transported back to the pre-synaptic 

neuron where it is processed into glutamate and packaged into synaptic vesicles for 

release.  

This glutamate-glutamine cycle has traditionally been viewed as the principle 

means of ammonia detoxification in the brain (Cooper and Plum 1987; Ip et al. 2004; 

Felipo and Butterworth 2002). Some researchers, on the other hand, have challenged this 



	
  

 

5 

beneficial view suggesting that glutamine accumulation along with inhibition of the 

astrocytic glutamine transporter (SN1), results in increased intracellular osmotic pressure 

leading to astrocyte swelling (Brusilow 2002; Walsh et al. 2007). However, there is a 

lack of correlation between the extent of cell swelling and cellular levels of glutamine 

(Jayakumar et al. 2006b). While glutamine may not be acting as an osmolyte, it has been 

proposed that glutamine-mediated oxidative and nitrosative stress may be responsible for 

the swelling characteristics of astrocytes exposed to hyperammonemia (for a review see 

Albrecht and Norenberg 2006).  

Oxidative and Nitrosative Stress 

The mechanisms of ammonia-induced brain swelling remain unclear, but may 

involve the generation of reactive oxygen species (ROS), such as superoxide radicals 

(O2!−), nitric oxide (NO•), hydrogen peroxide (H2O2), peroxynitrite (ONOO-), and 

hydroxyl radicals (OH•). These highly reactive molecules are generated as byproducts of 

oxidative metabolism. When overproduced, ROS can interact with other molecules in the 

cell and cause damage to lipids and proteins in the plasma membrane of astrocytes in the 

brain. As a result, ionic and osmotic gradients across cell membranes may be altered 

leading to water uptake by astrocytes and brain swelling. Oxidative/nitrosative stress is 

induced when cellular antioxidant defense systems can no longer counteract the elevated 

ROS levels and/or repair oxidative cellular damage (Dorval and Hontela 2003; Prieto et 

al. 2009; Zhao et al. 2009).  

The potential role of ROS in ammonia-induced neurotoxicity originated from 

work by O’Connor and Costell (1990) who observed evidence of lipid peroxidation in 

mice exposed to acute hyperammonemia. Lipid and protein oxidative damage have also  
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Figure 1.1: Glutamate-Glutamine Cycling By Astrocytes. Glutamate is released into the 

synaptic cleft by excitatory presynaptic neurons where it activates N-methyl-D-aspartate 

receptors (NMDAr). Excess glutamate is taken up by nearby astrocytes via 

Na+/glutamine co-transporters EAAT-1 and EAAT-2, terminating the excitatory signal. 

Within astrocytes, glutamine synthetase (GS) catalyzes the addition of ammonia (NH3) to 

glutamate to form glutamine in an ATP-dependent reaction. The glutamine product is 

exported into the extracellular space via a Na+/glutamine co-transporter (SN1) and taken 

up by the presynaptic neuron. Within the presynaptic neuron, glutamine is converted via 

a glutaminase (GLNase)-catalyzed reaction back to glutamate and packaged into synaptic 

vesicles for further release. Some researchers have suggested that newly synthesized 

glutamine in astrocytes may be transported in excess into mitochondria, where it is 

subsequently hydrolyzed back into ammonia via mitochondrial phosphate-activated 

glutaminases (PAG). Pathologically high levels of this glutamine-derived ammonia 

within the relatively small mitochondrial compartment may uncouple oxidative 

phosphorylation, causing the overproduction of ROS (not shown). Adapted and modified 

from Walsh et al. 2007.   
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been demonstrated in cultured astrocytes exposed to high levels of ammonia (Murphy et 

al. 1992; Reinehr et al. 2007). Kosenko et al. (1997) observed the production of 

superoxide directly in rat brain and liver via the superoxide-dependent oxidation of 

epinephrine to adrenochrome following acute ammonia exposure in vivo. Likewise, free 

radical production has also been demonstrated directly via the oxidation of 2’,7’-

dichlorofluorescin diacetate dye in primary cultures of mammalian astrocytes treated with 

ammonia in vitro (Murthy et al. 2001).  

The oxidative and nitrosative stress resulting from acute ammonia toxicity has 

been shown to cause cell swelling in vivo (Chan et al. 1982) and in cultured mammalian 

astrocytes (Chan et al. 1989). Subsequent treatment with various antioxidants (superoxide 

dismutase, catalase, vitamin E, N-tert-butyl-α-phenylnirone) mitigated the ammonia-

induced brain swelling response in cultured rat astrocytes (Jayakumar et al. 2006a). Thus, 

there is growing evidence that ammonia exposure can lead to oxidative/nitrosative stress 

in mammals and that this stress is capable of inducing brain swelling.  

ROS may be produced in several complex, interactive ways upon exposure to 

high levels of ammonia, including glutamate excitotoxicity and the induction of the 

mitochondrial permeability transition (MPT; see Figure 1.2). Glutamate excitotoxicity is 

caused by the overactivation of N-methyl-D-aspartate receptors (NMDArs), located on 

the surface of neurons and astrocytes in the brain. NMDArs primarily act as calcium 

(Ca2+) channels when activated by NMDA or glutamate (Wenthold et al. 2003). 

Overactivation of the NMDAr facilitates the entry of sodium (Na+) and large amounts of 

Ca2+ into the post-synaptic neuron. Increased intracellular Ca2+ concentrations can 

stimulate ROS production through effects on superoxide (O2!
-) producing enzymes in the 
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mitochondrial respiratory chain (see Figure 1.3; for reviews see Kowaltowski et al. 2001; 

Rama Rao et al. 2003, 2005). Ca2+ can also promote ROS generation by activating 

cytosolic Ca2+-dependent enzymes, such as constitutive nitric oxide synthase (cNOS), 

phospholipase A2 (PLA2), and NADPH oxidase (NOX), liberating nitric oxide (NO!) and 

O2!
- (Reinehr et al. 2007; Norenberg et al. 2009).  

The induction of the mitochondrial permeability transition (MPT) may also 

contribute to ROS production and astrocyte dysfunction in acute hyperammonemia. The 

MPT refers to a pathological increase in the permeability of the inner mitochondrial 

membrane caused by the opening of a non-selective pore (permeability transition pore, 

PTP) in the inner mitochondrial membrane (Crompton 1999). This process is stimulated 

by the accumulation of excess Ca2+ and oxidative stress in the mitochondrial matrix 

(Figure 1.3; Kowaltowski et al. 2001; Norenberg et al. 2009). The opening of the PTP 

results in the deterioration of the inner mitochondrial membrane potential (ΔΨm), 

impaired oxidative phosphorylation, and ROS generation (Kowaltowski et al. 2001; 

Rama Rao et al. 2003, 2005; Norenberg et al. 2009).  

The MPT may also contribute to the swelling characteristics of astrocytes to 

ammonia by promoting secondary oxidative stress. Firstly, the direct production of ROS 

by the MPT has been demonstrated (Votyakova and Reynolds 2001; Zorov et al. 2006). 

Secondly, the opening of the PTP may cause the release of mitochondrial Ca2+ into the 

cytosol, stimulating even further ROS production through effects on Ca2+-dependent 

enzymes (positive feedback), thereby promoting unrelenting oxidative and nitrosative 

stress (Norenberg et al. 2009). Ammonia has previously been shown to induce the MPT 

in cultured mammalian astrocytes (Bai et al. 2001). Moreover, ammonia-induced 
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astrocyte swelling was mitigated in mammalian cells treated with the MPT inhibitor, 

cyclosporin A (CsA; Rama Rao et al. 2003).  

Collectively, numerous studies in mammals indicate that ROS generation 

represents a key step for the initiation of various downstream events leading to ammonia-

induced brain swelling, including the induction of the MPT causing further ROS 

production, and when severe, cell death via necrosis/apoptosis (Figure 1.1). While a role 

for ROS has been proposed in mammals (for reviews see Albrecht and Norenberg 2006; 

Norenberg et al. 2007, 2009), very few studies have addressed this question in fishes, 

where blood ammonia concentrations can fluctuate markedly following feeding (Wicks 

and Randall 2002), exposure to environmental ammonia (Eddy 2005), and/or following 

exercise (Wang et al. 1994a).  

Therapeutic Hypothermia and Neuroprotection   

The deliberate reduction of core body temperature, or therapeutic hypothermia 

(TH), has demonstrated to be a strong neuroprotective measure against traumatic brain 

injury (TBI), cardiopulmonary resuscitation, stroke, and various other neurological 

disorders in mammals (Busto et al. 1987; Busto et al. 1989; Meden et al. 1994; 

Kammersgaard et al. 2002; Polderman 2004; Gonzalez-Ibarra et al. 2011). Although 

poorly understood, the mechanisms of action are varied and shown to block the cascade 

of cerebral ischemic injury on multiple levels. The earliest rationale for the 

neuroprotective effects of TH focused on the slowing of cellular metabolism resulting 

from a drop in body temperature, diminishing the impact of substrate-limiting neural 

insults such as edema, hypoxia, and hypoglycemia.  
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Figure 1.2. Proposed signaling events in astrocytes exposed to high levels of ammonia, 

implicating the major role of reactive oxygen and nitrogen species (RONS) in initiating 

many of the downstream events of ammonia neurotoxicity. NH4
+, ammonium ion; Ca2+, 

intracellular calcium; cNOS, constitutive nitric oxide synthase; NOX, NADPH oxidase; 

PLA2, Phospholipase A2; GS, Glutamine Synthetase; PAG, Phosphate-Activated 

Glutaminase; GLU, Glutamate; MPT, mitochondrial permeability transition, NMDAr, N-

methyl-D-aspartate receptor. Adapted and modified from Norenberg et al. 2007.  
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Figure 1.3. The Mitochondrial Permeability Transition (MPT) Hypothesis. Small 

amounts of superoxide radicals are constantly produced by the mitochondrial respiratory 

chain. These radicals are normally neutralized by Mn-superoxide dismutase (SOD), 

which generates hydrogen peroxide (H2O2). This peroxide is reduced to water by the 

antioxidant enzymes, glutathione peroxidase (GPx) and catalase (CAT) in the 

mitochondrial matrix. However, superoxide production may increase in the presence of 

calcium (Ca2+) and ammonia (NH3), causing peroxide to accumulate in amounts that 

cannot be effectively removed by local antioxidants. If iron (Fe2+) is present, the highly 

reactive hydroxyl radical is generated, which oxidizes thiol groups of the permeability 

transition pore (PTP), causing the pore to open. The MPT is thereby induced, uncoupling 

oxidative phosphorylation, causing secondary oxidative stress (positive feedback) and 

cell swelling. Reactive Oxygen Species (O2!
-, superoxide; H2O2, hydrogen peroxide; 

OH!, hydroxyl radical). Adapted and modified from Kowaltowski et al. 2001. 
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For every one degree Celsius drop in temperature, cerebral metabolism slows by 5-6%, 

thereby decreasing cerebral blood flow (CBF), oxygen consumption, glucose utilization, 

and preserving glycogen reserves in the brain (Rosomoff and Holaday 1954; Hagerdal et 

al. 1975; Gonzalez-Ibarra et al. 2011).  The production of ROS is also temperature-

dependent, and decreased rates of ROS production have been observed in rats following 

hypoxia/ischemia in vivo (Globus et al. 1995a, b; Katz et al. 2004). More recently, TH 

has also been shown to attenuate oxidative stress after severe traumatic brain injury (TBI) 

in infants and children (Bayir et al. 2009).  

TH likely also affects pathways that extend beyond a decrease in cellular 

metabolism, such as membrane integrity and excitotoxicity. Even modest decreases in 

temperature can help stabilize cell membranes, preventing the influx of unwanted ions 

and/or the release of excitatory neurotransmitters, such as L-glutamate (Okuda et al. 

1986; Illievich et al. 1994; Ooboshi et al. 2000; Phillips et al. 2013).  

Along with its known inhibitory effect on excitotoxicity, loss of neuronal 

membrane integrity, and oxidative stress, TH has also been shown to attenuate brain 

swelling in mammals. Hsu et al. (2006) demonstrated that brain cooling decreased 

intracranial pressure and oxidative stress in rat brain following experimentally-induced 

heat stroke. Moreover, hypothermia has also been shown to stabilize uncontrollable brain 

edema in individuals following TBI (Shiozaki et al. 1993; Gonzalez-Ibarra et al. 2011).  

Given the marked similarities between the cascades of hypoxic/ischemic injury 

and hyperammonemia in the mammalian brain, it is not surprising that hypothermia has 

also been shown to diminish brain swelling and oxidative stress in mammalian models of 
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ammonia toxicity (Rose et al. 2000; Zwingmann et al. 2004; Jiang et al. 2009) and in 

ALF patients (Stravitz et al. 2008). Currently, temperature is assumed to have only minor 

effects on ammonia toxicity in fish (Ip et al. 2001). However, no studies have examined 

the neuroprotective effect of cold temperatures in teleosts, where increases in internal 

ammonia can be a daily challenge.   

Mechanisms of Ammonia-Tolerance (Carassius spp.) 

Many animals have evolved a number of different strategies to handle 

endogenous ammonia (for review see Randall and Tsui 2002; Ip and Chew 2010). Most 

vertebrates are capable of enzymatically-converting ammonia to less noxious compounds 

such as urea, glutamine, and other free amino acids (although, the role of glutamine 

synthesis in ammonia detoxification is currently under investigation; Albrecht and 

Norenberg 2006). Mudskippers (Periophthalmodon schlosseri, Boleophthalmus 

boddaerti) prevent the accumulation of endogenous ammonia by reducing the rates of 

protein and amino acid catabolism (Lim et al. 2001). Furthermore, many teleosts are 

capable of augmenting rates of ammonia excretion by upregulating Na+/NH4
+ exchange 

metabolon complexes via Rh glycoproteins located along the gill epithelium (Wright and 

Wood 2009). Additionally, some tropical air-breathing fish species volatize significant 

amounts of NH3 gas during aerial exposure (Rozemeijer and Plaut 1993; Tsui et al. 2002; 

Frick and Wright 2002). While these adaptations act to limit further increases in internal 

ammonia following exposure to HEA, they do not address the downstream consequences 

of ammonia toxicity to cells. The extremely high neural tolerance to ammonia in the 

anoxia-tolerant goldfish (Carassius auratus) has been recently demonstrated (Wilkie et 
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al. 2011), but the cellular mechanisms underlying this adaptation have not yet been fully 

elucidated.  

  Oxygen starvation (anoxia) can have similar effects to ammonia, leading to brain 

damage within a matter of minutes. Moreover, the cascade of events that characterize 

ammonia-induced neurotoxicity closely resembles those associated with anoxic injury. A 

key mechanism of hypoxic injury is the overactivation of NMDArs and subsequent 

induction of the MPT, culminating in unrelenting oxidative/nitrosative stress. Although 

studies surrounding ammonia and anoxia tolerance in fish are few, there appears to be a 

relationship between the ability to tolerate these two neurotoxic insults (for review see 

Walsh et al. 2007). The goldfish (Carassius auratus) and crucian carp (Carassius 

carassius) are the most anoxia-tolerant fish species known (Bickler and Buck 2007; 

Wilkie et al. 2011). The adaptations that allow the goldfish to tolerate anoxia have been 

investigated extensively (for reviews see Lutz and Nilsson 2004; Bickler and Buck 2007). 

Their ability to (1) conserve ATP via metabolic depression, (2) exploit large reserves of 

glycogen in the brain, (3) convert lactate arising from anaerobic metabolism into ethanol 

and CO2, and, (4) reduce NMDAr currents during anoxia, all act to prolong anoxic 

survival time.  

On the other hand, anoxia-tolerant organisms must also express adaptations that 

deal with the consequences of oxygen re-introduction. Reoxygenation following anoxic 

episodes is associated with significant ROS production and subsequent oxidative damage 

to cellular components (Lushchak et al. 2001; Bickler and Buck 2007). Similar to other 

vertebrates, aquatic organisms have evolved numerous low-molecular mass antioxidants 

such as reduced glutathione (GSH) and ascorbate (ASC), and high-molecular mass 
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antioxidants such as catalase (CAT), superoxide dismutase (SOD), glutathione 

peroxidase (GPX), and glutathione reductase (GR; Lushchak et al. 2001; Guerriero et al. 

2002; Basha and Rani 2003; Lushchak 2011; Sinha et al. 2014). These metabolites and 

enzymes scavenge ROS, preventing oxidative damage to cellular components, such as 

lipids, proteins, and nucleic acids. The expression of cellular antioxidant defenses may 

differ considerably amongst teleosts depending on their relative resistance to stressors 

inducing oxidative damage (Stephensen 2002; Eyckmans et al. 2011; Sinha et al. 2014). 

In response to anoxia and reoxygenation, the anoxia-tolerant goldfish upregulates the 

activity of several antioxidant enzymes to effectively manage post-anoxic ROS 

generation, thereby limiting the extent of oxidative damage occurring in the brain and 

other tissues (Lushchak et al. 2001). Other researchers have also demonstrated similar 

increases in antioxidant capacity in tissues of goldfish exposed to a wide array of 

stressors capable of inducing ROS production (Lushchak et al. 2005; Shi et al. 2005; 

Matviishyn et al. 2014). 	
  

The anoxia-tolerant goldfish and crucian carp (Carassius carassius) are also 

extremely tolerant to high levels of external ammonia (Wilkie et al. 2011). Yet, exposure 

of goldfish to millimolar concentrations of ammonia results in significant brain swelling 

(Wilkie et al. 2015). While this process can cause life-threatening brain swelling in 

mammals and other teleosts, recent work indicates that such swelling is physiological and 

reversible in these fishes (Wilkie et al. 2015). Although the mechanisms remain elusive, 

goldfish provide an excellent model to study ammonia-induced neurotoxicity and 

tolerance. Unraveling the adaptive response of the goldfish brain to ammonia could 
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provide new insights into neuroprotective strategies for the brain swelling in HE and 

related neurological disorders.  

Objectives and Hypotheses 

The overarching goal of this thesis was to characterize the role of oxidative stress 

in the mechanisms of ammonia-induced neurotoxicity in goldfish. My central hypothesis 

was that the underlying mechanism of ammonia-induced brain swelling in teleosts 

involves the generation of reactive oxygen species (ROS). Due to their known tolerance 

to post-anoxic oxidative stress, I also predicted that the goldfish brain would exhibit a 

pronounced antioxidant response, which would limit ammonia-induced oxidative damage 

and brain swelling. Lastly, I tested the hypothesis that ammonia-induced neurotoxicity, 

including brain swelling and oxidative stress, would be attenuated at colder temperatures. 

With this background, the specific objectives of the study were to: 

(1) Quantify the level of oxidative cellular damage occurring in goldfish liver and brain 

during acute (72 h) hyperammonemia.  

(2) Characterize the antioxidant defense response to acute hyperammonemia in the 

goldfish.   

(3) Determine the effect of temperature acclimation on oxidative stress responses and 

brain swelling in goldfish during acute exposure to high environmental ammonia (HEA). 
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Chapter 2 

Oxidative Stress, Antioxidant Defenses, and Brain Swelling in 

Goldfish (Carassius auratus) During Exposure to High 

Environmental Ammonia 
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INTRODUCTION 

The deamination of excess amino acids following feeding, vigorous swimming, and 

prolonged periods of starvation can cause ammonia to accumulate to toxic levels in the blood 

and tissues of fish (Mommsen and Walsh 1992; Wang et al. 1994a; Wood 2001; Wicks and 

Randall 2002; Ortega et al. 2005). Low millimolar (mmol L-1) concentrations of ammonia can 

also build-up in confined, aquaculture pens and in aquatic ecosystems due to anthropogenic 

inputs that include agricultural run-off, industrial effluent, and sewage waste (Randall and Tsui 

2002). The effect of high environmental ammonia (HEA) in fish can be devastating, causing 

ammonia excretion (JAmm) via the gills to be inhibited leading to both the accumulation of 

endogenous ammonia and uptake of exogenous ammonia.  

Increased internal ammonia concentrations, or hyperammonemia, can lead to decreased 

growth rates, alterations in energy metabolism, disruption of ionic balance, alterations in 

hormone regulation, and increased vulnerability to disease (Arillo et al. 1981; Soderberg and 

Meade 1992; Wilkie 1997; Dosdat et al. 2003; McKenzie et al. 2003; Lemarie et al. 2004; Foss 

et al. 2004; Pinto et al. 2007; Sinha et al. 2012a, b). Although fish are more tolerant to ammonia 

than mammals, their relative resistance to ammonia’s toxic effects varies considerably among 

different fish species (Ip et al. 2001; Randall and Tsui 2002; Eddy 2005). In mammals, 

hyperammonemia resulting from acute liver failure (ALF) or congenital defects in the ornithine 

urea cycle (OUC), can cause significant neurotoxicity characterized by hyperexcitability, 

glutamate excitotoxicity, coma, convulsions, and life-threatening brain swelling (Felipo and 

Butterworth 2002). Such brain swelling is often accompanied by increased intracranial pressure, 

brain herniation, and is the most frequent cause of death in hyperammonemic mammals (Felipo 

and Butterworth 2002; Norenberg et al. 2007). Teleosts exhibit similar symptoms to toxic build-
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ups of internal ammonia, including hyperventilation and hyperexcitability, convulsions, coma, 

and death (Eddy 2005). Wilkie et al. (2015) recently demonstrated that goldfish (Carassius 

auratus) and crucian carp (Carassius carassius) brains undergo significant, albeit reversible 

swelling in response to hyperammonemia brought about by acute exposure to HEA. However, 

the cellular mechanisms underlying such brain swelling and tolerance still remain poorly 

understood.  

 While the underlying mechanisms of brain swelling (encephalopathy) remain elusive, 

some researchers have suggested that reactive oxygen species (ROS), such as superoxide radicals 

(O2!−), nitric oxide (NO•), hydrogen peroxide (H2O2), peroxynitrite (ONOO-), and hydroxyl 

radicals (OH•), could mediate the downstream events leading to ammonia neurotoxicity (for 

reviews see Walsh et al. 2007; Norenberg et al. 2007, 2009). Oxidative/nitrosative stress, 

characterized by the accumulation of oxidized lipids and proteins in the cell, is induced when 

cellular defense systems can no longer counteract the elevated ROS levels and/or repair 

oxidative cellular damage (Dorval and Hontela 2003; Prieto et al. 2009; Zhao et al. 2009). ROS 

can cause damage to lipids and proteins in the plasma membrane of neurons and glial cells of the 

brain, altering ionic and osmotic gradients, leading to water uptake and brain swelling (for 

reviews see Norenberg et al. 2007, 2009).  

Similar to other vertebrates, teleosts have evolved a wide array of antioxidant defenses to 

protect themselves from the deleterious effects of ROS (Lushchak et al. 2001; Guerriero et al. 

2002; Basha and Rani 2003; Lushchak 2011; Sinha et al. 2014). In vertebrates, these comprise 

low molecular weight antioxidants such as reduced glutathione (GSH) and ascorbate (ASC), and 

enzymes such as catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPX), 

glutathione reductase (GR), and glutathione-S-transferases (GST).  These enzymatic and non-
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enzymatic constituents scavenge ROS elements and protect cells against oxidative damage. The 

induction of antioxidant defenses can vary considerably between fish species depending on their 

resilience to stressors inducing oxidative damage (Stephensen 2002; Eyckmans et al. 2011; Sinha 

et al. 2014). In response to anoxia and reoxygenation, goldfish upregulate antioxidant defenses to 

effectively manage the post-anoxic increase in ROS production, limiting the extent of oxidative 

damage occurring in the brain and other tissues (Lushchak et al. 2001). Similar increases in 

antioxidant capacity have also been observed in goldfish exposed to a wide array of stressors 

capable of inducing ROS production (Lushchak et al. 2005; Shi et al. 2005; Matviishyn et al. 

2014), including ammonia (Sinha et al. 2014).  

Numerous studies exist on ammonia toxicity in different fishes, but ammonia-induced 

oxidative stress and antioxidant defenses in fish are not fully understood. A number of studies 

have characterized how hepatic tissue responds to ammonia-induced oxidative stress, but much 

less is known about the response of the fish brain to ammonia. The aim of the present study was 

to elucidate how the brain of the ammonia- and anoxia-tolerant goldfish responds to ammonia-

induced neurotoxicity. Due to their known tolerance to post-anoxic oxidative stress, I predicted 

that the goldfish brain would exhibit a pronounced antioxidant response, which would limit 

ammonia-induced oxidative damage. Moreover, I predicted that ammonia-induced neurotoxicity, 

including brain swelling and oxidative stress, would be attenuated at colder temperatures.  
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MATERIALS AND METHODS  

Experimental Animals and Holding Conditions  

Juvenile goldfish (Carassius auratus; n = 150) of both sexes, weighing approximately 25 

± 5g, were purchased from a commercial supplier (Aquality Tropical Fish Wholesale Inc., 

Mississauga, ON) and transferred to the fish aquatics facility at Wilfrid Laurier University. Fish 

were held in 110 L aquaria continuously receiving filtered, aerated well water (pH ∼8.0 ± 0.2, 

temperature ∼14.0 ± 1°C, dissolved oxygen content >85 % saturation, ammonia  <0.01 mmol L-1, 

water hardness ∼200 mg CaCO3 L-1) at a rate of 0.5 – 1.0 L min-1. A subset of fish (n = 65) was 

held and acclimatized in an aquarium connected to a Delta Star®4 air-cooled water chiller (Aqua 

Logic Inc., San Diego, California, USA), in which the water temperature was cooled gradually to 

a set point of 4.0 ± 1°C. Goldfish were acclimated to these holding conditions for at least three 

weeks before experimentation. During this time, fish were fed three times weekly with 

commercially available pellets (3.0 mm; Martin Profishent™ Classic Floating Fish Feed, Martin 

Mills Inc. Elmira, ON), but were starved two days prior to experimentation to minimize the 

confounding effects that ammonia accumulation and defecation could have on water quality 

during exposure to high external ammonia (HEA). All experiments were approved by the Wilfrid 

Laurier University Animal Care Committee, and followed the guidelines of the Canadian 

Council on Animal Care.  

Experimental Protocol 

The day before experiments, goldfish (n = 85) were transferred one at a time, to 

individual, rectangular fish-holding chambers that were approximately 3 L in volume, and 

receiving aerated well water at a rate of 0.5 – 1.0 L min-1. The chambers were darkened to 

minimize stress to the fish and were contained within a 150 L re-circulating system comprising a 
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head tank, which drained via a flow-splitter into each individual, fish-holding chamber. Fish 

were either held under control conditions (no ammonia) or exposed to HEA, which was initiated 

by temporarily cutting-off water flow to each chamber and adding a sufficient volume of 5 mol 

L-1 NH4Cl stock solution to the water to achieve a nominal total ammonia (TAmm) concentration 

of 5 mmol L-1. At the same time, 5 mol L-1 NH4Cl stock was also added to the head tank to yield 

a target total ammonia concentration of 5 mmol L-1 in the recirculating system. Once the TAmm 

concentration in the re-circulating system equilibrated (∼2h), water flow was restored to the 

individual containers, and fish were held under these conditions for 24 h or 72 h. Water pH was 

continuously monitored in the head tank with a Radiometer PHM84 pH meter, connected to a 

Radiometer GK2401C pH electrode (Radiometer, Copenhagen, Denmark), and spot-checked in 

each fish-holding container using a portable pH meter (Oakton® Instruments, pH 11 Model, 

Vernon Hills, IL). Water pH was controlled around pH 8.07 ± 0.01 by the drop-wise addition of 

0.1 N HCl into the head tank using a solenoid valve connected to a TTT80 Autotitrator 

(Radiometer, Copenhagen, Denmark) connected to the PHM84 meter.  

Cold-acclimated (4°C) goldfish were transferred one at a time, to individual, darkened, 

fish-holding chambers that were approximately 1 L in volume. Fish were acclimatized overnight 

and either held under control conditions (no ammonia) or exposed to HEA. HEA was initiated by 

cutting-off water flow to the holding aquarium and adding a sufficient volume of 5 mol L-1 

NH4Cl stock solution to the water to achieve a nominal total ammonia (TAmm) concentration of 5 

mmol L-1. Water pH was continuously monitored in the aquarium and spot-checked in each fish-

holding container using a portable pH meter (Oakton® Instruments, pH 11 Model, Vernon Hills, 

IL). Water pH was controlled around pH 8.12 ± 0.09 by the drop-wise addition of 0.1 N HCl into 

the aquaria.  



 

	
  

26 

Water samples were collected at different time intervals (2 h, 8 h, 24 h, 36 h, 48 h, 60 h, 

72 h) throughout HEA and water TAmm concentrations measured to ensure that target 

concentrations were maintained throughout the exposure period. At each sampling period (C, 24 

h, 72 h), fish were euthanized with 1.0 g L-1 tricaine methanesulfonate buffered with 2.0 g L-1 

NaHCO3. Blood was collected immediately by caudal puncture using a 1.0 mL syringe fitted with 

a 21G needle pre-rinsed with sodium heparin (∼50.0 Units mL-1) to prevent coagulation. Whole 

brain and liver were then carefully removed from each animal, snap-frozen in liquid N2, and 

stored at -80°C until analyzed for the determination of ammonia accumulation, indices of 

oxidative stress, and antioxidant enzymes.  

Analytical techniques  

Tissue and Water Ammonia Concentrations 

Whole brain and liver tissues were prepared for ammonia and glutamine analysis by 

homogenization, and subsequent deproteination, in 7% ice-cold perchloric acid (PCA) using a 

Precellys®24 bead tissue homogenizer (Bertin Technologies, France; Wang et al. 1994b). The 

resulting slurry was incubated on ice for 10 min and centrifuged for 10 min at 10,000 x g at 4°C. 

The supernatant was withdrawn and neutralized with 2N KOH for the immediate quantification 

of tissue ammonia and glutamine content. TAmm concentrations in untreated plasma and 

neutralized extracts of brain and liver were quantified enzymatically using a commercially 

available assay kit (Sigma-Aldrich Cat. No. AA0100), in which [TAmm] quantification was based 

on the glutamate dehydrogenase (GDH)-catalyzed oxidation of NADPH, measured at 340 nm on 

a Spectramax190 plate spectrophotometer (Molecular Device, Sunnyvale, CA). Water TAmm 

concentrations were measured colorimetrically at 650 nm via the salicylate-hypochlorite method 

(Verdouw et al. 1978).  
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Tissue Glutamine Concentrations 

Tissue extracts of whole brain and liver were deproteinated and neutralized for glutamine 

analysis as described above. Briefly, tissue glutamine content was quantified colorometrically at 

540 nm using glutamine synthetase, followed by the addition of ferric chloride (Mecke 1985).    

Indices of Oxidative Damage 

The concentration of malondialdehyde (MDA), a naturally occurring end product of lipid 

peroxidation and peroxidative tissue injury (Janero 1990), was measured using the thiobarbituric 

acid-reactive substances (TBARS) assay (Ohkawa et al. 1979). For this assay, whole brain or 

liver tissue was sonicated in ice-cold radio-immunoprecipitation (RIPA) buffer (10% w/v) and 

centrifuged at 1,600 x g for 10 min at 4°C. The supernatant was withdrawn and used for the 

determination of tissue MDA content. Homogenates were mixed with sodium dodecyl sulfate 

(SDS), thiobarbituric acid (TBA), and butylated hydroxytoluene (BHT) in an acetate buffer (pH 

3.5). BHT, an antioxidant, was added to avoid oxidation during subsequent heating, as 

recommended by Halliwell and Chirico (1993). Following incubation at 95°C for 60 min., the 

pink-red chromogen produced by the TBA-MDA adduct was mixed vigorously with an equal 

volume of n-butanol and centrifuged at 10,000 x g for 5 min at 4°C. The butanol phase was 

removed and used to quantify the level of TBARS by measuring its absorbance at 532 nm using 

a SpectramaxPlus340 plate spectrophotometer (Molecular Device, Sunnyvale, CA). The level of 

MDA was calculated and expressed in nanomoles of TBARS per gram tissue wet weight.  

Protein carbonyl content, the most commonly used biomarker of protein oxidative 

damage in animal tissues (Stadtman and Oliver 1991), was quantified using a commercially 

available assay kit (Cayman Chemical Item No. 10005020, Michigan, USA). Briefly, frozen 

brain and liver samples were homogenized (1:5 w/v) in ice-cold buffer (50 mM KPi, 1.1 mM 
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EDTA, 0.1 mM PMSF, pH 6.7) and then centrifuged at 10,000 x g for 15 min at 4°C. 

Homogenates were mixed with 2,4-dinitrophenylhydrazine (DNPH) and trichloroacetic acid 

(TCA), incubated in the dark at room temperature for 60 min, and then centrifuged at 10,000 x g 

for 10 min at 4°C. The resulting supernatant was discarded and the precipitated protein pellets 

were washed three times with ethanol/ethyl acetate (1:1 v/v) mixture to remove any unreacted 

DNPH. The protein pellets were finally dissolved in guanidine HCl and centrifuged as above to 

remove insoluble debris. Protein carbonyl content in the resulting supernatants was quantified 

spectrophotometrically at 360 nm using a molar extinction coefficient of 22000 M−1 cm-1, and 

values expressed as nanomoles of protein carbonyls per mg protein. Protein concentration in the 

final, resuspended pellet was quantified based on its relative absorption at 280 nm, using BSA in 

guanidine HCl (Cayman Chemical Item No. 10005020, Michigan, USA) as a standard.  

Measurement of Antioxidant Enzymes  

The activities of superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase 

(GPx), and glutathione reductase (GR) were determined from homogenates of goldfish brain and 

liver (1:20 w/v) prepared in ice-cold buffer (20 mM HEPES, 1 mM EDTA, 0.1% Triton X-100, 

pH 7.4) using a Tenbroek all glass tissue homogenizer (2 mL; VWR CanLab, Mississauga, ON) 

and centrifuged for 2 min at 10,000 x g in a refrigerated Eppendorf 5430R centrifuge 

(Eppendorf, Mississauga, ON). Aliquots of the resulting homogenates were sonicated over ice 

for 15 seconds at 40 V using a Q125 tissue sonicator (QSonica, Newtown, CT). All enzyme 

activity measurements were initially optimized to obtain linear time- and concentration-

dependence using a SpectramaxPlus340 plate spectrophotometer (Molecular Device, Sunnyvale, 

CA).  

SOD percent (%) inhibition rate was determined using a commercially available SOD 
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assay kit (Sigma-Aldrich, Cat No. 19160). In brief, the activity of total SOD (Cu-, Mn-SOD) was 

based on its inhibitory action on the reduction of highly water-soluble tetrazolium salt (WST-1) 

by xanthine oxidase, which produces a water-soluble formazan dye that can be detected 

colorimetrically at 440 nm. SOD activity was determined from a standard curve using known 

units (U) of purified SOD enzyme (Sigma Aldrich Cat No. S2515) against the % inhibition rate 

of tretrazolium salt under identical conditions. 

CAT and GPx activities were determined in homogenates of brain and liver tissue 

according to the methods of Weydert and Cullen (2010). The activity of CAT was determined by 

monitoring the initial rate of H2O2 decomposition at 240 nm. The final concentrations of the 

reaction components were: 20 mM KPi buffer (pH 7.4), 20 mM H2O2, and 10 µL of 

appropriately diluted sample. Total GPx activity was determined by monitoring the reduction in 

NADPH absorbance at 340 nm in the presence of 0.25 mM tert-butyl hydroperoxide in a reaction 

medium containing (final concentrations): 50 mM KPi buffer (pH 7.0), 1 mM  EDTA, 1 mM 

NaN3, 0.2 mM NADPH, 1 mM  GSH, and 1 unit mL-1 GR. The activity of GR was determined 

by monitoring the oxidation of NADPH in the presence of 10 mM oxidized glutathione (GSSG) 

at 340 nm in a medium containing (final concentrations): 50 mM KPi buffer (pH 7.0), 1 mM 

EDTA, and 0.25 mM NADPH. The activity of GPx and GR were calculated using a molar 

extinction coefficient of 6220 M-1 cm-1, and one unit (U) of CAT, GPX, and GR defined as the 

amount of enzyme consuming 1 µmole of substrate per minute at 25°C. All antioxidant enzyme 

activities were expressed as international units (or millunits) per milligram protein. Protein 

content in homogenates of brain and liver tissue was determined via the Bradford method, using 

bovine serum albumin (BSA) as a standard (Bradford 1976).  

 



 

	
  

30 

Calculations and Statistics 

 The speciation of water-borne ammonia was determined through re-arrangement of the 

Henderson-Hasselbalch equation (Wright and Wood 1985; Wilkie et al. 2015) using the 

appropriate apparent dissociation constant (pKa), according to the equation below: 

[NH4
+]	
  

€ 

=
TAmm

[1+ anti log(pH − pKa)]
⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 
	
   	
   	
   	
   	
   (1)	
  

[NH3] = TAmm – [NH4
+]       (2) 

Brain water content was quantified by the wet-weight/dry-weight method, as previously 

described by Wilkie et al. (2015). Briefly, whole brains were carefully excised and the mass 

determined in pre-weighed 1.5 mL tubes before and after 72 h incubation in a 65 ± 5°C oven. 

Tissue H2O content is typically reported as % tissue H2O, according to the following formula:  

€ 

Brain Water Content =
(Masswet −Massdry )

Masswet

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ ×100% 	
   	
   (3)  

Where mass is expressed in g, water volume in mL, and brain water content in mL H2O g-1 wet 

tissue mass. The volume of water per gram dry tissue mass (mL H2O g-1 dry mass) was then 

calculated by dividing the brain water content (mL H2O g-1 wet tissue mass; Eqn. 3) by the mass 

of dry tissue (g dry mass) over the wet tissue mass (g wet mass) according to the following 

formula: 

€ 

Brain Water Volume =
Brain Water Content
(Massdry ÷ Masswet )

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥    (4)                            

Using this approach, it was possible to directly calculate how much the volume of H2O changed 

in the brain during HEA, as a function of brain swelling. 

All values are presented as the mean ± 1 standard error of the mean (SEM). Data were 

analyzed by one-way analysis of variance (ANOVA), followed by the Tukey-Kramer (TK) post-
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hoc test. Student’s unpaired two-tailed t-test was used for single comparisons between tissues. In 

all determinations, the null hypothesis was rejected if p<0.05.   
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RESULTS 

Ammonia Accumulation 

Warm-acclimated goldfish (14°C) were exposed to a measured TAmm concentration of 5.3 

± 0.1 mmol L-1, which was not significantly different from the target HEA concentration of 5 

mmol L-1 with concentrations fluctuating between 5.10 ± 0.043 mmol L-1 and 5.79 ± 0.16 mmol 

L-1 during the exposure period (Table 2.1). Cold-acclimated (4°C) goldfish were exposed to a 

similar measured TAmm concentration of 5.3 ± 0.2 mmol L-1, with concentrations fluctuating 

between 5.16 ± 0.01 mmol L-1 and 5.41 ± 0.02 mmol L-1 during the exposure period (Table 2.2). 

Warm-acclimated (14°C) goldfish survived HEA despite 10-fold increases in plasma [TAmm] 

from approximately 150 µmol L-1 under control conditions to approximately 1440 µmol L-1 after 

24 h, and approximately 1325 µmol L-1 after 72 h  (Figure 2.1A). Cold-acclimated (4°C) goldfish 

experienced similar increases in plasma [TAmm] during HEA, which increased to approximately 

1740 µmol L-1 after 72 h from control values of approximately 100 µmol L-1 (Figure 2.1B). 

Mortality was not observed in control fish or in any experimental group throughout the 

experimental period.  

Following exposure to HEA, ammonia accumulation in the goldfish brain was 

pronounced (Figure 2.2). In warm-acclimated goldfish, brain TAmm concentrations of ∼1 µmol g-1 

wet mass (WM) under control conditions increased nearly 6-fold to ∼5.7 µmol g-1 WM after 72 h 

exposure to HEA (Figure 2.2B). In cold-acclimated individuals, brain [TAmm] increased nearly 7-

fold from control values of ∼0.7 µmol g-1 WM to 5 µmol g-1 WM and 5.2 µmol g-1 WM after 24 

h and 72 h HEA, respectively (Figure 2.2B).  

Glutamine Accumulation 

Glutamine concentrations were elevated 5–6 fold after 24 h and 72 h HEA from control 
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values of approximately 4 µmol g-1 wet tissue in warm-acclimated goldfish brain (Figure 2.3A). 

On the other hand, brain glutamine concentrations in cold-acclimated goldfish increased from 

control values of approximately 5 µmol g-1 wet tissue to approximately 17 µmol g-1 wet tissue 

after 24 h, and increased further to nearly 24 µmol g-1 wet tissue after 72 h HEA exposure 

(Figure 2.3B). No significant differences in glutamine concentration were noted between cold- 

and warm-acclimated goldfish after 72 h HEA.  

Brain Water Volume  

Cold-temperature acclimation mitigated the brain swelling response in goldfish exposed 

to HEA. No significant differences in basal brain water volume were noted between cold- and 

warm-acclimated control goldfish. Brain water volume increased significantly by 20% in warm-

acclimated (14°C) goldfish following 72 h exposure to HEA from control values of 

approximately 5.14 mL H2O g-1 dry mass to approximately 6.38 mL H2O g-1 dry mass (Figure 

2.4A). However, water content in cold-acclimated goldfish brains remained largely unaffected 

from control values of ∼5 mL g-1 dry mass through 72 h HEA (Figure 2.4B).  

Indices of Oxidative Stress 

In control goldfish, baseline concentrations of TBARS in the liver were 6-fold higher 

than in the brain (Figure 2.5A). Following 24 h and 72 h exposure to HEA, the level of TBARS 

did not change significantly from control values in the liver of warm-acclimated (14°C) goldfish. 

In the brain, however, there was a pronounced 114 % increase in TBARS following 72 h of HEA 

(Figure 2.5A). However, the level of TBARS remained unchanged from control values in the 

brain and liver of cold-acclimated goldfish throughout HEA (Figure 2.5B).  

In contrast to lipid peroxidation, the liver and brain were much more susceptible to 

protein oxidation following increases in internal ammonia at 14°C. In control fish, protein 
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carbonyl content was similar in the liver and the brain at both acclimation temperatures. 

Following 24 h HEA, however, protein carbonyl content in the liver increased by nearly 3-fold to 

3.5 nmol mg protein-1 before returning to control values after 72 h HEA in warm-acclimated 

goldfish (Figure 2.6A). On the other hand, protein carbonyl content increased in a time-

dependent manner in the warm-acclimated goldfish brain, increasing 2-fold from approximately 

1 nmol mg protein-1 in control fish to approximately 2 nmol mg protein-1 after 24 h, and 

increasing further to 2.5 nmol mg protein-1 following 72 h exposure (Figure 2.6A). Treatment at 

4°C mitigated the increase in protein carbonyl content, which remained unaffected from control 

values in the liver and brain of cold-acclimated goldfish  (Figure 2.6B). 
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Table 2.1: Measured concentrations of total ammonia (TAmm) that warm-acclimated (14°C) 

goldfish were exposed throughout 72 h exposure to high external ammonia (Nominal 

[TAmm] = 5 mmol L-1).  

Time (h) Measured [TAmm] (mM) [NH3] (µM) pH 

2 5.10 ± 0.09 (19) 164.27 ± 6.86 (19) 8.17 ± 0.01 (19) 

8 5.33 ± 0.06 (19) 150.14 ± 4.65 (19) 8.10 ± 0.01 (19) 

24 5.10 ± 0.04 (19) 141.28 ± 4.07 (19) 8.10 ± 0.01 (19) 

36 5.79 ± 0.16 (10) 143.52 ± 5.93 (10) 8.05 ± 0.01 (10) 

48 5.18 ± 0.15 (10) 125.89 ± 6.72 (10) 8.04 ± 0.01 (10) 

72 5.17 ± 0.20 (10) 106.28 ± 11.06 (10) 7.95 ± 0.03 (10) 

 

Measurements are expressed as the mean ± 1 SEM (N), where N is the number of independent 

measurements of water [TAmm] and pH that were made throughout the exposure period. The 

[NH3] was calculated from the measured water [TAmm] and water pH by rearrangement of the 

Henderson-Hasselbalch equation with an apparent dissociation constant (pK’) of 9.65 

determined previously by using relationships outlined in Cameron and Heisler (1983). Mean 

measured water [TAmm] = 5.3 ± 0.1 mmol L-1; Mean measured water pH = 8.07 ± 0.01.   
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Table 2.2: Measured concentrations of total ammonia (TAmm) that cold-acclimated (4°C) 

goldfish were exposed throughout 72 h exposure to high external ammonia (Nominal 

[TAmm] = 5 mmol L-1).  

Time (h) Measured [TAmm] (mM) [NH3] (µM) pH 

2 5.16 ± 0.01 (8) 148.06 ± 0.19 (8) 8.12 ± 0.00 (8) 

8 5.37 ± 0.05 (8) 140.73 ± 1.22 (8) 8.08 ± 0.00 (8) 

24 5.25 ± 0.03 (8) 122.25 ± 0.89 (8) 8.03 ± 0.004 (8) 

36 5.36 ± 0.04 (8) 137.30 ± 1.03 (8) 8.07 ± 0.00 (8) 

48 5.38 ± 0.03 (8) 157.71 ± 0.89 (8) 8.13 ± 0.00 (8) 

72 5.41 ± 0.02 (8) 183.26 ± 1.76 (8) 8.19 ± 0.003 (8) 

 

Measurements are expressed as the mean ± 1 SEM (N), where N is the number of independent 

measurements of water [TAmm] and pH that were made throughout the exposure period. The 

[NH3] was calculated from the measured water [TAmm] and water pH by rearrangement of the 

Henderson-Hasselbalch equation with an apparent dissociation constant (pK’) of 9.65 

determined previously by using relationships outlined in Cameron and Heisler (1983). Mean 

measured water [TAmm] = 5.3 ± 0.02 mmol L-1; Mean measured water pH = 8.12 ± 0.09.   
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Figure 2.1. The effect of acute ammonia exposure (measured ammonia = 5.3 mmol L-1) on 

plasma total ammonia levels [TAmm] in the goldfish at (A) 14°C, and (B) 4°C; Data expressed as 

the mean ± SEM (n = 8). Asterisks (*) denote statistically significant differences from the 

corresponding control groups as assessed by ANOVA followed by Tukey-Kramer post-test, P < 

0.05.  
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FIGURE 2.1.
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Figure 2.2. The effect of acute ammonia exposure (measured ammonia = 5.3 mmol L-1) on 

ammonia concentration in goldfish brain at (A) 14°C, and (B) 4°C; Data expressed as the mean ± 

SEM (n = 8). Asterisks (*) denote statistically significant differences from the corresponding 

control groups as assessed by ANOVA followed by Tukey-Kramer post-test, P < 0.05. 
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FIGURE 2.2. 
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Figure 2.3. The effect of acute ammonia exposure (measured ammonia = 5.3 mmol L-1) on 

glutamine concentration in goldfish brain at (A) 14°C, and (B) 4°C; Data expressed as the mean 

± SEM (n = 8). Asterisks (*) denote statistically significant differences from the corresponding 

control groups and (**) 24 h treatment groups as assessed by ANOVA followed by Tukey-

Kramer post-test, P < 0.05. 

 



 

	
  

42 

FIGURE 2.3. 
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Figure 2.4. The effect of acute ammonia exposure (measured ammonia = 5.3 mmol L-1) on water 

volume in goldfish brain at (A) 14°C, and (B) 4°C. Data are presented as the mean ± SEM (n = 

6-8). Asterisks (*) denote statistically significant differences from the corresponding control 

groups as assessed by ANOVA followed by Tukey-Kramer post-test, P < 0.05. Data obtained 

from Z. Lister (Honours thesis, 2014). 
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FIGURE 2.4. 
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Figure 2.5. Level of Thiobarbituric Acid Reactive Substances (TBARS) in tissues of goldfish 

exposed to acute ammonia toxicity, measured ammonia = 5.3 mmol L-1 at (A) 14°C, and (B) 

4°C; Data are presented as the mean ± 1 SEM, n = 6-8. Asterisks (*) denote statistically 

significant differences from the corresponding control groups as assessed by ANOVA followed 

by Tukey-Kramer post-test, P < 0.05. † Significantly different from corresponding control or 

experimental group in liver tissue, P < 0.05.  
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FIGURE 2.5. 
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Figure 2.6. Level of protein carbonyls in tissues of goldfish exposed to acute ammonia toxicity, 

measured ammonia = 5.3 mmol L-1, at (A) 14°C, and (B) 4°C; Data are presented as the mean ± 

1 SEM (n = 6-8). Asterisks denote statistically significant differences from the corresponding 

control groups (*) or 24 h treatment groups (**) as assessed by ANOVA followed by Tukey-

Kramer post-test, P < 0.05. † Significantly different from corresponding control or experimental 

group in liver tissue, P < 0.05.  
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FIGURE 2.6.
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Antioxidant Enzyme Activities  

No significant differences in basal SOD activity were noted between the liver and brain 

in control goldfish at both acclimation temperatures. Moreover, SOD activity did not change in 

either tissue following 24 h HEA (Figure 2.7A). However, SOD activity increased significantly 

by 83% in the liver of warm-acclimated goldfish following 72 h exposure to HEA (Figure 2.7A). 

In contrast, SOD activity in the brain remained unchanged from control values throughout 72 h 

HEA at both acclimation temperatures (Figures 2.7A, 2.8). 

Catalase (CAT) activity in control goldfish was 3-fold greater in the liver than in the 

brain at both acclimation temperatures. HEA induced differential changes in CAT activity 

between liver and brain of warm-acclimated (14°C) goldfish (Figure 2.7B). In the liver, CAT 

activity did not significantly change until 72 h of HEA, when activity was 3-fold greater than in 

control fish (Figure 2.7B). In contrast, CAT activity in the brain increased 2-fold after 24 h HEA, 

and remained elevated through 72 h of HEA (Figure 2.7B). In the cold-acclimated (4°C) 

goldfish, however, SOD and CAT activities in the brain and liver remained unchanged from 

control values throughout HEA (Table 2.3).  

Baseline GPx activities in warm-acclimated goldfish liver were 4-fold greater compared to 

brain (Figure 2.8A). In the liver, HEA had no significant effect on GPx activity. The activity of 

GPx in the goldfish brain, however, was significantly elevated by 46% after 24 h HEA, followed 

by a complete recovery by 72 h (Figure 2.8A).  

Baseline GR activity was also greater in the liver than in the brain by approximately 2-

fold in warm-acclimated goldfish (Figure 2.8B). Ammonia exposure induced differential changes 

in GR activity between liver and brain in these fish. In the liver, GR activity significantly 

increased by 75% following 72 h HEA. In contrast, GR activity in the brain increased 
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significantly by 49% during 24 h and remained 38% higher than control values throughout 72 h 

HEA exposure (Figure 2.8B). 
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Figure 2.7. The effect of acute ammonia exposure (measured ammonia = 5.3 ± 0.1 mmol L-1) on 

the specific activities of primary antioxidant enzymes in tissues of warm-acclimated (14°C) 

goldfish, (A) superoxide dismutase (SOD), and (B) catalase (CAT); Data are presented as the 

mean ± 1 SEM (n = 5-7). Asterisks denote statistically significant differences from the 

corresponding (*) control groups or 24 h treatment groups (**) as assessed by ANOVA followed 

by Tukey-Kramer post-test, P < 0.05. † Significantly different from corresponding liver groups, 

P < 0.05.  
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FIGURE 2.7.
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Table 2.3. The effect of acute ammonia exposure (measured ammonia = 5.3 ± 0.2 mmol L-1) on 

the specific activities of primary antioxidant enzymes in brain of cold-acclimated (4°C) goldfish.  

 

Brain Superoxide Dismutase (SOD)  

Control 3.4 ± 0.2 (7) 

24 h HEA 3.2 ± 0.2 (7) 

72 h HEA  3.3 ± 0.2 (7) 

Brain Catalase (CAT)  

Control 18.9 ± 0.8 (8) 

24 h HEA 19.0 ± 1.5 (7) 

72 h HEA  20.3 ± 0.9 (7) 

 

Values are presented as mean ± 1 SEM (n) in U mg-1 protein. No statistically significant 

differences from the corresponding control groups or 24 h treatment groups as assessed by 

ANOVA followed by Tukey-Kramer post-test, P < 0.05.  
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Figure 2.8. The effect of acute ammonia exposure (measured ammonia = 5.3 ± 0.1 mmol L-1) on 

the specific activities of glutathione-dependent antioxidant enzymes in tissues of warm-

acclimated goldfish, (A) glutathione peroxidase (GPx), and (B) glutathione reductase (GR); Data 

are presented as the mean ± SEM (n). Asterisks denote statistically significant differences from 

the corresponding (*) control groups or 24 h treatment groups (**) as assessed by ANOVA 

followed by Tukey-Kramer post-test, P < 0.05. † Significantly different from corresponding liver 

groups, P < 0.05.  
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FIGURE 2.8.  
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DISCUSSION 

Ammonia-Induced Oxidative Stress in the Goldfish  

The present study demonstrates that increases in internal ammonia concentrations in the 

ammonia- and anoxia-tolerant goldfish (Carassius auratus) arising from HEA exposure lead to a 

temperature-dependent and tissue-specific oxidative stress response. As expected, the brain 

demonstrated a greater degree of oxidative stress than the liver during HEA. The results of the 

present study suggest that free radical-mediated damage to cellular constituents may contribute 

to the events that cause the significant swelling that occurs in the goldfish brain during exposure 

to HEA. However, unlike other studies on ammonia tolerance in fishes, the present study 

demonstrates a significant upregulation in the activity of some key antioxidant enzymes in the 

goldfish brain and the maintenance of other antioxidant enzyme activities during acute 

hyperammonemia. This high neural antioxidant capacity likely offsets the extent of oxidative 

brain damage and swelling to a level that is physiologically manageable and reversible in the 

goldfish (Wilkie et al. 2015).  

Goldfish survived HEA despite significant increases in plasma and brain TAmm 

concentrations. However, plasma TAmm concentrations were surprisingly low and stable in 

goldfish exposed to nominal concentrations of 5 mmol L-1, with water TAmm concentrations being 

approximately 4-fold greater than the plasma TAmm concentrations. This has been demonstrated 

previously (Wilkie et al. 2011, 2015), suggesting that goldfish have evolved mechanisms to limit 

ammonia accumulation, likely through effects on ammonia excretion (JAmm) and/or uptake across 

the gill epithelia.  

In the present study, brain TAmm approached 6–7 µmol g-1 wet mass (WM) in goldfish 

exposed to a nominal TAmm concentration of 5 mmol L-1. These values are comparable to other 
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ammonia-tolerant fishes including toadfish (Opsanus beta), which readily withstand neural 

ammonia concentrations of 4–6 µmol g-1 WM during HEA (Wang and Walsh 2000). Immersed 

(4ჼdays) climbing perch (Anabas testudineus) and weatherloach (Misgurnus anguillicaudatus) 

exposed to HEA had brain ammonia concentrations near to 4ჼµmol g-1 WM (Tsui et al. 2002; 

Tay et al. 2006). These concentrations of brain TAmm greatly exceed those known to cause 

morbidity and death in mammals (Felipo and Butterworth 2002), suggesting that these fishes are 

able to prevent or minimize ammonia-induced toxicity to the central nervous system (CNS) and 

are not simply avoiding ammonia neurotoxicity by impermeance to ammonia. 

A major consequence of hyperammonemia in mammals is the generation of reactive 

oxygen species (ROS), which can cause lipid peroxidation through oxidative attack on 

polyunsaturated fatty acids (PUFA), yielding unstable lipid hydroperoxides (LPOs) that 

decompose into malondialdehyde (MDA). The concentration of MDA was quantified via the 

TBARS assay in goldfish brain and liver to evaluate the extent of ROS-mediated attack on lipids 

in these tissues during HEA. The marked increase in MDA content in the brain of warm-

acclimated (14°C) goldfish at 72 h HEA, therefore suggests that peroxidative lipid damage is a 

major consequence of HEA in teleost brains. However, lipid peroxidation was not observed in 

the goldfish liver. A similar study reported 40% increases in MDA content in the goldfish liver 

during 48 h exposure to 1 mmol L-1 TAmm (Sinha et al. 2014). However, this increase was only 

transient and MDA content (quantified as TBARS) was completely restored shortly thereafter. 

Thus, compared to the liver, the brain appears to be more sensitive to ammonia-induced 

oxidative toxicity in normothermic goldfish in this study.  

The relatively greater sensitivity to HEA-induced lipid peroxidative injury observed in 

the brain may be because the liver has a greater relative antioxidant capacity (see below). As a 
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result, hepatic cells have a relatively greater capacity to detoxify ROS including superoxide 

anions (O2!
-) and hydrogen peroxide (H2O2) from the early stages of lipid and protein oxidation, 

thereby limiting the extent of oxidative cellular damage occurring in the liver relative to the 

brain. Moreover, neural tissue contains relatively high levels of PUFAs compared to the liver, 

specifically docosahexaenoic acid (DHA), which is particularly prone to lipid peroxidation in the 

presence of ROS (Sugihara et al. 1994; Chen et al. 2008; Friedman 2011; Pifferi et al. 2012). 

Furthermore, high rates of O2 consumption, the presence of ROS-producing microglia, and the 

relatively high ratio of membrane surface area to cytosolic volume observed in the brain may 

also contribute to the greater susceptibility of neural tissue to ammonia-induced oxidative 

damage compared to the liver (Friedman 2011).   

ROS can also oxidize amine groups on several amino acids residues (i.e. lysine, proline, 

arginine, or histidine), transforming them into carbonyls (Dalle-Donne et al. 2003). Protein 

carbonyl content, a widely used indicator of protein oxidative damage, also persisted longer in 

the brain and failed to completely re-establish to control levels. In fact, our results indicate that 

protein oxidation in the brain increased in a time-dependent manner in the warm-acclimated 

goldfish brain during HEA exposure, suggesting that ROS-mediated damage to proteins is also 

substantial in this organ during acute hyperammonemia. In contrast, protein oxidation increased 

only transiently in the liver, returning to control levels by 72 h HEA in warm-acclimated 

goldfish, likely due to the activation of one or more antioxidant enzymes (see ‘Upregulation of 

Antioxidant Defenses During Acute Hyperammonemia’ below). While studies in fish are few, 

similar increases in lipid and protein oxidation have been reported in Nile tilapia  (Oreochromis 

niloticus) liver and white muscle (Hegazi et al. 2010; Hegazi 2011), mudskipper gill and brain 

(Boleophthalmus boddarti; Ching et al. 2009), big head carp larvae (Hypophthalmythys nobilis; 
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Sun et al. 2012), and silver carp larvae (Hypophthalmichthys molitrix; Sun et al. 2011) exposed 

to HEA, suggesting that oxidative stress is a common response to variations in increased internal 

ammonia in teleosts. However, since the goldfish survive HEA, the ROS damage is likely 

manageable.  

Mechanism(s) of Ammonia-Induced Oxidative Stress and Brain Swelling   

In mammalian brains, a key mechanism of ROS generation is the overactivation of N-

methyl-D-aspartate receptors (NMDArs) located in the plasma membrane of neurons and 

astrocytes in the brain (Schliess et al. 2002; Kosenko et al. 2003; Norenberg et al. 2007, 2009). 

In mammals, overactivation of NMDAr facilitates the entry of sodium and large amounts of 

calcium into the cell, which can stimulate ROS production through effects on superoxide (O2!
-) 

producing enzymes in the mitochondrial respiratory chain (for reviews see Kowaltowski et al. 

2001; Rama Rao et al. 2003, 2005) and also by activating cytosolic Ca2+-dependent enzymes, 

such as constitutive nitric oxide synthase (cNOS), phospholipase A2 (PLAs), and NADPH 

oxidase (NOX; Reinehr et al. 2007; Norenberg et al. 2009). There is growing evidence that 

NMDAr-mediated events also occur in teleosts exposed to ammonia. Inhibition of NMDAr with 

MK801 (dizocilpine) has been shown to prevent mortality in oriental weatherloach exposed to 

ammonium acetate (21 mmol Kg-1; Tsui et al. 2004). Additionally, pre-treatment with MK801 

significantly delayed unconsciousness in plainfin midshipman (Porichtys notatus) exposed to 

ammonium chloride (10 mM; Walsh et al. 2007). More recently, NMDAr inhibition with MK801 

has been shown to increase survivability in rainbow trout (Oncorynchus mykiss) during HEA 

exposure (Wilkie et al. 2011). The reversible potentiation of NMDAr currents has also been 

observed in isolated goldfish brain slices following acute exposure to ammonia (Wilkie et al. 

2011). These observations suggest that the oxidative stress observed in goldfish brain in this 
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study might partially be explained by NMDAr-mediated excitotoxicity, as for mammals. The 

exclusive localization of this neuroreceptor to neural tissue, at least in part, may also contribute 

to the greater sensitivity of the brain to HEA-induced oxidative damage compared to the liver in 

this study.  

While NMDAr inhibition with MK801 increased survival in rainbow trout (O. mykiss) 

exposed to HEA, it had no effect on survival in the ammonia-tolerant goldfish (Wilkie et al. 

2011) or mudskipper (B. boddarti; Ching et al. 2009), suggesting that additional mechanisms are 

involved in ammonia neurotoxicity and ROS production in these ammonia-tolerant fish. 

Moreover, exposure to ammonia can induce mild oxidative stress in fish gills, liver, and muscle, 

which do not contain NMDAr (Erdoğan et al. 2005; Ching et al. 2009; Hegazi et al. 2010; Sun et 

al. 2012; Sinha et al. 2014). As stated by Ching et al. (2009), increases in oxidative cellular 

damage by ammonia in liver suggests that NMDAr overactivation is not the only means of ROS 

production during acute hyperammonemia.  

ROS production in neural tissue during acute hyperammonemia may also be mediated 

downstream of glutamine synthesis. Much of the ammonia entering the goldfish brain during 

HEA exposure was converted to glutamine, via the ATP-dependent glutamine synthetase (GS)-

catalyzed addition of ammonia to glutamate, forming glutamine (Mommsen and Walsh 1992; 

Felipo and Butterworth 2002; Walsh et al. 2007). This enzymatic process has traditionally been 

viewed as the principle means of ammonia detoxification in the brain (Cooper and Plum 1987; 

Felipo and Butterworht 2002; Walsh et al. 2007). Some researchers, on the other hand, have 

challenged this beneficial view suggesting that intracellular glutamine accumulation along with 

inhibition of the astrocytic glutamine transporter (SN1), results in increased intracellular 

osmolarity leading to net water influx and cell swelling (Brusilow 2002; Walsh et al. 2007). 
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Indeed, a strong correlation between intracranial pressure and glutamine concentration was 

demonstrated in patients suffering from hyperammonemia (Tofteng et al. 2006).  

However, the observation in the present study that brain swelling was attenuated in cold-

acclimated goldfish, despite elevated brain glutamine concentrations argues against the 

hypothesis that glutamine accumulation is the proximate cause of brain swelling in the goldfish. 

In general agreement with our findings, pre-treatment of goldfish with methionine sulfoxamine 

(MSO) sufficient to decrease brain GS activity and intracellular glutamine concentrations, failed 

to attenuate ammonia-induced brain swelling in vivo (Wilkie et al. 2015). Moreover, several 

studies have reported that brain swelling was attenuated in hyperammonemic rats made mildly 

hypothermic (35°C), despite elevated brain glutamine concentrations (Cordoba et al. 1999; Rose 

et al. 2000; Jiang et al. 2009).    

While glutamine may not be acting as an osmolyte necessarily, several researchers have 

proposed that glutamine accumulation in the brain may be associated with oxidative and 

nitrosative stress (Kosenko et al. 2003; Albrecht and Norenberg 2006; Jayakumar et al. 2006b; 

Norenberg et al. 2007, 2009). In vitro mammalian studies suggest that newly synthesized 

glutamine is transported in excess into mitochondria, in which it is subsequently hydrolyzed back 

into ammonia via mitochondrial phosphate-activated glutaminases (PAG; Laake et al. 1999; 

Albrecht et al. 2000). Pathologically high levels of this glutamine-derived ammonia within the 

relatively small mitochondrial compartment may lead to the production of ROS directly or 

indirectly through the induction of the MPT, culminating in oxidative damage to mitochondrial 

components (for a review see Albrecht and Norenberg 2006). Given the role that ROS appear to 

play in  mediating the many downstream events in ammonia-induced brain swelling in mammals 

(for reviews see Albrecht and Norenberg 2006; Walsh et al. 2007; Norenberg et al. 2009), it 
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remains critical to better understand the role that glutamine plays in this process, and brain 

swelling, during exposure to ammonia.  

Cold Temperatures Attenuate Ammonia-Induced Neurotoxicity  

Further evidence that oxidative stress is implicated in the mechanisms of ammonia-

induced brain swelling is provided by the findings of the present study where cold-water 

acclimation (4°C) sufficient to prevent brain swelling, completely attenuates the increases in 

protein carbonyl content and lipid peroxidation observed in normothermic indivudals during 

exposure to high external ammonia. Moreover, the activity of primary antioxidant enzymes 

remained unaffected throughout HEA in the cold-acclimated (4°C) goldfish brain and liver, 

indicating that the lack of oxidative damage observed in these tissues was not due to an 

upregulation of antioxidant defenses. This is the first direct evidence indicating that temperature 

can have profound impacts on the pathophysiology of ammonia in teleosts. Similar findings have 

been reported in hyperammonemic rats resulting from hepatic devascularization, indicating that 

ROS production and brain swelling during acute hyperammonemia is temperature dependent 

(Rose et al. 2000; Zwingmann et al. 2004; Jiang et al. 2009).  

The paucity of free radical-mediated damage and brain swelling observed in ammonia-

exposed mammals made mildly hypothermic (35°C) was, at least in part, attributed to a lowering 

of brain ammonia concentrations (Rose et al. 2000; Jiang et al. 2009). However, acclimation of 

goldfish to cold water (4°C) did not attenuate increases in brain ammonia concentrations 

following 72 h HEA exposure. This indicates that the neuroprotective effect of cold temperatures 

in the present study is not mediated by an effect on blood and brain ammonia accumulation. This 

difference is likely due to differences in the chemical-physical state of astrocytic and neuronal 

membranes in cold-acclimated goldfish. Earlier studies have shown that following acclimation to 
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cold water (5°C), goldfish synaptosomal membranes demonstrate decreased viscosity as dictated 

by an increase in the degree of unsaturation of membrane phospholipids - a phenomenon known 

as homeoviscous adaptation (Cossins 1977; Cossins and Prosser 1978). Hence, astrocytic and 

neuronal membranes in cold-acclimated goldfish would exhibit relatively greater permeability, 

allowing rates of blood-brain diffusion of ammonia (and other solutes) to be maintained despite a 

significant reduction in core temperature, according to Fick’s law. Owing to their known 

susceptibility to oxidative attack (Sugihara et al. 1994), the greater abundance of membrane 

PUFAs would explain the greater baseline values of TBARS observed in cold-acclimated 

goldfish tissues relative to normothermic individuals.  

On the other hand, the present study suggests that the neuroprotective effect of cold 

temperatures is mediated by an effect on ammonia-, or possibly, glutamine-induced ROS 

production. Several possibilities exist that individually or collectively may explain the beneficial 

effect of cold-temperature acclimation on ammonia-induced oxidative stress in the goldfish 

brain. Some evidence exists that suggests NMDAr-mediated excitotoxicity is temperature 

dependent (for a review see Gonzalez Ibarra et al. 2011). Hypothermia has been shown to 

prevent the release of excitatory amino acids, including L-glutamate and aspartate in rats 

exposed to ischemia (Ooboshi et al. 2000) and acute hyperammonemia (Rose et al. 2000). 

Moreover, hypothermia has also been shown to reduce brain levels of glycine, a potent co-

agonist mediating NMDAr activation, thereby protecting the brain from NMDAr-mediated 

excitotoxicity during cerebral ischemia in mammals (Johnson and Ascher 1987; Baker et al. 

1991; Kvrivishvili 2002). Given the potential role of NMDArs in ammonia-induced ROS 

production (for reviews see Norenberg et al. 2007, 2009), some or all of the above could explain 

why a reduction in body temperature limited ammonia-induced oxidative stress in cold-
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acclimated goldfish in this study.  

Another mechanism by which cold acclimation may attenuate HEA-induced oxidative 

stress is through effects on metabolic activity. As body temperature decreases, changes in the 

physical chemistry of the cell causes a reduction in metabolic activity (Johnston and Dunn 1987). 

Acclimation of goldfish to temperatures below 10°C evokes a highly regulated reduction in 

metabolic rate, enzyme activity, and alterations in enzyme-substrate affinity relative to warm-

acclimated individuals (Kanungo and Prosser 1959; Johnson and Dunn 1987). Indeed, 

acetylcholinesterase activity was significantly reduced in cold-acclimated goldfish brains (Hazel 

1969; Johnston and Dunn 1987). More importantly, Jiang et al. (2009) noted significant 

reductions in the activities of inducible nitric oxide synthase (iNOS) and endothelial nitric oxide 

synthase (eNOS) by hypothermia in ammonia-exposed rat brain in vivo, thereby effectively 

decreasing rates of NO production in hypothermic mammalian brains relative to normothermic 

individuals.  

Upregulation of Antioxidant Defenses During Acute Hyperammonemia  

A change in the redox state of proteins and lipids in the cell can serve as an intracellular 

signal of oxidative stress, which can regulate the cellular response (Nguyen et al. 2009; 

Lushchak 2011). This phenomenon has been suggested for goldfish exposed to variations in 

oxygen availability, in which a transient increase in oxidative stress was suggested to trigger an 

increase in antioxidant potential characterized by the up-regulation of several antioxidant 

enzymes in goldfish tissues (Lushchak et al. 2001; Lushchak et al. 2006).  Redox-sensitive 

transcription factors such as AP-1, NF-κB, and Nrf2 can interact with the antioxidant response 

element (ARE) in cellular DNA and mediate the adaptive response by inducing the transcription 

of various cytoprotective genes such as, GSTA2 (glutathione-S-transferase A2) and NQO1 
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(NADPH:Quinone Oxidoreductase; Nguyen et al. 2009; Lushchak 2011). In addition to 

inducible gene expression, the ARE also plays a critical role in the regulation of basal expression 

of several genes involved in antioxidant defense in order to manage cellular redox homeostasis 

under non-stressed conditions. This study focused on one component of antioxidant defense – 

antioxidant enzymes. 

 Superoxide dismutase (SOD) catalyzes the conversion of highly toxic O2!
- to H2O2. The 

induction of SOD during HEA exposure is suggestive of an increase in O2!
-, at least in hepatic 

tissue. Given the importance that the liver plays in the systemic metabolism of potentially 

harmful substances including xenobiotics and ROS (Buhler and Rasmussen 1968; Remmer 

1970), it likely plays a key role in protecting the CNS from ammonia-induced ROS production. 

However, baseline levels of SOD were similar in liver and brain, suggesting that they have a 

similarly high basal capacity to scavenge O2!
-, as also observed by Lushchak et al. (2001) in the 

same species. The marked increase in SOD activity in the goldfish liver might partly explain the 

restoration of protein carbonyl content to control values by 72 h HEA. Similar elevations in 

hepatic SOD activity have been demonstrated in the liver of goldfish exposed to various metals 

(Vieira et al. 2002; Shi et al. 2005; Kubrak et al. 2010), color additives (Sun et al. 2006), 

herbicides (Fatima et al. 2007), aromatic amines (Liu et al. 2009), and 1 mmol L-1 NH4HCO3 

(Sinha et al. 2014). The minimal change in SOD activity in the brain during HEA exposure 

suggests that nervous tissue does not rely on SOD, however. Interestingly, Luschak et al. (2001) 

observed no increases in SOD activity in goldfish brain and liver during post-anoxia recovery, 

during which time there was ample evidence of ROS generation based on increases in conjugated 

dienes and the induction of other antioxidant enzymes in both tissues. The observed induction of 

SOD in the present study supports the premise that ammonia accumulation results in a level of 
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oxidative stress that is similar to that associated with post-anoxia exposure in this species 

(Lushchak et al. 2001). However, the less marked induction of SOD in the brain compared to the 

liver, also suggests that this organ has a lower reserve capacity to scavenge O2!
-, and apparently 

it is not the only mechanism to manage ammonia-induced ROS production in neural tissue.  

Catalase (CAT) is an important primary antioxidant that catalyzes the decomposition of 

H2O2 arising from the dismutation of O2!
- radicals. As commonly observed for other lower 

vertebrates (Hermes-Lima and Storey 1993; Perez-Campo et al. 1993; Hermes-Lima and Storey 

1996; Joanisse and Storey 1996), CAT activity in control goldfish was much higher in the liver 

(66 U mg protein-1) than in the brain (19 U mg protein-1), which likely renders the liver 

significantly more resistant to ammonia-induced H2O2 overproduction and peroxidative tissue 

injury. Surprisingly, despite very high constitutive expression compared to the brain, hepatic 

CAT activity doubled during exposure to HEA. Interestingly, CAT activities in the liver have 

also been shown to undergo significant activation from relatively high constitutive levels in 

goldfish exposed to anoxia/reoxygenation (Lushchak et al. 2001), hyperoxia (Lushchak et al. 

2006), naphthalene (Shi et al. 2005), glyphosate herbicide (Lushchak et al. 2009), and low 

concentrations of ammonia (Sinha et al. 2014). This observation, in conjunction with marked 

elevations in SOD activity, likely explains the restoration of protein carbonyl content in the liver 

after 72 h HEA. Unlike SOD, however, CAT activity in the brain was activated at earlier 

exposure periods and remained elevated throughout HEA, suggesting that H2O2 overproduction 

arising from O2!
- generation is a problem in the goldfish brain during acute hyperammonemia, at 

least at warmer temperatures. Similarly, CAT displayed a significant induction in the goldfish 

brain during exposure to stressors capable of inducing oxidative stress such as during post-

hyperoxic recovery and exposure to 2,4-dichlorophenoxyacetic acid (Lushchak et al. 2005; 
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Matviishyn et al. 2014).   

 Glutathione peroxidase (GPx) and glutathione reductase (GR) are important secondary 

antioxidants involved in various reactions of the glutathione-dependent cycle. GPx catalyzes the 

reduction of H2O2 and lipid peroxides arising from the earlier stages of lipid peroxidation in the 

cell, converting reduced glutathione (GSH) to its oxidized form (GSSG) in the process. Thus, a 

change in the activity of GPx may be an important indicator of the ability of an organism to 

manage oxidative stress. At first glance, the lack of GPx induction in the liver, and the minimal 

change in GPx activity in the brain during HEA exposure, might suggest goldfish have a 

relatively low capacity for managing fluctuations in H2O2 and LPO levels. However, while the 

specific activity of GPx decreases in the brain of most ammonia-sensitive mammals during acute 

hyperammonemia (Kosenko et al. 1997, 1998, 2003), goldfish maintain constitutive GPx activity 

in both organs throughout HEA. The maintenance of constitutive GPx activities in both the brain 

and liver, along with the transient increase in the brain at 24 h HEA, may limit oxidative stress in 

both organs to a manageable and physiologically tolerable level. This result may explain why 

lipid peroxidation did not increase in the brain during the first 24 h of HEA. Moreover, the 

maintenance of a high intracellular GSH pool via the glutathione reductase (GR)-dependent or 

independent recycling of intracellular GSSG may reduce the reliance on such flexibility (see 

below).  

GR catalyzes the reduction of glutathione disulfide (GSSG) to GSH, which maintains a 

strong reducing environment in the cell, thereby increasing its basal antioxidant scavenging 

capacity. Ammonia induced a significant increase in GR activity in both the goldfish liver and 

brain, suggesting that following exposure to acute hyperammonemia, hepatic and nervous tissue 

respond by increasing the rate of GSH regeneration, thereby rendering them relatively more 
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effective at managing ammonia-induced ROS production through GPx-catalzyed and 

spontaneous reduction of H2O2 and LPOs. However, GR activity in the goldfish brain was 

stimulated at an earlier exposure period (24 h) and did not recover during HEA, indicating that a 

significantly greater degree of ammonia-induced oxidative stress is occurring in neural tissue. 

This improved capacity for GSSG reduction in neural tissue likely explains why GPx activity in 

the goldfish brain increased, albeit transiently, while hepatic GPx remained largely unaffected. 

Nevertheless, as a limitation of this analysis we need to acknowledge that the concentration of 

cellular GSH was not measured. However, intracellular GSH concentrations in the goldfish brain 

and liver were maintained during exposure to anoxia/reoxygenation (Lushchak et al. 2001), 2,4-

dichlorophenoxyacetic acid (Matviishyn et al. 2014), and 1 mmol L-1 NH4HCO3 (Sinha et al. 

2014). Moreover, lipid peroxidation appears to be a more specific indicator of ROS-mediated 

cytotoxicity in fish than a change in cellular GSH concentration (Rau et al. 2004). Nevertheless, 

our results indicate that goldfish upregulate certain antioxidant enzymes during HEA exposure to 

manage increased rates of ROS production in both the brain and liver.   

 The goldfish liver was characterized by constitutively higher activities of GPx and GR, 

approximately 2– 4 times more than in the brain. Moreover, hepatic CAT activity was ∼3 times 

greater than in the brain. Similar findings have been observed for other lower vertebrates 

(Hermes-Lima and Storey, 1993; Perez-Campo et al. 1993; Hermes-Lima and Storey 1996; 

Joanisse and Storey 1996), effectively rendering the liver relatively more resistant to H2O2 

overproduction. The higher constitutive expression of antioxidant enzymes in the liver compared 

to the brain may be due to the fact that hepatic tissue is an important site of numerous oxidative 

reactions, which leads to high steady-state levels of ROS production (Lushchak 2011), arising 

from high rates of cytochrome P450 (CYPs) and peroxisomal enzymes (Goksøyr and Förlin 
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1992; Orbea et al. 1999; Schlezinger and Stegeman 2001; Orbea et al. 2002; Valko et al. 2007). 

It is also important to note that the liver is the most important site of ammoniogenesis in goldfish 

under normal physiological conditions (Van Waarde 1983). As a result, high constitutive 

antioxidant enzyme would also limit oxidative cellular damage by making it relatively less 

vulnerable to increases in ROS and the accumulation of oxidized proteins and lipids in the cell. 

This may explain the relatively greater susceptibility of nervous tissue and the higher resistance 

of hepatic tissue to ammonia-induced oxidative damage in the goldfish and perhaps other fish 

species.  

Collectively, these findings suggest that goldfish brains have a high capacity to withstand 

oxidative and nitrosative stress, and are more resilient to this homeostatic disturbance than 

mammalian brains. Few studies have addressed the antioxidant response to ammonia in the 

teleost brain. Unlike other studies on ammonia neurotoxicity, we observed the upregulation of 

several key antioxidant enzymes and the maintenance of most other enzymatic activities (CAT, 

GPx, and GR) in the ammonia- and anoxia-tolerant goldfish brain during exposure to high 

external ammonia. In ammonia-sensitive mammals, antioxidant defenses in the brain are 

overwhelmed by high rates of ROS production and become rapidly down-regulated following 

injection with high doses of ammonium salts (Kosenko et al. 1997; Kosenko et al. 1998; 

Kosenko et al. 1999). Similarly, in the brain of mudskipper (B. boddarti), significant decreases in 

the activity of certain antioxidant enzymes such as catalase and glutathione reductase were 

observed during HEA (Ching et al. 2009). Although the level of MDA and protein carbonyls in 

the goldfish brain were elevated at 72 h HEA, the upregulation of certain antioxidant enzymes 

(CAT, GPX, GR) and the maintenance of other enzymatic activities may have limited cellular 

oxidative damage and brain swelling to a level that is physiologically tolerable and reversible in 
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the goldfish brain. This adaptation has also been demonstrated in the brain of goldfish exposed to 

post-anoxic recovery, where rates of ROS production can be devastating (Lushchak et al. 2001; 

Bickler and Buck 2007). While the antioxidant response in the brain of most animals is modest 

(Friedman 2011), the adaptive response by antioxidant enzymes in the brain reported here may 

contribute to the extreme neural tolerance of ammonia and associated swelling in the goldfish 

(Wilkie et al. 2011, 2015).  
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CONCLUSIONS 

This study implicates oxidative stress in the mechanisms of ammonia-induced brain 

swelling in teleosts, in which blood ammonia concentrations can fluctuate markedly following 

feeding, exercise, and exposure to environmental ammonia (Wang et al. 1994a; Wicks and 

Randall 2002; Eddy 2005). The production of reactive oxygen species (ROS) and swelling in the 

goldfish (Carassius auratus) brain during acute exposure to high environmental ammonia (HEA) 

are temperature-dependent processes. Although oxidative cellular damage in the goldfish brain is 

still significant during HEA at warmer temperatures, the overall increase in neural antioxidant 

enzyme activity and the maintenance of other antioxidant enzyme activities may control the 

extent of oxidative damage and associated brain swelling to a level that is physiologically 

manageable and reversible for the organ (Wilkie et al. 2015). This adaptive response by 

antioxidants in the goldfish brain likely explains the extreme neural tolerance to ammonia and 

hypoxia in this species and the closely related curcian carp (Carassius carassius). With 

adaptations to limit oxidative damage and brain swelling, goldfish have the capacity to inhabit, 

exploit, and thrive in a wide range of niches that are often ice-covered, marginal, eutrophic, and 

unhabitable for potential competitors and predators. In mammals, however, neural antioxidant 

defenses are modest (Kosenko et al. 1997; Kosenko et al. 1998; Kosenko et al. 1999; Friedman 

2011), requiring precise control of internal ammonia concentrations through metabolically 

demanding pathways in order to prevent oxidative stress, brain swelling, and irreversible 

apoptotic/necrotic brain damage.  
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Chapter 3  

An Integrative Approach to Studying the Mechanisms of Ammonia-

Induced Neurotoxicity in Vertebrates  
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This study implicates oxidative stress in the mechanism of ammonia-induced brain 

swelling in fish, in which blood ammonia concentrations can fluctuate markedly following 

feeding, exercise, and exposure to environmental ammonia arising from anthropogenic inputs 

such as agricultural run-off, industrial waste, sewage effluent, or overcrowding in confined, 

aquaculture facilities (Wang et al. 1994a; Wicks and Randall 2002; Eddy 2005). This study 

shows that increases in internal ammonia lead to a temperature-dependent oxidative stress 

response, which was most pronounced in the brain. Unlike other studies on ammonia tolerance in 

fishes, the present study demonstrated a significant upregulation in the activity of key antioxidant 

enzymes in the goldfish brain. This high antioxidant capacity may be an adaptation underlying 

the extreme ammonia tolerance of the goldfish, thereby minimizing the extent of ROS-mediated 

damage occurring in the brain and liver during acute ammonia exposure. Indeed, the high 

antioxidant capacity in the goldfish, and the closely related crucian carp (Carassius carassius), is 

likely a key factor that protects these anoxia-tolerant fishes from oxidative damage following 

anoxia and reoxygenation, where rates of ROS production can be devastating (Lushchak et al. 

2001; Bickler and Buck 2007). While oxidative stress is still significant in the normothermic 

goldfish brain during HEA, the overall increase in neural antioxidant enzyme activity and the 

maintenance of most other antioxidant enzyme activities may control the extent of oxidative 

brain damage, and brain swelling, to a level that is physiologically manageable and reversible 

(Wilkie et al. 2015).  

Proposed Model of Ammonia-Induced Brain Swelling in Teleosts 

Ammonia has been shown to affect numerous metabolic pathways in mammals (for 

reviews see Norenberg et al. 2007, 2009). Here, I propose a contemporary model of brain 

swelling in teleosts, in which oxidative stress mediates the downstream events of ammonia-
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induced neurotoxicity leading to a disruption of cell volume homeostasis in astrocytes. A key 

event in this process is the overactivation of N-methyl-D-aspartate receptors (NMDArs; Fan and 

Szerb 1993; Hermengildo et al. 1996, 2000), located on the surface of neurons and astrocytes in 

the teleost brain. Direct inhibition of astrocytic Na+-glutamate co-transporters EAAT-1 and 

EAAT-2 by ammonia may cause an accumulation of excitatory L-glutamate in the synaptic cleft 

following its release from pre-synaptic neurons, resulting in the overstimulation of post-synaptic 

NMDA receptors (Knecht et al. 1997; Chan et al. 2000; Butterworth 2001; Walsh et al. 2007).  

Growing evidence indicates that NMDAr-mediated events occur in teleosts exposed to 

ammonia. Inhibition of NMDAr with MK801 (dizocilpine) prevented mortality in oriental 

weather loach (M. anguillicaudatus) exposed to ammonium acetate (Tsui et al. 2004). More 

recently, NMDAr inhibition with MK801 has been shown to attenuate brain swelling and 

increase survivability in rainbow trout during HEA exposure (Wilkie et al. 2011; unpublished 

observations P.Q.H. Pham-Ho, M.P. Wilkie). The reversible potentiation of NMDAr currents has 

also been demonstrated in isolated goldfish brain slices following acute exposure to ammonia 

(Wilkie et al. 2011).  

Overactivation of the NMDArs facilitates the entry of sodium (Na+) and large amounts of 

Ca2+ into post-synaptic neurons and associated astrocytes (Schliess et al. 2002; Walsh et al. 

2007). Increased intracellular Ca2+ concentrations can stimulate the production of reactive 

oxygen species (ROS) in both neurons and astrocytes through effects on superoxide (O2!
-) 

generating enzymes in the mitochondrial respiratory chain (Figure 1.3; Kowaltowski et al. 2001; 

Rama Rao et al. 2003, 2005). Ca2+ can also promote ROS generation by activating several 

cytosolic Ca2+-dependent enzymes, such as constitutive nitric oxide synthase (cNOS) and 

NADPH oxidase (NOX), liberating NO! and O2!
- respectively (Reinehr et al. 2007, 2009). ROS 
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and ammonia may also induce the mitochondrial permeability transition (MPT) in astrocytes, 

contributing to the deterioration of the mitochondrial membrane potential (ΔΨm), impaired 

oxidative phosphorylation, and the further production of ROS (for reviews see Kowaltowski et 

al. 2001; Rama Rao et al. 2003, 2005; Norenberg et al. 2009). Although studies in fish are few, 

the present study showed that a significant degree of oxidative cellular damage occurs in the 

goldfish brain during exposure to HEA. Moreover, HEA-induced oxidative stress has also been 

reported in the brain of mudskipper (B. boddarti; Ching et al. 2009).  

However, the precise mechanisms by which reactive oxygen species (ROS) cause 

swelling in the teleost brain still remain poorly understood. Several possibilities exist that 

individually or collectively may result in defective ionic and cell volume regulation in the teleost 

brain, and these should be the focus of future research in this field. Indeed, significant increases 

in intracellular osmolarity, particularly [Na+]intracellular, have been observed in goldfish brain 

following acute exposure to HEA (Phillip Q.H. Pham-Ho, unpublished observations). When 

overproduced, ROS can oxidize key lipids, proteins, and nucleic acids involved in maintaining 

ionic and osmotic gradients across membranes, leading to a loss of membrane integrity and 

astrocyte swelling (Figure 3.1).  

Ammonia-induced oxidative stress may bring about direct oxidative injury to 

mitochondrial and cellular membrane lipids, leading to permeabilization and altered 

bioenergetics, which is critical in the maintenance of ionic and cell volume homeostasis (Figure 

3.1). As already discussed, one major consequence of ROS production in cells is the induction of 

mitochondrial permeability transition (MPT; for reviews see Kowaltowski et al. 2001; Rama Rao 

et al. 2003, 2005; Norenberg et al. 2004, 2007, 2009). As a result, mitochondrial membrane 

potential diminishes causing impaired oxidative phosphorylation, ATP synthesis, and 
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Figure 3.1. Proposed model of ammonia-induced astrocyte swelling in teleost brains: role for 

reactive oxygen species (ROS). Ammonia overstimulates NMDAr leading to an influx of 

calcium (Ca2+) ions into astrocytes and neurons. Increased intracellular Ca2+ can stimulate ROS 

production through activation of Ca2+-dependent enzymes in the cytosol (not shown) and 

mitochondrial uncoupling. The ROS produced may mediate several downstream events leading 

to a disruption in ionic and osmotic gradients, and astrocyte swelling: (1) ROS can induce 

mitochondrial permeability transition (MPT), leading to bioenergetic failure and further ROS 

production, resulting in the failure of ion-motive pumps to maintain transmembrane ion 

gradients; (2) ROS may activate mitogen-activated protein kinases (MAPKs) that phosphorylate 

(activate) NKCC-1, leading to a rapid influx of Na+, K+, and Cl-  ions; (3) ROS may also directly 

oxidize and activate certain ion transport systems (i.e. NSCCs), further exacerbating the loss of 

ion homeostasis; (4) ROS may activate nuclear factor-kappaB (NF-κB), leading to the 

transcription and expression of various chemokines and cytokines, which mediate cell swelling; 

(5) ROS can also directly oxidize membrane lipids leading to increased permeabilization and 

loss of membrane stability; (6) Lastly, ROS may oxidize RNA involved in gene expression and 

the synthesis of proteins involved in ion homeostasis. Water follows the influx of ions through 

osmosis, culminating in unregulated astrocyte swelling. EAAT-1, excitatory amino acids 

transporter 1; NKCC-1, Na+-K+-2Cl- co-transporter 1; NSCC, non-selective cation channel; 

GLNase, glutaminase; SN1, Na+/glutamine co-transporter; NMDAr, N-methyl-D-aspartate 

receptor; ATP, adenosine triphosphate; GS, glutamine synthetase; NH4
+, ammonium; GlnT, 

neuronal glutamine transporter.  
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bioenergetic failure. Maintaining cell volume homeostasis is an energy-dependent process due to 

the operation of ion-motive pumps (ie. Na+/K+-ATPases), exchangers, and the extrusion of 

osmotically-active amino acids (Kimelberg et al. 1993; Kimelberg 1995; Kimelberg and Mongin 

1998). Researchers have shown that energy metabolism is closely related to cell volume 

regulation in mammalian astrocytes in vitro (Olson et al. 1986; Olson and Evers 1992). 

Therefore, a ROS-induced disturbance in bioenergetics, conceivably via the induction of the 

MPT, may contribute to a loss of ion homeostasis and cell swelling (Figure 3.1). 

While the failure of energy-dependent transporters to effectively extrude osmotically 

active solutes from the cytosol is a likely consequence of ammonia-induced ROS production, 

augmented ion influx may also be possible. ROS may participate in signaling cascades involved 

in regulating the activity of key ion transport systems required for cell volume homeostasis in 

astrocytes. For instance, one known consequence of oxidative stress is the activation of mitogen-

activated protein kinases (MAPKs; Guyton et al. 1996; Kyriakis and Ayruch 1996; Lo et al. 

1996; Aikawa et al. 1997; Suzuki et al. 1997; Czaja et al. 2003). These well-known 

serine/threonine kinases phosphorylate, and subsequently activate numerous enzymes, 

transcription factors, structural proteins, and other intracellular signaling proteins involved in 

regulating a number of cellular responses to extracellular stimuli (Remacle et al. 1995; Sen and 

Packer 1996; Suzuki et al. 1997; Czaja et al. 2003). Evidence suggests that these signaling 

proteins are also stimulated by cell stress, including free radicals (for reviews see Pearson et al. 

2001; English and Cobb 2002). The activation of MAPKs in ammonia-exposed mammalian 

astrocytes has also been demonstrated in vitro (Jayakumar et al. 2006a). Subsequent treatment 

with various antioxidants mitigated such activation in vitro, suggesting that oxidative stress was 

responsible for the observed MAPK phosphorylation (Jayakumar et al. 2006a). Moreover, pre-
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treatment with specific kinase inhibitors resulted in a marked reduction in astrocyte swelling 

following ammonia exposure, indicating that MAPK activation is a key step in the mechanism of 

ammonia-induced astrocyte swelling (Jayakumar et al. 2006a). MAPK activation 

(phosphorylation) has not yet been studied in ammonia-exposed teleost brains, but given the 

significant degree of oxidative stress observed in the goldfish brain in this study, it would be 

informative to study the MAPK response to ammonia in fish. While the mechanisms through 

which MAPK phosphorylation mediates ammonia-induced cell swelling are still not understood, 

the phosphorylation and activation of key proteins involved in ion transport is a likely 

possibility.  

 Na+-K+-2Cl- (NKCC) cotransporters are a key class of membrane transport proteins that 

actively transports Na+, K+, and Cl- into and out of a wide variety of cells, including astrocytes 

(Tas et al. 1986, 1987; Walz 1992; Haas 1994; Plotkin et al. 1997; Yan et al. 2001). Activation 

of astrocytic NKCC-1 has been implicated in brain swelling in a variety of neurological disorders 

(Chen and Sun 2005). Cultured rat astrocytes treated with ammonia (NH4Cl, 5 mM) demonstrate 

significantly greater NKCC-1 expression and activity, and inhibition of such activity with 

bumetanide effectively attenuated ammonia-induced astrocytic swelling (Jayakumar et al. 2008). 

Interestingly, Jayakumar et al. (2008) showed that such astrocytes demonstrated significant 

increases in the degree of oxidation/nitration of NKCC-1 and phosphorylated NKCC-1. 

Treatment with various antioxidants (dimethylthiourea, Mn(III) tetrakis (4-benzoic acid) 

porphyrin, CAT, α-tocopherol, tempol) decreased the phosphorylation and activity of NKCC-1, 

indicating that oxidative stress was responsible for phosphorylation and activation of this 

transporter in ammonia-exposed astrocytes, thereby providing a key link between oxidative 

stress, MAPK activation, and cell swelling in the mammalian brain during acute 
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hyperammonemia (Figure 3.1).  

Non-selective cation channels (NSCC) may represent another key target for ROS-

mediated disturbances in cell volume homeostasis. Although largely dormant in healthy cells, 

NSCCs may be activated under severe oxidative stress, facilitating large influxes of Na+ and Ca+ 

ions, followed by water and cell swelling (Barros et al. 2001; Simon et al. 2002). NSCCs are 

ubiquitous in mammals, yet most function in spontaneous membrane depolarization and neuronal 

firing by facilitating the entry of various types of cations into the cell (Kim et al. 2007; Blythe et 

al. 2009; Mrejuru et al. 2011). However, given the functional relationship between these 

transport systems and oxidative stress, it is likely that they also play a role in mediating 

ammonia-induced swelling in vertebrate brains (Figure 3.1).   

Interestingly, a well-known known consequence of oxidative stress and MAPK 

phosphorylation is the activation of the ubiquitous, rapid-response transcription factor, nuclear 

factor-kappaB (NF-κB; for a review see Norenberg et al. 2007). NF-κB regulates cellular 

immune and inflammatory responses by stimulating the expression of numerous chemokines, 

cytokines, cell adhesion molecules (CAMs), growth factors, and immunoreceptors (Baldwin 

1996; Ahn et al. 2007). Cultured astrocytes treated with ammonia (5 mM, NH4Cl) demonstrate a 

significant increase in NF-κB nuclear translocation (Sinke et al. 2008), while antioxidants (SOD, 

Vitamin E) and MAPK inhibitors all block such activation. Inhibition of NF-κB activation by 

treatment with NF-κB inhibitors (BAY11-7082 and SN-50) attenuated ammonia-induced 

astrocyte swelling in vitro (Sinke et al. 2008). Ammonia-induced brain swelling was also 

completely attenuated in transgenic mice lacking functional NF-κB in vivo (Jayakumar et al. 

2011), suggesting that NF-κB activation by ROS and/or MAPK is a critical factor in mediating 

ammonia-induced astrocyte swelling in mammals (Figure 3.1). While these studies implicate 
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NF-κB in cell swelling mechanisms in cultured astrocytes as a consequence of oxidative stress, 

the role of NF-κB in the brain edema associated with ammonia toxicity is not known. 

Although data sets are limited, recent evidence suggests that ammonia also induces a 

rapid oxidation of astrocytic and neuronal RNA in vitro and in vivo (Görg et al. 2008; 

Haussinger and Görg 2010). Although this is a more recently recognized consequence of 

ammonia toxicity in vertebrates, RNA oxidation may affect gene expression and the synthesis of 

signaling and transport proteins involved in maintaining ionic and osmotic homeostasis in 

astrocytes, further exacerbating astrocytic swelling during acute hyperammonemia. Interestingly, 

mRNA coding for EAAT-1 becomes oxidized during acute ammonia toxicity in vitro, 

contributing to the further aggrevation of glutamate excitotoxicity through the inhibition of 

glutamate synaptic uptake (Görg et al. 2008; Figure 3.1). Further research on the oxidation of 

nucleic acids during ammonia exposure could yield insights into alternative mechanisms of 

ammonia-induced brain swelling and may provide another link between ROS production and the 

mechanisms of cell swelling in vertebrates.  

 Numerous studies implicate the induction of oxidative stress as a critical signaling factor 

mediating many of the downstream events leading to cerebral/astrocytic swelling in vertebrates. 

In this model, events triggered by ROS represent the principal means through which ammonia 

causes a disruption in cell volume homeostasis, including activation/induction of the MPT, 

MAPKs, NF-κB, and various ion transport systems, culminating in bioenergetic failure and loss 

of ion homeostasis. Oxidation of astrocytic RNA has more recently emerged as a potential 

consequence of ammonia-induced oxidative stress and may also contribute to the swelling 

characteristics of astrocytes exposed to ammonia. 
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An Integrative Model of Ammonia-Induced Brain Swelling in Vertebrates  

The proposed signaling events through which ammonia-induced oxidative stress leads to 

astrocyte swelling in teleosts are illustrated in Figure 3.1. It is important to emphasize that while 

the discussion thus far has implied a linear process, complex interactions among reactive oxygen 

species (ROS) and their downstream targets exist. The MPT, MAPK, and NF-κB are all capable 

of generating additional ROS, resulting in a self-amplifying positive feedback loop and 

amplification of the oxidative stress originally induced by ammonia (not shown; Norenberg et al. 

2007).  

In this model, ammonium ions (NH4
+) overstimulate NMDArs leading to an influx of 

Ca2+ and Na+ ions into astrocytes and neurons. Increased intracellular Ca2+ can stimulate reactive 

oxygen species (ROS) production through activation of Ca2+-dependent enzymes in the cytosol, 

such as constitutive nitric oxide synthase (cNOS) and phospholipase A2 (PLA2), liberating NO 

and O2!
-, respectively. High intracellular Ca2+ triggers oxidative stress through mitochondrial 

Ca+ uncoupling and the induction of MPT.  

The ROS produced as a result of ammonia-induced excitotoxicity mediates several 

downstream events leading to a disruption in ionic and osmotic gradients, and astrocyte swelling. 

In addition to high intracellular Ca2+, high levels of ROS production can also induce 

mitochondrial permeability transition (MPT), leading to bioenergetic failure. As a result, ion-

motive pumps (ie. Na+/K+-ATPases) lose their ability to maintain transmembrane ion gradients, 

causing net membrane depolarization and increased intracellular osmolarity as Na+ ions move 

down their electrochemical gradient into the astrocyte. ROS also activate mitogen-activated 

protein kinases (MAPKs) that phosphorylate, and subsequently activate, NKCC-1 co-

transporters located along the astrocytic membrane. Such activation leads to an influx of Na+, K+, 
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and Cl-  ions into the astrocyte, increasing intracellular osmolarity further. Additionally, certain 

non-selective cation channels (NSCCs) present on the astrocytic membrane become activated by 

the high degree of oxidative stress, further exacerbating the loss of ion homeostasis and net 

increase in intracellular osmolarity.  

Although less understood, ROS appears to activate nuclear factor-kappaB (NF-κB), 

leading to the transcription and expression of various chemokines and cytokines mediating a 

variety of inflammatory responses and swelling in the astrocyte. ROS also directly oxidizes 

membrane lipids leading to increased permeabilization of organelle and plasma membranes, loss 

of astrocytic membrane integrity, and increased intracellular osmolarity as ions moved down 

their electrochemical gradients into the cytosol. Lastly, ROS may oxidize RNA involved in gene 

expression and the synthesis of transport and signaling proteins involved in maintaining ion 

homeostasis in the astrocyte. Oxidation of these RNA transcripts can cause altered expression of 

certain transporters and signaling molecules, causing osmotic and ionic gradients across 

astrocytic membranes to be altered, further exacerbating the increase in intracellular osmolarity 

duing ammonia-induced oxidative stress in the vertebrate brain. Consequently, the increase in 

intracellular osmolarity following the loss of astrocytic membrane integrity causes increased 

osmotic forces leading to astrocyte swelling. 

An Integrative Perspective of Ammonia Toxicity, Encephalopathy, and Tolerance 

a. Clinical Implications and Perspectives 
 

Brain swelling is a characteristic feature of several hyperammonemic syndromes in 

humans, such as acute liver failure (ALF), fulminant hepatic failure, Reye’s syndrome, and 

congenital urea cycle pathologies (Felipo and Butterworth 2002). The brain swelling observed in 

patients presenting with various liver insufficiencies is referred to clinically as hepatic 
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encephalopathy (HE; Blei and Cordoba 2001). Such brain swelling is accompanied by increases 

in intracranial pressure, brain herniation, and is the most frequent cause of death in patients 

exhibiting HE (Felipo and Butterworth 2002; Norenberg et al. 2007). Currently, the only 

effective treatment for the brain swelling associated with HE is an emergency liver 

transplantation (Hoofnagle et al. 1995; Norenberg et al. 2007).  

While the molecular basis for ammonia-induced brain swelling remains elusive, a better 

understanding has emerged from a multitude of mammalian studies. The majority of current 

research directed to finding therapeutic options for HE has focused on identifying the detailed, 

molecular mechanisms underlying the pathogenesis of ammonia toxicity in the mammalian brain 

(for reviews see Norenberg et al. 2007, 2009). However, complex interactive pathways exist and 

identifying the best target for therapy can be very difficult. Alternatively, unraveling the adaptive 

responses of neurons and astrocytes to ammonia in ammonia-tolerant vertebrates may be a very 

valuable tool in the pursuit of new, neuroprotective strategies (Bickler 2004). While it may be 

difficult to directly translate results from the comparative physiology laboratory to the clinic, 

advancements in our understanding of how cells adapt to stressors will provide insights that may 

eventually lead to treatments.  

Examples of such translation to clinical medicine include the alpha-stat hypothesis of pH 

balance during cardiopulmonary bypass and the use of therapeutic hypothermia (TH) in cardiac 

surgery, trauma, neurological disorders, and cancer (Bigelow et al. 1950; Reeves 1972; Bickler 

2004). According to the alpha-stat hypothesis, intracellular pH changes with temperature, such 

that it remains at or near the pH of neutrality (Reeves 1972). This is achieved by appropriate 

temperature-induced changes in the pK of the imidazole group of histidine residues of 

intracellular proteins. The idea that the degree of dissociation (termed ‘alpha’) of imidazole 
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remains constant, despite changes in temperature is known as the alpha-stat hypothesis. 

Conventionally, the pH-stat hypothesis argues that intracellular pH should be kept constant 

despite changes in body temperature. However, the alpha-stat hypothesis corrects for the patients 

actual body temperature, thereby maintaining the net charge on intracellular proteins and protein 

function despite significant changes in body temperature. This has significant implications for 

clinical practice  (e.g. management of hypothermia (20°C) during cardiopulmonary bypass).  

Along with its known anoxia-tolerance, the present study showed that goldfish 

(Carassius auratus) exhibit a significantly high neural tolerance to ammonia, withstanding brain 

TAmm concentrations of ∼ 6-7 mmol Kg-1 WM (Figure 2.2; Wilkie et al. 2011). These 

concentrations of brain TAmm greatly exceed those known to cause morbidity and death in 

mammals (Felipo and Butterworth 2002), suggesting that goldfish neurons and/or glial cells have 

evolved mechanism(s) of limiting ammonia-induced toxicity to the CNS. Therefore, unraveling 

the adaptive response of the goldfish to ammonia-induced neurotoxicity may prove extremely 

useful in the development of new, neuroprotective strategies to HE and related neurological 

disorders in the biomedical field.   

Collectively, the findings of the present study suggest that goldfish brains have a high 

capacity to undergo oxidative stress, and are more resilient to this homeostatic disturbance than 

mammalian brains. Unlike other studies on ammonia neurotoxicity, we observed the 

upregulation of several key antioxidant enzymes and the maintenance of other enzymatic 

activities in the goldfish brain during acute hyperammonemia. In ammonia-sensitive mammals, 

antioxidant defenses in the brain are modest and become rapidly down-regulated following 

exposure to ammonium salts (Kosenko et al. 1997; Kosenko et al. 1998; Kosenko et al. 1999). 

Although oxidative stress and swelling in the goldfish brain were still significant, the relative 
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increase in antioxidant capacity observed here likely limited cellular oxidative damage and 

swelling to a level that is physiologically tolerable and reversible for the goldfish brain (Wilkie 

et al. 2015). This adaptation has also been demonstrated in the brain of goldfish exposed to post-

anoxic recovery, where rates of ROS production can be devastating (Lushchak et al. 2001; 

Bickler and Buck 2007).  

Consequently, antioxidant therapy may prove to be an important neuroprotective strategy 

against ammonia-induced brain swelling in humans. Currently, one antioxidant demonstrating 

success in clinical trials for stroke therapy is Ebselen (Minnerup et al. 2012). Ebselen, an 

organoselenium compound, mimicks glutathione peroxidase (GPx) activity and protects cellular 

components from ROS-mediated damage (Azad and Tomar 2014). Studies have demonstrated a 

decrease in the extent of infarction, delayed neuronal death, and diminished oxidative cellular 

damage following focal brain ischemia in rat brains (He et al. 2007). Ebselen has already 

demonstrated beneficial outcomes in initial clinical stroke trials (Minnerup et al. 2012). Given 

the role of antioxidant enzymes in controlling post-anoxic and ammonia-induced oxidative stress 

in the goldfish, health care professionals should consider Ebselen as a promising neuroprotective 

agent for clinical trials against ammonia-induced brain swelling in the biomedical field. This 

drug could also be a very useful tool to further dissect the neurophysiological responses of not 

only the goldfish, but also other more sensitive fish species, to environmental stressors capable 

of inducing ROS such as hyperammonemia, anoxia/hypoxia, and thermal shock.  

Therapeutic hypothermia (TH) is currently one of the most important methods of 

neuroprotection in the biomedical field (Gonzalez-Ibarra et al. 2011). TH has been demonstrated 

to be a strong neuroprotective measure against traumatic brain injury (TBI), cardiopulmonary 

resuscitation, stroke, and various other neurological disorders in mammals (Busto et al. 1987; 
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Busto et al. 1989; Meden et al. 1994; Kammersgaard et al. 2002; for review see Polderman 2004; 

Gonzalez-Ibarra et al. 2011). The results of the present study demonstrates the overproduction of 

ROS and brain swelling in teleosts acutely exposed to HEA, and that this response was 

temperature-dependent. Indeed, hypothermia has also been shown to diminish brain swelling and 

oxidative stress in mammalian models of ALF (Rose et al. 2000; Zwingmann et al. 2004; Jiang et 

al. 2009). If as the limited dataset above suggests, ROS production and brain swelling following 

acute hyperamonemia are temperature-dependent processes, then it is likely that TH may be an 

effective neuroprotective strategy against HE and related neurological disorders in humans. 

Some evidence to date in fact suggests the use of TH in clinical trials against ammonia-induced 

brain edema in ALF patients (Stravitz et al. 2008). The present findings may help to further 

explain why TH is effective in managing encephalopathy in mammals. 

b. Ecological Implications and Perspectives  

Hyperammonemia can be a daily challenge to aquatic life. Low millimolar (mmol L-1) 

concentrations of ammonia may enter aquatic ecosystems routinely due to anthropogenic inputs, 

including agricultural run-off, industrial effluent, spills, and decomposition of biological waste 

(Randall and Tsui 2002). Furthermore, the deamination of amino acids following feeding, 

vigorous swimming, and prolonged periods of starvation can cause endogenous ammonia to 

accumulate to toxic levels in the blood and tissues of fish (Mommsen and Walsh 1992; Wang et 

al. 1994a; Wood 2001; Wicks and Randall 2002; Ortega et al. 2005; Randall and Tsui 2002). The 

effect of environmental ammonia in fish can be devastating, causing ammonia excretion (JAmm) 

via the gills to be inhibited leading to both the accumulation of endogenous ammonia and uptake 

of exogenous ammonia. Although fish are more tolerant to ammonia than mammals, their 

relative resistance to ammonia’s toxic effects varies considerably among different fish species 
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(Ip et al. 2001; Randall and Tsui 2002; Eddy 2005; Sinha et al. 2014).  

Certain aquatic vertebrates are capable of enzymatically-converting ammonia to less 

noxious compounds such as urea, glutamine, and other free amino acids. However, only a few 

teleosts are ureotelic (e.g., O. beta; Mugilogobius abei; Alcolapia grahami), excreting significant 

amounts of accumulated ammonia to urea during exposure to HEA (Randall et al. 1989; Wood et 

al. 1989; Walsh et al. 1990; Wood et al. 1994; Iwata et al. 2000; Barimo and Walsh 2006). 

Earlier studies demonstrate the absence of urea in the blood and brain of ammonia-exposed 

goldfish (Wilkie et al. 2011). Nor do they express the OUC enzymes required for ureogenesis, 

indicating that urea synthesis does not play a role in ammonia detoxification in this species 

(Felskie et al. 1998). For teleosts, the synthesis of one mol of urea requires the hydrolysis of 5 

mol of ATP (Ip and Chew 2010). Owing to this high energetic cost, there would likely have been 

little selective pressure to adopt ureogenesis as a single major strategy against ammonia toxicity 

in most fish species (Ip and Chew 2010). As expected, exposure of goldfish to HEA resulted in 

pronounced 5–6 fold increases in brain glutamine concentrations (Figure 2.3). However, the role 

of glutamine synthesis in ammonia detoxification is currently under debate, and may in fact 

exacerbate ammonia toxicity (for a review see Albrecht and Norenberg 2006).  

Moreover, many ammonotelic, tropical fishes are capable of volatilizing significant 

amounts of ammonia during aerial exposure (Rozemeijer and Plaut 1993; Frick and Wright 

2002; Tsui et al. 2002), limiting further ammonia accumulation in body tissues. Mudskippers 

(Periophthalmodon schlosseri, Boleophthalmus boddaerti) and other tropical air-breathing fishes 

also prevent the accumulation of endogenous ammonia by reducing the rates of protein and 

amino acid catabolism (Ip et al. 2001; Lim et al. 2001; Ip and Chew 2010). Additionally, certain 

teleosts are capable of augmenting rates of ammonia excretion by upregulating Na+/NH4
+ 
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exchange complexes via Rh glycoproteins located along the gill epithelium (Wright and Wood 

2009).  

The extremely anoxia- and ammonia-tolerant goldfish (Carassius auratus), on the other 

hand, has evolved strategies for dealing with ammonia tolerance at the cellular/subcellular level. 

Rather than preventing ammonia accumulation in the brain, the goldfish exhibits a high neural 

tolerance of ammonia (Figure 2.2; Wilkie et al. 2011). One strategy for managing ammonia-

induced toxicity to the goldfish brain is a relative resistance to NMDAr-mediated excitotoxicity. 

Wilkie et al. (2011) showed that goldfish survival time was largely unaffected by the NMDAr 

antagonist, MK801, during HEA exposure. Moreover, NMDAr NR1 subunit abundance was 

significantly reduced in ammonia-exposed goldfish brain, suggesting that goldfish minimize the 

toxic effects of ammonia on the brain by downregulation of NMDAr and avoidance of glutamate 

excitotoxicity (Wilkie et al. 2011). However, exposure of isolated brain slices of goldfish 

telencephelon to ammonia reversibly potentiated NMDAr currents, indicating that the goldfish 

brain may not be completely resistant to NMDAr-mediated excitotoxicity during HEA exposure 

(Wilkie et al. 2011).  

One major consequence of NMDAr overactivation is the induction of oxidative stress 

(Norenberg et al. 2007, 2009). The present study showed that a significant degree of oxidative 

cellular damage to proteins and lipids occurs in the goldfish brain during HEA exposure. 

However, the present study demonstrates a significant upregulation in the activity of key 

antioxidant enzymes in the goldfish brain and the maintenance of other antioxidant enzyme 

activities during exposure to HEA. Although oxidative stress and swelling in the goldfish brain is 

still significant, the relative increase in antioxidant capacity in the goldfish brain may have 

limited cellular oxidative damage and swelling to a level that is physiologically tolerable and 
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reversible for the goldfish brain. This adaptation has also been demonstrated in the brain of 

goldfish exposed to post-anoxic recovery, where rates of ROS production can be devastating 

(Lushchak et al. 2001; Bickler and Buck 2007).  

Permitting a manageable degree of oxidative stress and brain swelling may be an 

adaptive response to transient fluctuations in internal ammonia arising from environmental 

and/or endogenous sources. Unlike in mammals, teleost brains occupy only a small portion of the 

cranium (Cserr and Bundgaard 1984), with the majority of the cranial cavity being filled with 

perimeningeal fluid (PMF) and adipose tissue (Wang et al. 1995; Kotrschal et al. 1998). 

Therefore, brain swelling in teleosts may occur with little risk of herniation and associated brain 

damage, as demonstrated by the rapid and complete recovery of crucian carp (Carassius 

carassius) and goldfish from acute hyperammonemia (Wilkie et al. 2015). The upregulation of 

antioxidant defenses in these fishes likely limits oxidative stress, preventing irreversible 

necrotic/apoptotic cell death, and thereby allowing reversible, physiological increases in brain 

water content and volume (Wilkie et al. 2015). This adaptive response by antioxidants in the 

goldfish brain likely minimized the selective pressure to use ATP-demanding pathways such as 

the OUC to detoxify ammonia. With adaptations to minimize oxidative damage, goldfish and 

crucian carp would have the capacity to inhabit, exploit, and thrive in a wide range of niches that 

are often ice-covered, marginal, eutrophic, and which are unhabitable for potential competitors 

and predators.  

Future Directions 

The present study demonstrated the temperature-sensitive induction of oxidative stress in 

the goldfish brain and liver during exposure to HEA. However, the downstream events by which 

ammonia-induced oxidative stress leads to a disruption in ionic and cell volume homeostasis 
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(described above) have only been described for mammals. These targets (namely, NKCC-1 co-

transporters, NSCCs, MPT, NF-κB, and RNA) provide a powerful link between the oxidative 

stress and brain swelling observed in this study and, therefore, should form the basis of future 

research on ammonia tolerance and brain swelling in teleosts. Of particular interest are the 

mitochondrial responses to acute ammonia toxicity in teleosts, specifically the induction of the 

MPT. The MPT has been strongly implicated in the production of ROS, as well as mediating 

ROS-induced cell swelling in numerous in vitro and in vivo mammalian studies (for reviews see 

Kowaltowski et al. 2001; Rama Rao et al. 2003, 2005; Norenberg et al. 2004). Understanding the 

downstream events following the ammonia-induced production of ROS in the anoxia- and 

ammonia-tolerant goldfish brain could provide further insights into the fundamental mechanisms 

of ammonia tolerance and brain swelling in aquatic vertebrates. Additionally, while numerous 

studies exist on the acute and chronic effects of ammonia toxicity in various fish species (for 

reviews see Arillo et al. 1981; Walsh et al. 2007; Ip and Chew 2010), very little is known about 

the potential for behavioural responses to ammonia toxicity in fish. Given the particular 

sensitivity of neural tissue to ammonia’s toxic effects and the role of the CNS in regulating 

behaviour, significant behavioural deficits could occur in teleosts exposed to ammonia or 

anoxia/hypoxia. Indeed, the behavioural deficits observed in patients with hepatic 

encephalopathy (HE) are characteristic and have been extensively documented (Blei and 

Cordoba 2001).    



 

	
  

92 

REFERENCES 

1. Ahn KS, Sethi G, Aggarwal BB. Nuclear factor-kappa B: from clone to clinic. Curr 

Molec Med 7: 619–637, 2007.  

2. Aikawa R, Komuro I, Yamazaki T, Zou Y, Kudoh S, Tanak M, Shiojima I, Hiro Y, 

Yazaki Y. Oxidative stress activates extracellular signal-regulated kinases through Src 

and Ras in cultured cardiac myocytes of neonatal rats. J Clin Invest 100: 1813-1821, 

1997. 

3. Albrecht J, Dolinska M, Hilgier W, Lipkowski AW, Nowacki J. Modulation of 

glutamine uptake and phosphate-activated glutaminase activity in rat brain mitochondria 

by amino acids and their synthetic analogues. Neurochem Int 36: 341-347, 2000.  

4. Albrecht J, Norenberg MD. Glutamine: a Trojan horse in ammonia neurotoxicity. 

Hepatol 44: 788-794, 2006.    

5. Arillo A, Margiocco C, Melodia F, Mesi P, Schenone G. Ammonia toxicity mechanism 

in fish: studies on rainbow trout (Salmo gairdneri Rich.). Ecotoxicol Environ Saf 5: 316-

328, 1981.  

6. Azad GK, Tomar RS. Ebselen, a promising antioxidant drug: mechanisms of action and 

targets of biological pathways. Mol Biol Rep 41: 4865-4875, 2014. 

7. Bai G, Rama Rao KV, Murthy ChRK, Panickar KS, Jayakumar AR, Norenberg 

MD. Ammonia induces the mitochondrial permeability transition in primary cultures of 

rat astrocytes. J Neurosci Res 66: 981-991, 2001.   

8. Baker AJ, Zornow MH, Grafe MR, Scheller MS, Skilling SR, Smullin DH, Larson 

AA. Hypothermia prevents ischemia-induced increases in hippocampal glycine 

concentrations in rabbits. Stroke 22: 666-673, 1991.  



 

	
  

93 

9. Baldwin AS. The NF-kappa B and I kappa B proteins: new discoveries and insights. 

Annu Rev Immunol 14: 649-683, 1996.  

10. Barimo JF, Walsh PJ. Use of urea as a chemosensory cloaking molecule by a bony fish. 

J Exp Biol 209: 4254-4261, 2006.  

11. Barros LF, Stutzin A, Calixto A, Catalan M, Castro J, Hetz C, Hermosilla T. 

Nonselective cation channels as effectors of free radical-induced rat liver cell necrosis. 

Hepatol 33: 114-122, 2001.  

12. Basha PS, Rani AU. Cadmium-induced antioxidant defense mechanism in freshwater 

teleost Oreochromis mossambicus (Tilapia). Ecotox Environ Saf 56: 218-221, 2003.  

13. Bayir H, Adelson PD, Wisniewski SR, Shore P, Lai Y, Brown D, Janesko-Feldman 

KL, Kagan VE, Kochanek PM. Therapeutic hypothermia preserves antioxidant 

defenses after severe traumatic brain injury in infants and children. Crit Care Med 37: 

689-695, 2009.  

14. Bickler PE. Clinical perspectives: neuroprotection lessons from hypoxia-tolerant 

organisms. J Exp Biol 207: 3243-3249, 2004.  

15. Bickler PE, Buck LT. Hypoxia tolerance in reptiles, amphibians, and fishes: Life with 

variable oxygen availability. Ann Rev Phys 69: 145-170, 2007.  

16. Bigelow WG, Calleghan JC, Hopps JA. General hypothermia for experimental intra-

cardiac surgery. Ann Surg 132: 531-539, 1950.  

17. Blei AT, Cordoba J. Hepatic Encephalopathy. Am J Gastroenterol 96: 1968-1976, 2001.   

18. Blythe SN, Wokosin D, Atherton JF, Bevan MD. Cellular mechanisms underlying 

burst firing in substantia nigra dopamine neurons. J Neurosci 29: 15531-15541, 2009.  

19. Bradford MM. A Rapid and Sensitive Method for the Quantitation of Microgram 



 

	
  

94 

Quantities of Protein Utilizing the Principle of Protein-Dye Binding. Anal Biochem 72: 

248-254, 1976. 

20. Brusilow SW. Hyperammonemic encephalopathy. Medicine 81:240-249, 2002.  

21. Buhler DR, Rasmussen ME. The oxidation of drugs by fishes. Comp Biochem Phsyiol 

25: 223-239, 1968.  

22. Busto R, Dietrich WD, Globus MY, Ginsberg MD. Postischemic moderate 

hypothermia inhibits CA1 hippocampal ischemic neuronal injury. Neurosci Lett 101: 

299-304, 1989. 

23. Busto R, Dietrich WD, Globus MY, Valdes I, Scheinberg P, Ginsberg MD. Small 

differences in intraischemic brain temperature critically determine the extent of ischemic 

neuronal injury. J Cereb Blood Flow Metab 7: 729-738, 1987.  

24. Butterworth RF. Glutamate transporter and receptor function in disorders of ammonia 

metabolism. Ment Retard Dev D R 7: 276-279, 2001.  

25. Cameron JN, Heisler N. Studies of ammonia in the rainbow trout – physiochemical 

parameters, acid-base behavior and respiratory clearance. J Exp Biol 105: 107-125, 1983.  

26. Chan H, Hazell AS, Desjardins P, Butterworth RF. Effects of ammonia on glutamate 

transporter (GLAST) protein and mRNA in cultured rat cortical astrocytes. Neurochem 

Int 37: 243-248, 2000. 

27. Chan PH, Longar S, Chen S, Yu AC, Hillered L, Chu L, Imaizumi S, Pereira B, 

Moore K, Woolworth V, Fishman RA. The role of arachidonic acid and oxygen radical 

metabolites in the pathogenesis of vasogenic brain edema and astrocytic swelling. Ann N 

Y Acad Sci 559: 237-247, 1989.  

28. Chan PH, Yurko M, Fishman RA. Phospholipid degradation and cellular edema 



 

	
  

95 

induced by free radicals in brain cortical slices. J Neurochem 38: 525-531, 1982.  

29. Chen CT, Green JT, Orr SK, Bazinet RP. Regulation of brain polyunsaturated fatty 

acid uptake and turnover. Prostaglandins Leukot Essent Fatty Acids 79: 85-91, 2008.  

30. Chen H, Sun D. The role of Na-K-Cl co-transporter in cerebral ischemia. Neurol Res 27: 

280-286, 2005.  

31. Ching B, Chew SF, Wong WP, Ip YK. Environmental ammonia exposure induces 

oxidative stress in gills and brain of Boleophthalmus boddarti (mudskipper). Aquat 

Toxicol 95: 203-212, 2009. 

32. Cooper AJL, Plum F. Biochemistry and physiology of brain ammonia. Physiol Rev 67: 

440-519, 1987.  

33. Cordoba J, Crespin J, Gottstein J, Blei AT. Mild hypothermia modifies ammonia-

induced brain edema in rats after portacaval anastomosis. Gastroenterol 116: 686-693, 

1999.  

34. Cossins AR. Adaptation of biological membranes to temperature. The effect of 

temperature acclimation of goldfish upon the viscosity of synaptosomal membranes. 

Biochim Biophys Acta 470: 395-411, 1977.  

35. Cossins AR, Prosser CL. Evolutionary adaptation of membranes to temperature. Proc 

Natl Acad Sci U S A 75: 2040-2043, 1978.  

36. Crompton M. The mitochondrial permeability pore and its role in cell death. Biochem J 

341: 233-249, 1999.   

37. Cserr HF, Bundgaard M. Blood-brain interfaces in vertebrates – a comparative 

approach. Am J Physiol 246: R277-R288, 1984.  

38. Czaja MJ, Liu H, Wang Y. Oxidant-induced hepatocyte injury from menadione is 



 

	
  

96 

regulated by ERK and AP-1 signaling. Hepatology 37: 1405-1413, 2003. 

39. Dalle-Donne I, Rossi R, Giustarini D, Milzani A, Colombo R. Protein carbonyl groups 

as biomarkers of oxidative stress. Clinica Chimica Acta 329: 23-38, 2003.  

40. Davenport J, Sayer MDJ. Ammonia and urea excretion in the amphibious teleost 

Blennius pholis (L.) in sea-water and in air. Comp Biochem Physiol 84: A189-A194, 

1986.  

41. Dorval J, Hontela A. Role of glutathione redox cycle and catalase against oxidative 

stress induced by endosulfan in adrenocortical cells of rainbow trout (Oncorynchus 

mykiss). Toxicol Appl Pharmacol 192: 191-200, 2003.  

42. Dosdat A, Person J, Coves D, Dutto G, Gasset E, Le Roux A, Lemarie G. Effect of 

chronic exposure to ammonia on growth, food utilisation and metabolism of the 

European sea bass (Dicentrarchus labrax). Aquat Living Resour 16: 509-520, 2003.  

43. Eddy FB. Ammonia in estuaries and effects on fish. J Fish Biol 67: 1495-1513, 2005. 

44. English JM, Cobb MH. Pharmacological inhibitors of MAPK pathways. Trends 

Pharmacol Sci 23: 40-45, 2002. 

45. Erdoğan O, Hisar O, Köroğlu G, Ciltas A. Sublethal ammonia and urea concentrations 

inhibit rainbow trout (Oncorhynchus mykiss) erythrocyte glucose-6-phosphate 

dehydrogenase. Comp Biochem Physiol Toxicol Pharmacol 141: C145-C150, 2005.  

46. Eyckmans M, Celis N, Horemans N, Blust R, De Boeck G. Exposure to waterborne 

copper reveals differences in oxidative stress response in three freshwater fish species. 

Aquat Toxicol 103: 112-120, 2011.  

47. Fan P, Szerb JC. Effects of ammonium ions on synaptic transmission and on responses 

to quisqualate and N-methyl-D-aspartate in hippocampal CA1 pyramidal neurons in 



 

	
  

97 

vitro. Brain Res 632: 225-231, 1993.  

48. Fatima M, Mandiki SNM, Douxfils J, Silvestre F, Coppe P, Kestemont P. Combined 

effects of herbicides on biomarkers reflecting immune-endocrine interactions in goldfish: 

Immune and antioxidant effects. Aquat Toxicol 81: 159-167, 2007. 

49. Felipo V, Butterworth RF. Neurobiology of Ammonia. Progress in Neurobiol. 67: 259-

79, 2002. 

50. Felskie AK, Anderson PM, Wright PA. Expression and activity of carbamoyl 

phosphate synthetase III and ornithine urea cycle enzymes in various tissues of four fish 

species. Comp Biochem Physiol 119B: 355-364, 1998.  

51. Frick NT, Wright PA. Nitrogen metabolism and excretion in the mangrove killifish 

Rivulus marmoratus. II. Significant ammonia volatilization in a teleost during air-

exposure. J Exp Biol 205: 91-100, 2002.  

52. Friedman J. Why is the nervous system vulnerable to oxidative stress? In: Oxidative 

Stress and Free Radical Damage in Neurology, edited by Gadoth N, Göbel HH. New 

York, NY: Humana, 2011.  

53. Foss A, Siikavuopio SI, Saether B, Evenson TH. Effect of chronic ammonia exposure 

on growth in juvenile Atlantic cod. Aquaculture 237: 179-189, 2004.  

54. Globus MY, Alonso O, Dietrich WD, Busto R, Ginsberg MD. Glutamate release and 

free radical production following brain injury: effects of posttraumatic hypothermia. J 

Neurochem 65: 1704-1711, 1995a.  

55. Globus MY, Busto R, Lin B, Schnippering H, Ginsberg MD. Detection of free radical 

activity during transient global ischemia and recirculation: effects of intra-ischemic brain 

temperature modulation. J Neurochem 65: 1250-1256, 1995b.  



 

	
  

98 

56. Goksøyr A, Förlin L. The Cytochrome P450 System in Fish, Aquatic Toxicology and 

Environmental Monitoring. Aquat Toxicol 22: 287-312, 1992.   

57. Gonzalez-Ibarra FP, Varon J, Lopez-Meza EG. Therapeutic hypothermia: critical 

review of the molecular mechanisms of action. Front Neurol 2: 4, 2011.  

58. Görg B, Qvartskhava N, Keitel V, Bidmon HJ, Selbach O, Schliess F, Haussinger D. 

Ammonia induces RNA oxidation in cultured astrocytes and brain in vivo. Hepatol 48: 

567-579, 2008.  

59. Guerriero G, Di Finizio A, Ciarcia G. Stress-induced changes of plasma antioxidants in 

aquacultured sea bass, Dicentrarchus labrax. Comp Biochem Physiol Mol Integr Physiol 

135: A205-A211, 2002.  

60. Guyton KZ, Liu Y, Gorospe M, Xu Q, Holbrook NJ. Activation of mitogen-activated 

protein kinase by H2O2. Role in cell survival following oxidant injury. J Biol Chem 271: 

4138-4142, 1996. 

61. Haas M. The Na-K-Cl cotransporters. Am J Physiol 267:C869-885, 1994.  

62. Hagerdal M, Harp J, Nilsson L, Siesjo BK. The effect of induced hypothermia upon 

oxygen consumption in the rat brain. J Neurochem 24: 311-316, 1975.  

63. Halliwell B, Chirico S. Lipid peroxidation: its mechanism, measurement, and 

significance. Am J Clin Nutr 57: S715-S725, 1993.  

64. Haussinger D, Görg B. Interaction of oxidative stress, astrocyte swelling and cerebral 

ammonia toxicity. Curr Opin Clin Nutr Metab Care 13: 87-92, 2010.  

65. Hazel JR. The effect of thermal application on upon brain cholinesterase activity of 

Carassius auratus and Fundulus heteroclitus. Life Sci 8: 775-784, 1969.  

66. He M, Xing S, Yang B, Zhao L, Hua H, Liang Z, Zhou W, Zeng J, Pei Z. Ebselen 



 

	
  

99 

attenuates oxidative DNA damage and enhances its repair activity in the thalamus after 

focal cortical infarction in hypertensive rats. Brain Res 1181: 83-92, 2007.  

67. Hegazi MMA. Effect of chronic exposure to sublethal of ammonia concentrations on 

NADP+- dependent dehydrogenases of Nile tilapia liver. Egypt J Aquat Biol Fish 15: 15-

28, 2011.  

68. Hegazi MMA, Attia ZI, Ashour OA. Oxidative stress and antioxidant enzymes in liver 

and white muscle of Nile tilapia juveniles in chronic ammonia exposure. Aquat Toxicol 

99: 118-125, 2010.  

69. Hermenegildo C, Marcaida G, Montolm C, Grisolia S, Min MD, Felipo V. NMDA 

receptor antagonists prevent acute ammonia toxicity in mice. Neurochem Res 21: 1237-

1244, 1996.  

70. Hermenegildo C, Monfort P, Felipo V. Activation of N-methyl-D- aspartate receptors 

in rat brain in vivo following acute ammonia intoxication: Characterization by in vivo 

brain microdialysis. Hepatol 31: 709–715, 2000.   

71. Hermes-Lima M, Storey KB. Role of antioxidants in the tolerance of freezing and 

anoxia by garter snakes. Am J Physiol Regulatory Integrative Comp Physiol 265: R646-

R652, 1993.  

72. Hermes-Lima M, Storey KB. Relationship between anoxia exposure and antioxidant 

status in the frog Rana pipiens. Am J Physiol Regulatory Integrative Comp Physiol 271: 

R918-R925, 1996.  

73. Hermes-Lima M, Zenteno-Savín T. Animal response to drastic changes in oxygen 

availability and physiological oxidative stress. Comp Biochem Physiol 133: 537-556, 

2002.  



 

	
  

100 

74. Hoofnagle JH, Carithers RL Jr, Shapiro C, Ascher N. Fulminant hepatic failure: 

summary of a workshop. Hepatology 21: 240-252, 1995.  

75. Hsu SF, Niu KC, Lin CL, Lin MT. Brain cooling causes attenuation of cerebral 

oxidative stress, systemic inflammation, activated coagulation, and tissue ischemia/injury 

during heatstroke. Shock 26: 210-220, 2006.  

76. Illievich UM, Zornow MH, Choi KT, Scheller MS, Strnat MA. Effects of 

hypothermic metabolic suppression on hippocampal glutamate concentrations after 

transient global cerebral ischemia. Anesth Analg 78: 905-911, 1994.   

77. Ip YK, Chew SF. Ammonia production, excretion, toxicity, and defence in fish: a 

review. Front Physiol 1: 134, 2010.  

78. Ip YK, Chew SF, Randall DJ. Ammonia toxicity, tolerance, and excretion. In Nitrogen 

Excretion – Fish Physiology, edited by Wright PA, Anderson PM. New York, NY: 

Academic Press, 2001.  

79. Ip YK, Leong MWF, Sim MY, Goh GS, Wong WP, Chew SE. Chronic and acute 

ammonia toxicity in mudskippers, Periophthalmodon schlosseri and Boleophthalmus 

boddaerti: brain ammonia and glutamine contents, and effects of methionine sulfoximine 

and MK801. J Exp Biol 208: 1993-2004, 2005.  

80. Ip YK, Tay ASL, Lee KH, Chew SF. Strategies for surviving high concentrations of 

environmental ammonia in the swamp eel monopterus albus. Physiol Biochem Zool 77: 

390-405, 2004.  

81. Iwata K, Kajimura M, Sakamoto T. Functional ureogenesis in the gobiid fish 

Mugilogobius abei. J Exp Biol 203: 3703-3715, 2000.  

82. Janero DR. Malondialdehyde and thiobarbituric-acid reactivity as diagnostic indices of 



 

	
  

101 

lipid peroxidation and peroxidative tissue injury. Free Radic Biol Med 9: 515-540, 1990.  

83. Jayakumar AR, Bethea JR, Tong XY, Gomez J, Norenberg MD. NF-κB in the 

mechanism of brain edema in acute liver failure: studies in transgenic mice. Neurobiol 

Dis 41: 498-507, 2011.  

84. Jayakumar AR, Liu M, Moriyama M, Ramakrishnan R, Forbush III B, Reddy 

PVB, Norenberg MD. Na-K-Cl cotransporter -1 in the mechanism of ammonia-induced 

astrocyte swelling. J Biol Chem 283: 33874-33882, 2008.  

85. Jayakumar AR, Panickar KS, Murthy ChRK, Norenberg MD. Oxidative stress and 

MAPK phosphorylation mediate ammonia-induced cell swelling and glutamate uptake 

inhibition in cultured astrocytes. J Neurosci 26: 4774-4784, 2006a.  

86. Jayakumar AR, Rao KVR, Murthy CRK, Norenberg MD. Glutamine in the 

mechanism of ammonia-induced astrocyte swelling. Neurochem Int 48: 623-628, 2006b. 

87. Jiang W, Desjardins P, Butterworth RF. Hypothermia attenuates oxidative/nitrosative 

stress, encephalopathy and brain edema in acute (ischemic) liver failure. Neurochem Int 

55: 124-128, 2009.  

88. Joanisse DR, Storey KB. Oxidative damage and antioxidants in Rana sylvatica, the 

freeze tolerant wood frog. Am J Physiol Regulatory Integrative Comp Physiol 271: 

R545–R553, 1996.  

89. Johnson JW, Ascher P. Glycine potentiates the NMDA response in cultured mouse 

brain neurons. Nature 325: 529-531, 1987.  

90. Johnston IA, Dunn J. Temperature acclimation and metabolism in ectotherms with 

particular reference to teleost fish. Symp Soc Exp Biol 41: 67-93, 1987. 

91. Kammersgaard LP, Jorgensen HS, Rungby JA, Reith J, Nakayama H, Weber UJ, 



 

	
  

102 

Houth J, Olsen TS. Admission body temperature predicts long-term mortality after acute 

stroke: The copnhagen stroke study. Stroke 33: 1759-1762, 2002. 

92. Kanungo MS, Prosser, CL. Physiological and biochemical adaptation of goldfish to 

cold and warm temperatures. J Cell Comp Physiol 54: 259-274, 1959.  

93. Katz LM, Young AS, Frank JE, Wang Y, Park K. Regulated hypothermia reduces 

brain oxidative stress after hypoxia-ischemia. Brain Res 1017: 85-91, 2004.   

94. Kim SH, Choi YM, Jang JY, Chung S, Kang YK, Park MK. Nonselective cation 

channels are essential for maintaining intracellular Ca2+ levels and spontaneous firing 

activity in the midbrain dopamine neurons. Pflugers Arch 455: 309-321, 2007.  

95. Kimelberg HK. Current concepts of brain edema: review of laboratory investigations. J 

Neurosurg 83: 1051-1059, 1995.  

96. Kimelberg HK, Jalonen T, Walz W. Regulation of the brain microenvironment: 

transmitters and ions. In: Astrocytes: Pharmacology and Function, edited by Murphy S. 

San Diego, CA: Academic Press, 1993.  

97. Kimelberg HK, Mongin AA. Swelling-activated release of excitatory amino acids in the 

brain: Relevance for pathophysiology. Contrib Nephrol 123: 240-257, 1998.  

98. Knecht K, Michalak A, Rose C, Rothstein JD, Butterworth RF. Decreased glutamate 

transporter (GLT-1) expression in frontal cortex of rats with acute liver failure. Neurosci 

Lett 229: 201-203, 1997.  

99. Knoph MB, Olsen YA. Subacute toxicity of ammonia to Atlantic salmon (Salmo salar 

L.) in seawater: effects on water and salt balance, plasma cortisol and plasma ammonia 

levels. Aquat Toxicol 30: 295-310, 1994.  

100. Kosenko E, Kaminsky Y, Kaminsky A, Valencia M, Lee L, Hermenegildo C, Felipo 



 

	
  

103 

V. Superoxide Production and Antioxidant Enzymes in Ammonia Intoxication in Rats. 

Free Radic Res. 27: 637-644, 1997.  

101. Kosenko E, Kaminski Y, Lopata O, Muravyov N, Felipo V. Blocking NMDA 

receptors prevents the oxidative stress induced by acute ammonia intoxication. Free 

Radic Biol Med 26: 1369-1374, 1999. 

102. Kosenko E, Kaminski Y, Lopata O, Muravyov N, Kaminsky A, Hermenegildo C, 

Felipo V. Nitroarginine, an inhibitor of nitric oxide synthases, prevents changes in 

superoxide radical and antioxidant enzymes by ammonia intoxication. Metab Brain Dis 

13: 29-41, 1998.  

103. Kosenko E, Venediktova N, Kaminsky Y, Montoliu C, Felipo V. Sources of oxygen 

radicals in brain in acute ammonia intoxication in vivo. Brain Res 981: 193-200, 2003.  

104. Kotrschal K, Van Staaden MJ, Huber R. Fish brains: evolution and environmental 

relationships. Rev Fish Biol Fish 8: 373-408, 1998. 	
  

105. Kowaltowski AJ, Castilho RF, Vercesi AE. Mitochondrial permeability transition and 

oxidative stress. FEBS Lett 495: 12-15, 2001.  

106. Kubrak OI, Lushchak OV, Lushchak JV, Torous IM, Storey JM, Storey KB, 

Lushchak VI. Chromium effects on free radical processes in goldfish tissues: 

Comparison of Cr(III) and Cr(VI) exposures on oxidative stress markers, glutathione 

status and antioxidant enzymes. Comp Biochem Physiol Toxicol Pharmacol 152: C360-

C370, 2010.  

107. Kyriakis JM, Avruch J. Protein kinase cascades activated by stress and inflammatory 

cytokines. BioEssays 18:567–577, 1996.  

108. Kvrivishvili G. Glycine and neuroprotective effect of hypothermia in hypoxic-ischemic 



 

	
  

104 

brain damage. Neuroreport 13: 1995–2000, 2002.  

109. Laake JH, Takumi Y, Torgner IA, Kvamme E, Otterson OP. Postembedding 

immunogold labelling reveals subcellular localization and pathway-specific enrichment 

of phosphate-activated glutaminase in rat cerebellum. Neurosci 88: 1137-1151, 1999.  

110. Lemarie G, Dosdat A, Coves D, Dutto G, Gasset E, Person-Le Ruyet J. Effect of 

chronic ammonia exposure on growth of European seabass (Dicentrarchus labrax) 

juveniles. Aquaculture 229: 471-491, 2004.   

111. Levi G, Morisi G, Colettp A, Catanzaro R. Free amino acids in fish brain: Normal 

levels and changes upon exposure to high ammonia concentrations in vivo, and upon 

incubation of brain slices. Comp Biochem Phsyiol Physiol 49: A623-A636, 1974.  

112. Lim CB, Chew SF, Anderson PM, Ip YK. Reduction in the rates of protein and amino 

acid catabolism to slow down the accumulation of endogenous ammonia: a strategy 

potentially adopted by Mudskippers (Periophthalmodon schlosseri and Boleophthalmus 

boddaerti) during aerial exposure in constant darkness. J Exp Biol 204: 1605-1614, 

2001. 

113. Liu H, Yu H, Giesy JP, Xu T, Zhou Y. Response of Antioxidant Parameters to 3,3’-

Dimethyl-Benzidine in Goldfish (Carassius auratus) Liver. Fresenius Environ Bull 18: 

737-743, 2009.  

114. Lo YYC, Wong JM, Cruz TF. Reactive oxygen species mediate cytokine activation of 

c-Jun NH2- terminal kinases. J Biol Chem 271: 15703-15707, 1996. 

115. Lockwood AH, Finn RD, Campbell JA, Richman TB. Factors that affect the uptake 

of ammonia by the brain: the blood-brain pH gradient. Brain Res 181: 269-266, 1980.  

116. Lushchak VI. Environmentally induced oxidative stress in aquatic animals. Aquat 



 

	
  

105 

Toxicol 101: 13-30, 2011.  

117. Lushchak VI, Bagnyukova TV, Husak VV, Luzhna LI, Lushchak OV, Storey KB. 

Hyperoxia results in transient oxidative stress and an adaptive response by antioxidant 

enzymes in goldfish tissues. Int J Biochem Cell Biol 37: 1670-1680, 2005.  

118. Lushchak OV, Kubrak OI, Storey JM, Storey KB, Lushchak VI. Low toxic 

herbicide Roundup induces mild oxidative stress in goldfish tissues. Chemosphere 76: 

932-937, 2009.  

119. Lushchak VI, Lushchak LP, Mota AA, Hermes-Lima M. Oxidative stress and 

antioxidant defenses in goldfish Carassius auratus during anoxia and reoxygenation. Am 

J Physiol Regulatory Integrative Comp Physiol 280: 100-107, 2001.  

120. Matviishyn TM, Kubrak OI, Husak VV, Storey KB, Lushchak VI. Tissue-specific 

induction of oxidative stress in goldfish by 2,4-dichlorophenoxyacetic acid: Mild in 

brain and moderate in liver and kidney. Enviro Toxicol Pharmocol 37: 861-869, 2014.  

121. McKenzie DJ, Shingles A, Taylor EW. Sub-lethal plasma ammonia accumulation and 

the exercise performance of salmonids. Comp Biochem Physiol Mol Integr Physiol 135: 

A515-A526, 2003.  

122. Mecke D. L-glutamine, colorimetric method with glutamine synthetase. In Methods of 

Enzymatic Analysis, edited by Bergmeyer HU. London and New York: Academic Press, 

1985.  

123. Meden P, Overgaard K, Pedersen H, Boysen G. The influence of body temperature 

on infarct volume and thrombolytic therapy in a rat embolic stroke model. Brain Res 

647: 131-138, 1994. 

124. Minnerup J, Sutherland BA, Buchan AM, Kleinschnitz C. Neuroprotection for 



 

	
  

106 

Stroke: Current Status and Future Perspectives. Int J Mol Sci. 13: 11753-11772, 2012. 

125. Mommsen TP, Walsh PJ. Biochemical and environmental perspectives on nitrogen 

metabolism in fishes. Experientia 48: 583-592, 1992. 

126. Mrejeru A, Wei A, Ramirez JM. Calcium-activated non-selective cation currents are 

involved in generation of tonic and bursting activity in dopamine neurons of the 

substantia nigra pars compacta. J Physiol 589: 2497-2514, 2011.  

127. Murphy MG, Jollimore C, Crocker JFS, Her H. Beta-Oxidation of [1,14C]palmitic 

acid by mouse astrocytes in primary culture: Effects of agents implicated in the 

encephalopathy of Reye’s Syndrome. J Neurosci Res 33: 445-454, 1992. 

128. Murray BW, Busby ER, Mommsen TP, Wright, PA. Evolution of glutamine 

synthetase in vertebrates: Multiple glutamine synthetase genes expressed in rainbow 

trout (Oncorhynchus mykiss). J Exp Biol  206: 1511-1521, 2003.  

129. Murthy ChRK, Rama Rao KV, Bai G, Norenberg MD. Ammonia-induced 

production of free radicals in primary cultures of rat astrocytes. J Neurosci Res 66: 282-

288, 2001.  

130. Nguyen T, Nioi P, Pickett CB. The Nrf2-Antioxidant Response Element Signaling 

Pathway and its Activation by Oxidative Stress. J Biol Chem. 284: 13291-13295, 2009.  

131. Norenberg, M.D. Hepatic encephalopathy: Studies with astrocyte cultures. In: The 

Biochemical Pathology of Astrocytes, edited by Norenberg MD, Hertz L, Schousboe A. 

New York, NY: Alan R. Liss Inc., 1988.  

132. Norenberg MD, Huo Z, Neary JT, Roig-Cantesano A. The glial glutamate 

transporter in hyperammonemia and hepatic encephalopathy: relation to energy 

metabolism and glutamatergic neurotransmission. Glia 21: 124-133, 1997.  



 

	
  

107 

133. Norenberg MD, Jayakumar AR, Rama Rao KV, Panickar KS. New Concepts in the 

Mechanism of Ammonia-Induced Astrocyte Swelling. Metab Brain Dis 22: 219-234, 

2007.  

134. Norenberg MD, Rama Rao KV, Jayakumar AR. Ammonia Neurotoxicity and the 

Mitochondrial Permeability Transition. J Bioenerg Biomembr 36:303-307, 2004.  

135. Norenberg MD, Rama Rao KV, Jayakumar AR. Signaling factors in the mechanism 

of ammonia neurotoxicity. Metab Brain Dis 24: 103-117, 2009. 

136. O’ Connor JE, Costell M. New Roles of Carnitine Metabolism in Ammonia 

Cytotoxicity. Adv Exp Med Biol 272: 183-195, 1990.  

137. Ohkawa H, Ohishi N, Yagi K. Assay for lipid peroxides in animal tissues by 

thiobarbituric acid reaction. Anal Biochem 95: 351-358, 1979.  

138. Okuda C, Saito A, Miyazaki M, Kuriyama K. Alterations of the turnover of 

dopamine and 5- hydroxytryptamine in rat brain associated with hypothermia. 

Pharmacol Biochem Behav 25: 79–83, 1986.   

139. Olson JE, Evers JA. Correlations between energy metabolism, ion transport, and water 

content in astrocytes. Can J Physiol Pharm Suppl 70: S350–S355, 1992. 

140. Olson JE, Snakar R,  Holtzman D, James A, Fleischhacker D. Energy-dependent 

volume regulation in primary cultured cerebral astrocytes. J Cell Physiol. 128: 209-215, 

1986.  

141. Ooboshi H, Ibayashi S, Takano K, Sadoshima S, Kondo A, Uchimura H, Fujishima 

M. Hypothermia inhibits ischemia-induced efflux of amino acids and neuronal damage 

in the hippocampus of aged rats. Brain Res 884: 23-30, 2000.  

142. Orbea A, Beier K, Volkl A, Fahimi HD, Cajaraville MP. Ultrastructural, 



 

	
  

108 

immunocytochemical and morphometric characterization of liver peroxisomes in gray 

mullet, Mugil cephalus L. Cell Tissue Res 297: 493-502, 1999.  

143. Orbea A, Ortiz-Zarragoitia M, Sole M, Porte C, Cajaraville MP. Antioxidant 

enzymes and peroxisome proliferation in relation to contaminant body burdens of PAHs 

and PCBs in bivalve molluscs, crabs and fish from the Urdaibai and Plentzia estuaries 

(Bay of Biscay). Aquat Toxicol 58: 75-98, 2002.  

144. Ortega VA, Renner KJ, Bernier NJ. Appetite-suppressing effects of ammonia 

exposure in rainbow trout associated with regional and temporal activation of brain 

monoaminergic and CRF systems. J Exp Biol 208: 1855-1866, 2005.   

145. Pearson G, Robinson F, Beers GT, Xu BE, Karandikar M, Berman K, Cobb MH. 

Mitogen-activated protein (MAP) kinase pathways: regulation and physiological 

functions. Endocr Rev 22: 153-183, 2001. 

146. Perez-Campo R, López-Torres M, Rojas C, Cadenas S, Barja G. A comparative 

study of free radicals in vertebrates-I. Antioxidant enzymes. Comp Biochem Physiol 

Biochem Mol Biol 105: B749-B755, 1993.  

147. Phillips KF, Deshpande LS, DeLorenzo RJ. Hypothermia reduces calcium entry via 

the N-methyl-D-aspartate and ryanodine receptors in cultured hippocampal neurons. 

Eur J Pharmacol 698: 186-192, 2013.  

148. Pifferi F, Perret M, Guesnet P, Aujard F, Alessandri JM. Fatty Acid Composition of 

the Brain, Retina, Liver and Adipose Tissue of the Grey Mouse Lemur (Microcebus 

murinus, Primate). Lipids 47: 793-801, 2012.  

149. Pinto W, Aragao C, Soares F, Dinis MT, Conceicao LEC. Growth, stress response, 

and free amino acid levels in Senegalese sole (Solea senegalensis Kaup 1858) 



 

	
  

109 

chronically exposed to exogenous ammonia. Aquac res 38: 1198-1204, 2007.  

150. Plotkin MD, Kaplan MR, Peterson LN, Gullans SR, Hebert SC, Delpire E. 

Expression of the Na+–K+–2Cl- cotransporter BSC2 in the nervous system. Am J Physiol 

272: C173–C183, 1997.  

151. Polderman KH. Application of therapeutic hypothermia in the ICU: opportunities and 

pitfalls of a promising treatment modality. Part 1: indications and evidence. Intensive 

Care Med 30: 556-575, 2004.  

152. Prieto AI, Jos A, Pichardo S, Moreno I, de Sotomayor MA, Moyano R, Blanco A, 

Camean AM. Time—dependent protective efficacy of Trolox (vitamin E analog) 

against microcystin-induced toxicity in tilapia (Oreochromis niloticus). Environ Toxicol 

24: 563-579, 2009.   

153. Rama Rao KV, Jayakumar AR, Norenberg MD. Ammonia neurotoxicity: role of the 

mitochondrial permeability transition. Metab Brain Dis 18: 113-127, 2003.  

154. Rama Rao KV, Jayakumar AR, Norenberg MD. Role of oxidative stress in the 

ammonia-induced mitochondrial permeability transition in cultured astrocytes. 

Neurochem Int 47: 31-38, 2005. 

155. Randall DJ, Tsui TKN. Ammonia toxicity in fish. Mar Poll Bull 45: 17-23, 2002.  

156. Randall DJ, Wood CM, Perry SF, Bergman HL, Maloiy GMO, Mommsen TP, 

Wright PA. Urea excretion as a strategy for survival in a fish living in a very alkaline 

environment. Nature 337: 165-166, 1989.  

157. Rau MA, Whitaker J, Freedman JH, Giulio RTD. Differential susceptibility of fish 

and rat liver cells to oxidative stress and cytotoxicity upon exposure to prooxidants. 

Comp Biochemi Physio 137: 335-342, 2004.  



 

	
  

110 

158. Reeves RB. An imidazole alphastat hypothesis for vertebrate acid-base regulation: 

tissue carbon dioxide content and body temperature in bullfrogs. Respir Physiol 14: 

219-236, 1972.  

159. Reinehr R, Gorg B, Becker S, Qvartskhava N, Bidmon HJ, Selbach O, Haas HL, 

Schliess F, Haussinger D. Hypoosmotic swelling and ammonia increase oxidative 

stress by NADPH oxidase in cultured astrocytes and vital brain slices. Glia 55: 758-771, 

2007. 

160. Remacle J, Raes M, Toussaint O, Renard P, Rao G. Low levels of reactive oxygen 

species as modulators of cell function. Mutat Res 316: 103-122, 1995.  

161. Remmer H. The role of the liver in drug metabolism. Am J Med 49: 617-629, 1970. 

162. Rose C, Kresse W, Kettenmann H. Acute insult of ammonia leads to calcium-

dependent glutamate release from cultured astrocytes, an effect of pH. J Biol Chem 280: 

20937-20944, 2005. 

163. Rose C, Michalak A, Pannunzio M, Chatauret N, Rambaldi A, Butterworth RF. 

Mild hypothermia delays the onset of coma and prevents brain edema and extracellular 

brain glutamate accumulation in rats with acute liver failure. Hepatology 31: 872-877, 

2000.  

164. Rosomoff HL, Holaday DA. Cerebral blood flow and cerebral oxygen consumption 

during hypothermia. Am J Physiol 179: 85-88, 1954.  

165. Rozemeijer MJC, Plaut I. Regulation of nitrogen excretion of the amphibious 

blenniidae Alticus kirki (Guenther, 1868) during emersion and immersion. Comp 

Biochem Physiol 104: A57-A62, 1993.  

166. Saha N, Dutta S, Bhattacharjee A. Role of amino acid metabolism in air-breathing 



 

	
  

111 

catfish, Clarias batrachus in response to exposure to a high concentration of exogenous 

ammonia. Comp Biochem Physiol 133: 235-250, 2002. 

167. Sanderson LA, Wright PA, Robinson JW, Ballantyne JS, Bernier NJ. Inhibition of 

glutamine synthetase during ammonia exposure in rainbow trout indicates a high 

reserve capacity to prevent brain ammonia toxicity. J Exp Biol 213: 2343-2353, 2010.  

168. Schlezinger JJ, Stegeman JJ.  Induction and suppression of cytochrome P450 1A by 

3,3′,4,4′,5-pentachlorobiphenyl and its relationship to oxidative stress in the marine fish 

scup (Stenotomus chrysops). Aquat Toxicol 52: 101-115, 2001.  

169. Schliess F, Görg B, Fisher R, Desjardins P, Bidmon HJ, Herrmann A, Butterworth 

RF, Ziles K, Häussinger D. Ammonia induces MK-801-sensitive nitration and 

phosphorylation of protein tyrosine residues in rat astrocytes. FASEB J 16: 739-741, 

2002.  

170. Sen CK, Packer L. Antioxidant and redox regulation of gene transcription. FASEB J 

10: 709-720, 1996.  

171. Shi H, Sui Y, Wang X, Luo Y, Ji L. Hydroxyl radical production and oxidative 

damage induced by cadmium and naphthalene in liver of Carassius auratus. Comp 

Biochem Physiol 140: 115-121, 2005.  

172. Shiozaki T, Sugimoto H, Taneda M, Yoshida H, Iwai A, Yoshioka T, Sugimoto T. 

Effect of mild hypothermia on uncontrollable intracranial hypertension after severe head 

injury. J Neurosurg 79: 363-368, 1993.  

173. Simon F, Varela D, Riveros A, Eguiguren AL, Stutzin A. Non-selective cation 

channels and oxidative stress-induced cell swelling. Biol Res 35: 215-222, 2002. 

174. Sinha AK, AbdElgawad H, Giblen T, Zinta G, De Rop M, Asard H, Blust R, De 



 

	
  

112 

Boeck G. Anti-Oxidative defences are modulated differentially in three freshwater 

teleosts in response to ammonia-induced oxidative stress. PLoS ONE 9: e95319, 2014.  

175. Sinha AK, Liew HJ, Direx M, Blust R, De Boeck G. The interactive effects of 

ammonia exposure, nutritional status and exercise on metabolic and physiological 

responses in goldfish (Carassius auratus L.). Aquat Toxicol 109: 33-46, 2012a. 

176. Sinha AK, Liew HJ, Diricx M, Kumar V, Darras VM, Blust R, De Boeck G. 

Combined effects of high environmental ammonia, starvation and exercise on hormonal 

and ion-regulatory response in goldfish (Carassius auratus L.). Aquat Toxicol 114-115: 

153–164, 2012b. 

177. Sinke AP, Jayakumar AR, Panickar KS, Moriyama M, Reddy PV, Norenberg MD. 

NFκB in the mechanism of ammonia-induced astrocyte swelling in culture. J 

Neurochem 106: 2302-2311, 2008.  

178. Soderberg RW, Meade JW. Effects of sodium and calcium on acute toxicity of un-

ionized ammonia to Atlantic salmon and lake trout. J Appl Aquac 1: 83-92, 1992. 

179. Sollid J, Weber RE, Nilsson GE. Temperature alters the respiratory surface area of 

crucian carp Carassius carassius and goldfish Carassius auratus. J Exp Biol  208: 1109-

1116, 2005. 

180. Stadtman ER, Oliver CN. Metal-catalyzed oxidation of proteins. Physiological 

consequences. J Biol Chem, 266: 2005-2008, 1991.  

181. Stephensen E, Sturve J, Forlin L. Effects of redox cycling compounds on glutathione 

content and activity of glutathione-related enzymes in rainbow trout liver. Comp 

Biochem Physiol Pharmacol Toxicol Endocrinol 133: C435-C442, 2002.  

182. Stravitz RT, Lee WM, Kramer AH, Kramer DJ, Hynan L, Blei AT. Therapeutic 



 

	
  

113 

hypothermia for acute liver failure: toward a randomized, controlled trial in patients 

with advanced hepatic encephalopathy. Neurocrit Care 9: 90-96, 2008.  

183. Sugihara N, Tsuruta Y, Date Y, Furuno K, Kohashi K. High peroxidative 

susceptibility of fish oil polyunsaturated fatty acids in cultured rat hepatocytes. Toxicol 

Appl Pharm 126: 124-128, 1994.  

184. Sun H, Lu K, Minter EJ, Chen Y, Yang Z, Montagnes DJS. Combined effects of 

ammonia and microcystin on survival, growth, antioxidant responses, and lipid 

peroxidation of bighead carp Hypophthalmythys nobilis larvae. J Hazard Mater 221–

222: 213-219, 2012.  

185. Sun H, Yang W, Chen Y, Yang Z. Effect of purified microcystin on oxidative stress of 

silver carp Hypophthalmichthys molitrix larvae under different ammonia 

concentrations. Biochem Syst Ecol 39: 536-543, 2011. 

186. Sun Y, Yu H, Zhang J, Yin Y, Shen H, Liu H, Wang X. Bioaccumulation and 

antioxidant defenses in goldfish Carassius auratus under HC orange no. 1 exposure. 

Ecotoxicol Environ Saf 63: 430-437, 2006. 

187. Suzuki YJ, Forman HJ, Sevanian A. Oxidants as stimulators of signal transduction. 

Free Radic Biol Med 22: 269-285, 1997. 

188. Swain MS, Blei AT, Butterworth RF, Kraig R. Intracellular pH rises and astrocytes 

swell after portacaval anastomosis in rats. Am J Physiol Regul Integr Comp Physiol 261: 

R1491-R1496, 1991.  

189. Tas PW, Massa PT, Koschel K. Preliminary characterization of an Na+, K+, Cl- co-

transport activity in cultured human astrocytes. Neurosci Lett 70: 369-373, 1986.  

190. Tas PW, Massa PT, Kress HG, Koschel K. Characterization of an Na+/K+/Cl- co-



 

	
  

114 

transport in primary cultures of rat astrocytes. Biochim Biophys Acta 903: 411-416, 

1987.  

191. Tay YL, Loong AM, Hiong KC, Lee SJ, Tng YYM, Wee NLJ, Lee SML, Wong 

WP, Chew SF, Wilson JM, Ip YK. Active ammonia transport and excretory nitrogen 

metabolism in the climbing perch, Anabas testudineus, during 4 days of emersion or 

10ჼmin of forced exercise on land. J Exp Biol 209: 4475-4489, 2006.  

192. Tofteng F, Hauerberg J, Hansen BA, Pedersen CB, Jorgensen L, Larsen FS. 

Persistent arterial hyperammonemia increases the concentration of glutamine and 

alanine in the brain and correlates with intracranial pressure in patients with fulminant 

hepatic failure. J Cereb Blood Flow Metab 26: 21-27, 2006.  

193. Tsui TKN, Randall DJ, Chew FS, Jin Y, Wilson JM, Ip YK. Accumulation of 

ammonia in the body and NH3 volatization from alkaline regions of the body surface 

during ammonia loading and exposure to air in the weather loach Misgurnus 

anguillicaudatus. J Exp Biol 205: 651-659, 2002.  

194. Tsui TKN, Randall DJ, Hanson L, Farrell AP, Chew SF, Ip YK. Dogmas and 

controversies in the handling of nitrogenous wastes: ammonia tolerance in the oriental 

weatherloach Misgurnus anguillicaudatus. J Exp Biol 207: 1977-1983, 2004. 

195. Valko M, Leibfritz D, Moncol J, Cronin MTD, Mazur M, Telser J. Free radicals and 

antioxidants in normal physiological functions and human disease. Int J Biochem Cell 

Biol 39: 44-84, 2007.  

196. Van Waarde A. Aerobic and anaerobic ammonia production by fish. Comp Biochem 

Physiol 74: B678-B684, 1983.  

197. Veauvy CM, McDonald MD, Van Audekerke J, Vanhoutte G, Van Camp N, Van 



 

	
  

115 

der Linden A, Walsh, PJ. Ammonia affects brain nitrogen metabolism but not 

hydration status in the Gulf toadfish (Opsanus beta). Aquatic Toxicol 74: 32-46, 2005. 

198. Verdouw H, Van Echteld CJA, Dekkers EMJ. Ammonia determination based on 

indophenol formation with sodium salicylate. Water Res 12: 399-402, 1978.  

199. Vieira MC, Torronteras R, Cordoba F, Canalejo A. Acute toxicity of manganese in 

goldfish Carassius auratus is associated with oxidative stress and organ specific 

antioxidant responses. Ecotoxicol Environ Saf 78: 212-217, 2002.  

200. Votyakova TV, Reynolds IJ. ΔΨm-Dependent and -independent production of reactive 

oxygen species by rat brain mitochondria. J Neurochem 79: 266-277, 2001. 

201. Waarde AV. Aerobic and Anaerobic Ammonia Production by Fish. Comp Biochem 

Physiol 74: B675-B684, 1983.  

202. Walsh PJ, Danulat E, Mommsen TP. Variation in urea excretion in the gulf toadfish 

Opsanus beta. Mar Biol 106: 323-328, 1990.  

203. Walsh PJ, Veauvy CM, McDonald MD, Pamenter ME, Buck LT, Wilkie MP. 

Piscine insights into comparisons of anoxia tolerance, ammonia toxicity, stroke and 

hepatic encephalopathy. Comp Biochem and Physiol 147: 332-343, 2007.  

204. Walz W. Role of Na/K/Cl cotransport in astrocytes. Can J Physiol Pharmacol 70: 260-

262, 1992.   

205. Wang J, Murray M, Grafstein B. Cranial meninges of goldfish: age-related changes 

in morphology of meningeal cells and accumulation of surfactant-like multilamellar 

bodies. Cell Tissue Res 281: 349-358, 1995.   

206. Wang YX, Heigenhauser GJF, Wood CM. Integrated responses to exhaustive 

exercise and recovery in rainbow trout white muscle: acid–base, phosphogen, 



 

	
  

116 

carbohydrate, lipid, ammonia, fluid volume and electrolyte metabolism.  J Exp Biol 195: 

227-258, 1994a. 

207. Wang YX, Walsh PJ. High ammonia tolerance in fishes of the family Batrachoididae 

(Toadfish and Midshipmen). Aquat Toxicol 50: 205-219, 2000.  

208. Wang YX, Wilkie MP, Heigenhauser GJF, Wood CM. The analysis of metabolites in 

rainbow trout white muscle: a comparison of different sampling and processing 

methods. J Fish Biol 45: 855-873, 1994b.  

209. Weihrauch D, Wilkie MP, Walsh PJ. Ammonia and urea transporters in gills of fish 

and aquatic crustaceans. J Exp Biol 212: 1716-1730, 2009.  

210. Wenthold, RJ, Prybylowski K, Standley S, Sans N, Petralia RS. Trafficking of 

NMDA receptors. Ann Rev Pharmacol & Toxicol 43: 335–358, 2003. 

211. Weydert CJ, Cullen JJ. Measurement of superoxide dismutase, catalase, and 

glutathione peroxidase in cultured cells and tissue. Nat Protoc 5: 51-66, 2010.  

212. Wicks, BJ, Randall DJ. The effect of sub-lethal ammonia exposure on fed and unfed 

rainbow trout: the role of glutamine in regulation of ammonia. Comp Biochem Physiol 

132: A275-A285, 2002.  

213. Wilkie MP. Mechanisms of ammonia excretion across fish gills. Comp Biochem 

Physiol Mol Integr Physiol 118: A39-A50, 1997.  

214. Wilkie MP. Ammonia excretion and ammonia handling by fish gills: present 

understanding and future research challenges. J Exp Zool 293: 284-301, 2002.  

215. Wilkie MP, Parmenter ME, Duquette S, Dhiyebi H. Sangha N, Skelton G, Smith 

MD, Buck LT. The relationship between NMDA receptor function and the high 

ammonia tolerance of anoxia-tolerant goldfish (Carassius auratus Linnaeus). J Exp Biol 



 

	
  

117 

214: 4107–4120, 2011.  

216. Wilkie MP, Stecyk JAW, Couturier CS, Sidhu S, Sandvik GK, Nilsson GE. 

Reversible brain swelling in crucian carp (Carassius carassius) and goldfish (Carassius 

auratus) in response to high external ammonia and anoxia. Comp Biochem Physiol Mol 

Integr Physiol. 184: A65-A75, 2015.  

217. Wilkie MP, Wood CM. Nitrogenous waste excretion, acid-base regulation, and 

ionoregulation in rainbow trout (Oncorhynchus mykiss) exposed to extremely alkaline 

water. Physiol Zool 64: 1069-1086, 1991.  

218. Wood CM. Influence of feeding, exercise, and temperature on nitrogen metabolism and 

excretion. In: Nitrogen Excretion – Fish Physiology, edited by Wright PA, Anderson 

PM. New York, NY: Academic Press, 2001.  

219. Wood CM, Bergman HL, Laurent P, Maina JN, Narahara A, Walsh PJ. Urea 

production, acid-base regulation and their interactions in the lake Magadi tilapia, a 

unique teleost adapted to a highly alkaline environment. J Exp Biol 189: 13-36, 1994.  

220. Wood CM, Perry SF, Wright PA, Bergman HL, Randall DJ. Ammonia and urea 

dynamics in the Lake Magadi tilapia, a ureotelic teleost fish adapted to an extremely 

alkaline environment. Respir Physiol 77: 1–20, 1989.  

221. Wright PA, Wood CM. Analysis of branchial ammonia excretion in the freshwater 

rainbow trout: Effects of environmental pH change and sodium uptake blockade. J Exp 

Biol 114: 329-353, 1985.  

222. Wright PA, Wood CM. A new paradigm for ammonia excretion in aquatic animals: 

role of Rhesus (Rh) glycoproteins. J Exp Biol 212: 2303-2312, 2009.  

223. Yan Y, Dempsey RJ, Sun D. Expression of Na+–K+–Cl- cotransporter in rat brain 



 

	
  

118 

during development and its localization in mature astrocytes. Brain Res 911: 43-55, 

2001.  

224. Zhao Y, Xie P, Zhang X. Oxidative stress response after prolonged exposure of 

domestic rabbit to a lower dosage of extracted microcystins. Environ Toxicol Pharm 27: 

195-199, 2009.  

225. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial ROS-induced ROS release: an 

update and review. Biochim Biophys Acta 1757: 509-517, 2006.   

226. Zwingmann C, Chatauret N, Rose C, Leibfritz D, Butterworth RF. Selective 

alterations of brain osmolytes in acute liver failure: protective effect of mild 

hypothermia. Brain Res 999: 113-118, 2004. 

 

 
 


	The Role of Oxidative Stress in the Mechanisms of Ammonia-Induced Brain Swelling and Tolerance in the Goldfish (Carassius auratus)
	Recommended Citation

	Microsoft Word - MSc. Final Thesis_David.F.Lisser (FGPS).doc

