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ABSTRACT

In fishes, hyperammonemia may occur following feeding or exposure to abnormally high
concentrations of environmental ammonia due to sewage effluents, agricultural run-off
and in crowded aquaculture pens. Increased internal ammonia can result in hyperactivity,
convulsions, coma and death. In mammals, it is also associated with potentially fatal
brain edema, in which the accumulation of intracellular water results in swelling,
increased intracranical pressure and herniation leading to death. Recently it was shown
that rainbow trout (Oncorhynchus mykiss) and goldfish (Carassius auratus) experience
brain swelling following exposure to high external ammonia (HEA). However, the
mechanism of ammonia-induced brain swelling in fishes remains unsolved. The goal of
this thesis was to determine the underlying mechanisms of ammonia-induced swelling in
the fish brain. The specific research objectives were to (i) determine if intracellular
glutamine accumulation contributed to brain swelling by increasing intracellular
osmolarity; (ii) ascertain what role NMDA receptor over-activation might play in
mediating ammonia-induced brain swelling, and (iii) determine if changes in brain water
content were accompanied by disturbances to ion balance and transport processes in the
brain. Exposure of rainbow trout (ImM NH4Cl) and goldfish (5mM NH4CI) to 48 h HEA
lead to a 12-15% increase in brain water content, 10-fold increase in plasma ammonia
[TAmm], and 5-6-fold increase in brain glutamine. Dry brain Na" content displayed similar
trends to brain water content, increasing approximately 45-70 %, while K" was reduced
by approximately 10-24 %. These changes were accompanied by simultaneously, 50 %
reductions in rainbow trout brain Na"/K'-ATPase activity after 48 h high external

ammonia (HEA). Goldfish were able to withstand higher concentrations of external

i



ammonia compared to the rainbow trout, which was consistent with greater tolerance
observed in previous studies. Remarkably, brain water content was restored to control
levels following 24 h recovery in ammonia-free well water. Administration of MK801
(dizocilpine) an NMDA receptors antagonist prior to HEA prevented significant brain
swelling in the rainbow trout but not in goldfish. Additionally, the administration of
MKS801 caused a reduction from control levels in brain Na" content in both species.
Lastly, the administration of glutamine synthetase inhibitor, methionine sulfoximine
(MSO) to each species followed by 48 h HEA did not prevent significant swelling. In
conclusion, HEA resulted in water accumulation in the brain, but this was not due to
increased glutamine production. Rather, brain swelling appears to be mediated by NMDA

receptors followed by ionic disturbances, resulting in brain swelling.
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Chapter 1

General Introduction



INTRODUCTION
Ammonia production & excretion in mammals and fish

Ammonia is the major nitrogenous waste product generated by most vertebrates
due to the catabolism of excess proteins, which leads to the generation of smaller
peptides and amino acids followed by their subsequent deamination to produce ammonia.
Many excess amino acids that are produced from the proteolysis of proteins, are
converted to amino acid glutamate by transaminase enzymes, and then oxidatively
deaminated by glutamate dehydrogenase (GDH), to generate of ammonium (NH4") and
a-ketoglutarate (Fig 1.1.; Mommsen and Walsh 1991; Wright 1995). Ammonia can exist
as either un-ionized NHj or as ionized NH,", but with a pKa of approximately 9.5, most
total ammonia exists as NH, " at physiological pH in fishes (pH 7.8; Cameron and Heisler
1983). In freshwater fish, nitrogenous waste products are mainly excreted across the gill
epithelium by Rhesus glycoprotein (Rh; Wright and Wood 2009).

Recently Wright and Wood (2009) summarized how ammonia excretion likely
takes place via Rhesus (Rh) glycoproteins in freshwater fish. They suggested that the
process was driven by acid excretion, which trapped NH; as NH," thus, maintaining the
NH; diffusion gradient across the gills. There are three types of Rh glycoprotein in
ammonia excretion by fishes. The Rhag facilitates NH; movement out of erythrocytes,
while Rhbg moves NHj3 across the basolateral membrane of the branchial ionocyte
(mitochondria rich cell), specialized cells involved in maintaining ion and acid-base
balance in the body. Apical excretion of NH; involves an apical “Na’/NH," exchanger
complex” consisting of the Rheg and the V-type H'- ATPase or Na'/H -exchanger

(NHE-2), which work together as a metabolon to promote acid trapping of NH; as NH,"



(Fig 1.2; Wright and Wood 2009). Consequently, when pH or external ammonia is
elevated, internal NH3 concentrations markedly increases due to the reduction of the NH3
diffusion gradient across the gills (Fig 1.2; Schenone et al. 1982; Wright and Wood 1985;
Wilkie and Wood 1991; Wilkie, 2002; Wilkie and Wood 1991; Ip et al. 2001 Ip et al.
2004a, 2004b).

Un-ionized NHj3 is most toxic to fish when they are exposed to high
environmental ammonia (HEA) because it can lower or reverse the NH; diffusion
gradient between the blood and water that drives ammonia excretion across the gill (Fig
1.2; Ip et al. 2001; Wilkie 2002; Weihrauch et al. 2009). This subsequently leads to
simultaneous uptake of exogenous ammonia across the gill down a favorable NH; partial
pressure gradient and accumulation of endogenous ammonia (Felipo and Butterworth
2002). As aresult, there may be several-fold increases in blood and tissue ammonia
when fish are exposed to HEA. Other factors that contribute to higher endogenous
ammonia include postprandial increases after meals, when rates of proteolysis and amino
acid catabolism are elevated (Wicks and Randal 2002). Additionally, vigorous exercise
can also lead to large increases in ammonia due to the deamination of purines (Driedzic
and Hochachka 1978; Wang et al. 1995).

Ammonia toxicity and disorders

Internal ammonia concentrations can be markedly elevated due to a variety of
pathological conditions, resulting in hyperammonemia. In mammals, hyperammonemia
can be caused by liver defects triggered by alcoholism and defects in the ornithine urea
cycle (Felipo and Butterworth 2002). Increased internal ammonia may elicit irreversible

damage to the central nervous system (CNS) due to ventricular enlargement and cortical



atrophy, which can lead to seizures, cognitive impairment, coma and death (Braissant
2012; Felipo and Butterworth 2002). Brain swelling is more often observed in patients
with acute liver failure (ALF), and is referred to clinically as hepatic encephalopathy
(HE). In this condition, the liver is unable to convert ammonia to urea, resulting in
excessive ammonia accumulation in the bloodstream, which often necessitates a liver
transplant (Cordoba and Blei 1995).

In most vertebrates the liver is the most important site of ammonia detoxification
(Fig 1.1; Felipo and Butterworth 2002; Mommsen and Walsh 1992). Defects in the
liver’s ability to detoxify ammonia may arise from prehepatic “portal” hypertension,
inborn genetic errors of the OUC and liver damage arising from alcoholism, hepatitis, or
other ingestible toxins (Randall and Tsui 2002). As a result, the levels of ammonia in the
blood become dangerously elevated. Freshwater fishes may experience
hyperammonemia due to exposure to sewage effluents, agricultural run-off, and the
degradation of organic matter resulting from overcrowding and overfeeding in
aquaculture facilities (Ip et al. 2001; Eddy 2005), each of which cause water ammonia
concentrations to increase. Compared to humans, fish are more tolerant to increased
internal ammonia. In humans, plasma ammonia concentrations range from 10-65umolL",
whereas in fish plasma ammonia concentrations range from 50-300pmolL™" (Wilkie and
Wood, 1991; Wicks and Randall, 2002a,b; Ip and Chew 2010). At high blood ammonia
concentrations, ammonia probably enters the brain via diffusion. Diffusion of ammonia
into the brain is promoted by the lower intracellular pH of brain tissue, in which NH3 is
trapped as ionized NH4" and unable to move back across the BBB due to its positive

charge (Goldbecker 2010; Walsh 2007).



Competing theories of ammonia action on the central nervous system in mammals
The effects of ammonia in glutamate-glutamine cycle & astrocyte swelling

Recent evidence suggests that increased ammonia may alter signal transduction
pathways, nitric oxide synthesis, oxidative stress and neurotransmission in the central
nervous system (CNS). In vertebrates the CNS is comprised of the brain and spinal cord
and two main classes of cells, neurons and glial cells. Glial cells are greater in density
and number compared to neurons, but the exact distribution and number of these cells are
undetermined in fishes (Allen and Barres 2009; Sidhu 2012). Glial cells play a number of
roles in the CNS including the nourishment and support of neurons, insulation for
neurons through the formation of myelin, and protection from pathogens (Kandel et al.
2000). One type of glial cells, the astrocytes, play an essential role in controlling
neurotransmitter action and duration by mediating the removal of some neurotransmitters
such as glutamate, from the synaptic cleft between pre- and post-synaptic neurons. In
mammals, astrocytes are believed to be the most prone to neurophysiological effects of
increased ammonia because majority of the cell composition in the brain is mainly
comprised of astrocytes (Pope 1978; Blei et al. 1994; Norenberg 1995,1998; Brusilow
2002; Veauvy et al. 2005; Albrecht and Norenberg 2006). Direct evidence of ammonia-
induced brain swelling was observed in cultured mammalian astrocytes, which displayed
significant swelling when treated with ammonia (Norenberg 1998). In addition,
Butterworth (2001) used primary cultures of mammalian astrocytes to demonstrate that
these cells underwent significant swelling when treated with ammonia. It remains

unclear why astrocyte cells are prone to swelling during acute hyperammonemia.



However, glutamine synthetase (GS) enzyme located in astrocytes cells may be the link
to astrocytic swelling.

Traditionally, GS has been thought to play a role in the detoxification of ammonia
in the brain. By lowering ammonia levels in the blood and tissues, glutamine synthesis is
believed to protect vertebrates against ammonia-toxicity (Fig 1.3. Felipo and Butterworth
2001; Randall and Tsui 2002). However, some have suggested that increased glutamine
within the intracellular fluid of the astrocyte could be an important factor that increases
the cell’s osmolarity, driving water uptake (Fig 1.3. Brusilow 2002; Walsh et al. 2007).
Patients suffering from fulminant hepatic failure (FHF) demonstrated that arterial
ammonia concentrations were significantly correlated between brain glutamine content
and intracranial pressure (ICP; Glassford et al. 2011). Indeed, some fishes are known to
increase glutamine synthetase (GS) activity in responses to ammonia exposure (Wicks
and Randall 2002; Ip et al. 2005). However, these hypotheses have been challenged by
Wilkie’s group, who demonstrated that the inhibition of GS by methionine sulfoximine
(MSO) did not mitigate ammonia-induced brain swelling in the goldfish (Carassius
auratus; Wilkie et al. 2015). These findings suggest that accumulation of glutamine does
not directly lead to increases in intracellular osmolarity in the goldfish brain, and that
other factors cause brain swelling. Albrecht and Norenberg (2006) suggested that
glutamine acts as a silent carrier (“Trojan horse”) of ammonia, which is taken up along
with glutamate and converted, to glutamine by glutamine-synthetase in astrocytes. They
argue that the glutamine is then converted to glutamate and ammonia within the
mitochondria by phosphate activated glutaminase (PAG), with the ammonia triggering

production of reactive oxygen species (ROS) through the induction of the mitochondria



permeability transition (MPT), which subsequently causes cell swelling and protein
damage. Regardless of glutamine's mechanism of action, this evidence suggests that it
may in fact contribute to toxicity and brain swelling in the CNS. A goal of the present
study was to better understand if glutamine contributes to ammonia-induced brain
swelling in the goldfish and rainbow trout.

The effects of ammonia on central nervous system and NMDA receptors

A second theory of ammonia toxicity is that ammonia induces glutamate
excitotoxicity (Fan and Szerb 1993; Hermenegildo et al. 1996). Electrophysiological
studies by Fan and Szerb (1993) using hippocampal slices, and more recently by Wilkie
et al. (2011) using slices of goldfish telencephalon, have demonstrated that ammonia
potentiates NMDA receptor currents, which can initiate glutamate excitotoxicity through
over-activation of the receptors on neurons. As a consequence, there can be excess
calcium entry into post-synaptic neurons, leading to the activation of proteases and
lipases, and the generation of ROS, such as nitric oxide (NO), hydrogen peroxide (H2O5)
and superoxide radicals (O;") (Kosenko et al. 1997; Norenberg et al. 2006; Norenberg et
al. 2009; Walsh et al. 2007; Wilkie at al. 2011). These reactive molecules are the
byproducts of oxidative metabolism, which can severely damage proteins and lipids in
the brain.

Under normal conditions, NMDA receptors are ionotropic receptors, which act as
cation channels that are most permeable to calcium when triggered. NMDA receptors
play a critical role in the process of CNS development, neuroplasticity, learning and
memory (Wenthold et al. 2003). The development of learning and memory is promoted

by a process known as long-term potentiation (LTP), where long lasting signal transfers



occur between the pre-synaptic and post-synaptic neuron (Fig 1.4). LTP can be elicited
by the activation of NMDA glutamate receptors (DiScenna and Teyler 1987; System
1992). Activation of the NMDA receptor occurs following the release of glutamate into
the synaptic cleft from the pre-synaptic neuron. The glutamate then binds the NMDA
receptor and also to the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor, which acts as a Na'/Ca®" channel. The binding of glutamate to AMPA
receptors triggers the AMPA channels to open, depolarizing the cell due to the influx of
sodium into the neuron. The NMDA receptor is typically not activated until the resulting
depolarization arising from AMPA receptor activation resulting in the displacement of
Mg*" from the channel of the NMDA receptors, which allows an influx of Ca*" into the
post-synaptic cell (Fig 1.4; Wenthold et al. 2003).

Despite extensive work by many research groups, the mechanism(s) of ammonia
toxicity remains uncertain, however, ammonia and associated oxidative and nitrosative
stress (RONS) seem to play a role in astrocyte swelling. Previous in vivo work revealed
that during experimental hyperammonemia, ammonia toxicity triggered increase RONS
productions in cultured astrocyte (Norenberg 2003; Jayakumar et al. 2009). Kosenko et
al. 2007, reported that hyperammonemia reduced levels of antioxidant enzymes and lipid
peroxidation in the brain. Additionally, oxidative stress and the effects of free radicals
cause swelling in cultured astrocyte and brain slices (Chan et al. 1989; Chan et al. 2000;
Jayakumar et al. 2009). Similarly, in the presence of ammonia, oxidative damage to
proteins and lipids has been demonstrated in astrocyte cultures (Murphy et al. 1992;

Norenberg et al. 2009, Jayakumar et al. 2009). An initial key event during ammonia



toxicity in cultured astrocytes is the increase in intracellular Ca*" (Schliess et al. 2002;
Rose et al. 2005).

It remains unclear how or if ammonia induced-activation of NMDA receptors
triggers the cascade of events that lead to brain swelling in mammals, let alone fishes.
Researchers suspect that ammonia depolarizes neurons which results in the release of
Mg*" from the ion channel of the receptor (Fan and Szerb 1993), which normally prevents
the opening of NMDA channels, thereby preventing Ca®" from entering the cell under
resting conditions (Wenthold et al. 2003). Hemenegildo et al. (1996) injected mice with
various NMDA receptor antagonists, such as dizocilpine (MK801), phencyclidine, and
ketamine, which act on different sites of the NMDA receptors, following the
intraperitoneal (IP) injection of the mice with lethal doses of ammonia. The MK801
treated mice survival was extended, suggesting that acute ammonia toxicity is linked to
the over-activation of NMDA receptors. However, it is not known if the NMDA receptor-
mediated excitotoxicity explains the brain swelling that accompanies ammonia toxicity in
vertebrates. Thus, another goal of this work was to determine if over-activation of
NMDA receptors contributes to brain swelling in the ammonia tolerant goldfish,
compared to the more ammonia-sensitive trout during exposure to high environmental
ammonia.

Osmotic disturbances during high external ammonia

Maintenance of the brain’s osmotic, ionic and volume balance of these fluids is
essential for proper function of the CNS. The composition of the CSF and ICF are tightly
controlled due to the presence of the blood brain barrier (BBB), which, maintain a narrow

and stable homeostatic neuronal environment required for normal brain function (Serlin



et al. 2015). The BBB is comprised of brain capillary endothelial cells and their
junctional complexes (Nguyen 2012). The ICF of neurons and astrocytes are controlled
by a variety of ion transporters. In addition to the Na'/K'-ATPase, which is ubiquitous,
another important transporter is the Na™-K'-CI cotransporters (NKCC), which are a class
of membrane proteins that transport Na", K" and CI  ions into and out of cells. Brain
swelling during HE and ALF may be due to the similar radii between K™ and NH,;" and
their effects on NKCC1 and Na'/K'-ATPase. With a pKa of ~9.0 at 37°C only a small
percentage will exist as NHj; at a physiological pH (7.4) therefore, majority will exist as
NH," and able to compete with K™ on NKCC1 and Na'/K'-ATPase (Aickin et al. 1982;
Moser 1987; Hertz et al. 2015). Additionally, rise in glutamate due to the over-activation
of NMDA receptors results in the increased inward transfer of glutamate into astrocytes,
by a Na'/glutamate co-transporter EAAT-1 with a K* counter-transport (Zerangue and
Kavanaugh 1996; Levy et al. 1998; Hertz et al. 2015). Elevated EAAT activity may
increase extracellular K', which act on NKCCI, Na'/K'-ATPase and endogenous
ouabain pathway. The combination of these disturbances activates the production of ROS
and nitrosative agents, which trigger various ion channels to activate, leading to cell
swelling (Hertz et al. 2015). Lastly, studies by Chen et al. (2013) in swamp eel,
Monopteris albus found that exposure to ammonia lead to a significant decrease in
mRNA expression of Na'/K'-ATPase and overall protein abundance. Furthermore, brain
Na'/NH,4 -ATPase activities were significantly lower than Na'/K'-ATPase. Suggesting,
that M. albus impressive ammonia-tolerant capability may be due to their ability to down-
regulate mRNA expression and overall protein abundance. Thus one goal of this work is

to investigate Na'/K -ATPase activity during HEA.
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Changes in the BBB permeability to Na" may also play a predominant role in
ischemic brain edema. Gotoh et al. (1985) occluded the middle cerebral artery (MCA) in
rats, which resulted in significant swelling of the brain as demonstrated by increased
brain water content, and parallel increases in dry brain Na™ and decreases in dry brain K
content. However, ionic and osmotic disturbances during ammonia-induced brain
swelling in fish remains poorly understood. Thus, the last goal of this work is to

determine the role of ionic changes during HEA.
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Hypothesis and Objectives:

With this background, the overall goal of my M.Sc. thesis was to determine the
mechanisms of ammonia-induced brain swelling in the rainbow trout and goldfish. My
specific objectives were to:

Objective I: To determine if ammonia-induced brain swelling is due to the increase
concentration of intracellular glutamine.

Objective II: To determine if ammonia-induced brain swelling is due to the
overactivation of NMDA receptors.

Objective III: To analyze the role of brain ionic disturbances during the development of
ammonia-induced brain swelling.

Objective IV: To characterize the effects of ammonia on Na'/K'-ATPase protein activity
during ammonia-induced brain swelling.

To test these hypotheses, rainbow trout and goldfish were exposed to HEA and
brain tissue water content was measured. To further explore the underlying mechanism of
brain swelling, rainbow trout and goldfish were injected with an NMDA receptor
antagonist (MK801) and exposed to HEA. Following treatment and exposure, brain tissue
water, plasma ammonia, ammonia and glutamine content were measured. Based on
previous studies by Wilkie et al. (2011), I predicted that MK801 would mitigate brain
swelling in ammonia-sensitive rainbow trout but not in ammonia-tolerant goldfish
because ammonia-sensitive fish may be more susceptible to neuronal depolarization.
Whereas, ammonia-tolerant fish may have adaptations that allow them to be less tolerant
to neuronal depolarization in the presence of ammonia (Wilkie et al. 2011). T also

predicted that the inhibition of glutamine synthetase by MSO would not mitigate brain
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swelling due to intracellular accumulation of glutamine in both rainbow trout and
goldfish. Lastly, I predicted that there would be significant ionic/osmotic disturbances

during ammonia-induced brain swelling in the rainbow trout and goldfish.
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Figure 1.1 Ammonia production and excretion pathways in mammals, reptile and fish.
The production of ammonia arises from the breakdown of proteins followed by the
subsequent deamination of amino acids. (1) In mammals, the liver is responsible for
detoxifying ammonia. In which ammonia is converted to urea by the ornithine-urea cycle
and excreted by the kidney. (2) Reptiles excrete nitrogenous waste in the form of uric
acid via the 15-reaction pathway. (3) Most fishes excrete ammonia directly across the gill

due to its high water solubility.
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Figure 1.2. Schematic diagram of Rh glycoprotein mediated ammonia excretion in
freshwater fish. Three types of Rh protein are involved in the movement of ammonia
from the blood to the water via the gill. First, ammonia that is present in red blood cells is
transferred from the blood to the extracellular fluid via the Rhag, which is then taken up
by gill epithelial cells across the basolateral membrane via Rhbg, before it is
subsequently excreted to the water via apically-located Rheg proteins. Under normal
conditions, the H' generated at the gill surface by CO, hydration and the H'-ATPase
traps NH; as NH4", which maintains a steady NHj partial pressure diffusion gradient

across the apical membrane of the gill cell (Adapted from Wright and Wood 2009).
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Figure 1.3. Glutamate-Glutamine Cycling. 1. Glutamate (GLU) is released into the
synaptic cleft from the excitatory presynaptic neuron. 2. Excess glutamate is taken up by
nearby astrocytes via Na'/glutamate co-transporter EAAT-1 and EAAT-2, terminating
excitatory signals. 3. Within astrocytes, glutamate is converted to glutamine by catalyzing
NH,", ATP and glutamate via glutamine synthetase (GS). 4. The glutamine product is
exported into the extracellular space via Na'/glutamine co-transporter (SN1) and taken up
in the 5. presynaptic neuron (GInT) and packaged into vesicles (Figure adapted from

Walsh et al. 2007).
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Figure 1.4. Glutamate Cycling and NMDA receptors Function. 1. Glutamine is
converted to glutamate via glutaminase (GLNase) catalyzed reaction and packaged into
synaptic vesicles 2. On the post synaptic cell there are two receptors that are usually
coupled together, the AMPA receptor and NMDA receptor. These receptors are activated
by glutamate, which is released by the pre-synaptic neuron into the synaptic cleft. 3.
Glutamate binds to the AMPA receptor causing the channels to open, leading to an influx
of Na' ions leading to the depolarization of the cell. 4. The AMPA-induced
depolarization causes the repulsion of Mg”" from the central channel of the NMDA
receptors, which normally prevents the NMDA receptors from opening. As a result, Ca>*
enters the post-synaptic neuron down its electrochemical gradient, resulting in the
activation of numerous second messenger pathways involved in learning and memory,
and the regulation of physiological processes including generation of rhythms for

respiration and locomotion.
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Figure 1.5. Proposed mechanism of ammonia toxicity overview. Ammonia can either
exist as NH; or NH,". Intracellular alkalization can occur due to increase entry rate and
concentration of NHs;. NMDA receptors are more susceptible to activation during HEA
resulting in neuronal depolarization. The over-activations of NMDA receptors results in
increased intracellular calcium, which can lead to ROS generation. Additionally, studies
proposed that the generation of ROS might result from the induction of the mitochondrial

permeability transition pore leading to ROS production.
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Chapter 2

Role of N-Methyl-D-Aspartate Receptor and Na'/K'-ATPase in Ammonia-Induced

Brain Swelling in the Rainbow Trout (Oncorhynchus mykiss)
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INTRODUCTION

Ammonia arises from the deamination of excess amino acids, but due to its high
toxicity it must either be excreted or converted to less toxic end-products such as urea to
prevent it from increasing to toxic levels (Mommsen and Walsh 1991; Wright 1995;
Weihrauch et al. 2009). However, elevated levels of internal ammonia in mammals,
hyperammonemia, can arise from liver damage, defects in the ornithine urea cycle or
other causes such as, Reye’s syndrome leading to brain swelling (encephalopathy), and
subsequent damage to the central nervous system (CNS) triggering hyperexcitability,
seizures, coma and death (Felipo and Butterworth 2002: Braissant 2012). In contrast to
mammals, in which internal ammonia concentrations are tightly regulated, fishes may
experience transient elevations in internal ammonia following feeding or vigorous
exercise (Driezic and Hochachka 1978; Wang et al. 1996; Wicks and Randall, 2002a;
Randal and Tsui 2002). Such natural spikes in plasma ammonia concentrations [T amm]
may even approach those associated with death due to exposure to high external
ammonia (HEA) in fasted animals (Wicks and Randall 2002a, b). Wilkie et al. (2015)
recently reported that goldfish (Carassius auratus) and the closely related crucian carp
(Carassius carassius), were not only highly tolerant to ammonia, but that these fish
experienced 20-30 % increases brain water volume in response to HEA exposure.
Moreover, they noted that brain water volume was restored following recovery in clean
(ammonia-free) water. However, the underlying causes of ammonia-induced brain
swelling in fishes, not to mention mammals, still remain unclear.

One possible cause of ammonia-induced brain swelling is increased glutamine

production within the astrocytes of the brain (Brusilow 2002). Glutamine synthesis is
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mediated by the ATP-dependent conversion of ammonia plus glutamate to form
glutamine via glutamine synthetase in the brain (Wick and Randall 2002b; Randal and
Tsui 2002; Kosenko et al. 2003; Albrecht and Norenberg 2006; Jayakumar et al. 2006;
Norenberg et al. 2007; Sanderson et al. 2010). Although glutamine production is
normally thought to protect against ammonia toxicity, it has been hypothesized to cause
osmotic shifts of water into the intracellular space of astrocytes by increasing the
osmolarity of the cell cytosol (Brusilow 2002). However, administration of the glutamine
synthetase inhibitor (intraperitoneal; IP), methionine sulfoximine (MSO), failed to
prevent ammonia-induced brain swelling in goldfish, despite preventing rises in brain
glutamine concentration suggesting that glutamine only plays a minor, if any, role in this
process. One goal of the present study was to further investigate what role, if any,
glutamine accumulation played in mediating brain swelling in a more ammonia-sensitive
rainbow trout (Oncorhynchus mykiss), by measuring changes in brain water volumes in
trout that had been exposed to sub-lethal concentrations of high external ammonia (HEA)
following the administration of MSO.

Ammonia is also known to mediate its toxic effects through the overactivation the
of N-methyl-D-aspartate (NMDA) receptors (Fan and Szerb 1993; Hermengildo et al.
1996, 2000). NMDA receptors are glutamate-gated Ca*' channels found primarily on
neurons and they play a critical role in many biological processes including the
development of the central nervous system (CNS), and the initiation of rhythms for
breathing and locomotion. They also play a critical role in the process of learning,
neuroplasticity and memory development (Wenthold et al. 2003; Kemp and McKernan

2002). The over-activation of NMDA receptor is thought to cause excitotoxic cell death
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in which uncontrolled increases in intracellular Ca®* lead to the generation of reactive
oxygen species (ROS) by mitochondria and/or through various Ca®" dependent enzymes
such as NADPH oxidase (NOX) (Suzuki et al. 1985; Kosenko et al. 2001, 2003;
Norenberg et al. 2009; Jayakumar et al. 2009). Indeed, HEA exposure leads to oxidative
damage in the brain of the goldfish characterized by lipid peroxidation and the generation
of protein carbonyls (Lisser 2016). Yet, the potential role of the NMDA receptor in
ammonia-induced brain swelling remains unresolved. Accordingly, another goal of the
present study was to determine if administration of the NMDA receptor antagonist
dizocilpine (MK801) prevented ammonia-induced brain swelling from taking place in the
rainbow trout.

Ultimately, in order for brain swelling to occur, an osmotic gradient must be
generated to trigger fluid shifts from the extracellular to intracellular space of astrocytes
and/or neurons. For instance, increased brain water content in rats following
experimentally induced ischemia is accompanied by simultaneous increases in dry Na"
and decreases in dry K* content (Gotoh et al. 1985). There are also numerous reports
implicating electrolyte imbalances in the development of cerebral edema (e.g. Brunson et
al. 1973; Shibata et al. 1974; Hossmann 1980; Gotoh et al. 1985; Katzman et al. 1997).
However, the mechanistic basis of ionic and osmotic disturbances during ammonia-
induced brain swelling in fish and mammals remain poorly understood. Thus, the final
goal of the present study was to better characterize how potential shifts in Na" and K
balance contributed to changes in brain water content in rainbow trout during HEA. A

particular aim was to test the hypothesis that ammonia inhibited the Na'/K'-ATPase,
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which is integral to controlling intracellular Na" and K" balance in cells, but could be

potentially inhibited by the production of ROS.
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METHODS AND MATERIALS
Experimental Animals and Holding

Juvenile rainbow trout (Oncorhynchus mykiss; 50-100 g) were purchased from a
commercial supplier (Rainbow Springs Trout Hatchery, Thamesford, Ontario) and
transported to the Wilfrid Laurier University Animal Care Facility, where they were held
in 220 L cylindrical holding tanks continuously receiving aerated well water (dissolved
oxygen > 80% saturation) at 12 + 1°C and pH 7.8 + 0.4. The animals were acclimated to
the facility for a minimum of 2 weeks, during which they were fed 3 times a week, at a
ration of 2% body weight, with commercially available dried pellets (3.0mm Martin
Profishent™ Fish Food for Aquaculture, Elmira, Ontario). Prior to experiments, the fish
to be used were fasted for a period of 3-5 to eliminate the effects that feeding history
might have on ammonia excretion and tolerance to build-ups of internal ammonia
(Fromm, 1963; Hillaby and Randall 1979; Wright and Wood, 1985; Wicks and Randall
2002a), before being transferred to individual darkened, fish-holding containers (3-3.5 L
in volume), where they were left to acclimate for 12-24 h. The fish were carefully
examined for evidence of disease or stress that could have adversely affected fish health
or experiments. All animal care and experiments conducted were approved by the Wilfrid
Laurier University Animal Care Committee and followed the guidelines of the Canadian
Council of Animal Care.
Experimental Set-Up

The experimental system was constructed with an angle iron frame, upon which
was placed on a large PVC tray, which held the individual fish holding containers. An

overhanging head tank drained into a flow-splitter that fed into each of the well aerated,
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individual holding chambers, which received a continuous flow of water at a rate of 0.5
to 1.0 L per minute. Water drained out of the boxes into the PVC and then to a lower
reservoir, from which the water was returned to the head tank using a submersible water
pump. Water pH was carefully regulated between 7.9-8.1 during the experiment to
ensure that the relative proportions of NH; and NH4 " to which the fish were exposed was
constant. This was done using a pH-stat system comprised of a GK2401C pH electrode
(Radiometer, Copenhagen, Denmark) running from a PHM82 pH meter Radiometer
connected to a TTT80 auto-titrator (Radiometer). When pH deviated from the set point,
0.5M HCl was added into the head tank by opening a solenoid valve (Cole Parmer
Instruments Co., IL. USA), activated by the auto-titrator.
Experimental Protocols
Experiment 1: Characterization of the Effects of HEA Exposure on Brain Water Content,
ITon Concentration and Na'/K -ATPase Activity in Rainbow Trout

The night before experiments, rainbow trout were transferred into individual 3.0-
3.5 L dark rectangular holding chambers and left to acclimate overnight. The next
morning ammonia exposure was initiated by cutting-off water flow to each holding
chamber and to the entire recirculating system. An appropriate amount of 5 M NH,4Cl
stock solution was then added to into each container, and to the entire system to establish
a nominal target total ammonia concentration (T[amm] = sum of NH; plus NH;") of 1
mmol L™ total ammonia in the water. Water pH in the system was monitored using the
pH-stat set-up and at regular intervals (0, 4, 6, 12, 24, 36, and 48 h) in the holding
chambers using a handheld pH meter (Oakton Instruments, pH 11 Model, Vernon Hills,

IL). At each sampling period, sub-sets of animals were euthanized with 1g L™ tricaine
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methanesulfonate buffered with 2.0g L™ NaHCOs, and blood samples were collected by
caudal puncture using a ImL-heparinized (7 mg heparin in 25 mL Cortland’s saline to
counteract coagulation) syringe and 21 gauge needle, transferred to 1.5 mL
microcentrifuge tubes, and then centrifuged at 10,000 X g for 3 minutes. The plasma was
then transferred to clean microcentrifuge tubes, snap-frozen in liquid nitrogen (N») and
stored at -80°C until it was quantified for plasma T[amm| concentration. The cranial
cavity was then exposed and the whole intact brain (telencephalon, cerebellum, vagal
lobes and optic tectum) carefully extracted, transferred to pre-weighed 1.5 mL
microcentrifuge tubes, and then dried to constant weight at 60°C (~ 72 h) for the
determination of brain water content. The brains of additional subsets of fish exposed to
ammonia were also removed, snap frozen in liquid N; and stored at -80°C for later
analysis of glutamine, ammonia, and Na'-K'-ATPase activity.
Experiment 2: The Effects of MSO on Ammonia-Induced Brain Swelling

To characterize what role glutamine played in brain swelling in rainbow trout, the
fish were administered the glutamine synthetase inhibitor, MSO. As described for
Experiment 1, the fish were transferred to their individual holding chambers the night
before experiments. The next morning, however, subsets of fish were anesthetized (0.1g
L™ tricaine methanesulfonate buffered with 0.2g L™ NaHCO3) and injected
intraperitoneally (IP) with MSO (10 mg kg™, dissolved in Cortland’s saline; dose chosen
based on previous experiments performed by Sidhu (2009)), Cortland’s saline (7.25 g -
NaCl, 0.38 g - KCl, 0.23 g - CaCl, 2H,0, 0.23 g - MgS0O4 " 7H,0, 0.41 g - NaH,PO4"
H,0, and 1.0 g - C¢H20¢) or subjected to a sham treatment, in which anaesthetized fish

were handled in an identical manner but not injected with solution. The next day the fish
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were exposed to HEA (1 mmol L™ total ammonia) as described above, followed by brain
and blood collection at 48 h of exposure. Brain tissue water was determined as described
under Experiment 1, but the brains of sub-sets of animals were also preserved in liquid
N,, and saved at -80°C for later quantification of ammonia and glutamine.
Experiment 3: The Effects of MK801 on Ammonia-Induced Brain Swelling and Osmotic
and lon Regulation

To determine if NMDA receptor over-activation contributed to ammonia-induced
brain swelling fish were administered the NMDA receptor antagonist MK801. As
described above, fish were transferred to individual holding chambers and acclimated for
24h. Different groups of fish were then anesthetized with an anaesthetic dose of 0.1 g L™
tricaine methanesulfonate and 0.2 g L' NaHCO; and administered (IP) MK801 (5 mg kg’
! dissolved in Cortland’s saline; dose chosen based on previous experiments performed
by Wilkie et al. (2011)) or Cortland’s saline or sham treatment. After 24 h recovery, the
goldfish were exposed to ammonia (1 mmol L™ HEA), and then sampled exactly as
described for experiment 1. The brain was then dried to constant weight as described
above, and blood was processed and saved for determination of plasma ammonia
concentration.
Analytical Techniques
Water Ammonia Concentration

Water ammonia concentrations were determined spectrophotometrically using the
salicylate-hypochlorite assay at 650nm (Verdouw et al. 1978) using a 96 micro-well plate

spectrophotometer (Spectramax 190, Molecular Devices, Sunnyvale, CA).
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Brain Tissue Water Measurements

After brains were dried to constant mass, the measured decrease in wet tissue
mass (converted to mL of H,O) was divided by the original wet tissue mass (g) to yield
tissue water content per gram wet mass (mL H,O g'l wet mass). Brain water content was
then expressed as ml H,O/g dry mass by using the following equation:

Water Content = ml H,O/g wet mass 1)
g dry mass/ g wet mass

where brain water content is expressed in mL H,O g dry mass (Wilkie et al. 2015).
Brain Na' and K™ Quantification

Following determination of brain water content, the dried brains were digested in
6 volumes of 1 N HNOj3, and a sub-sample of the digest diluted 1000 times using
deionized water, and then acidified with 1% with 16 N, HNOs3, and quantified using
flame atomic absorption (AA) spectrophotometry (PinAAcle 900, Perkin Elmer,
Woodbridge, Ontario) and expressed as mmol kg dry mass. Samples processed for K*
quantification were further treated with 0.1% cesium chloride to improve analytical
resolution on the Flame AA.
Determination of Plasma Concentration

Plasma ammonia concentrations were determined enzymatically (L-glutamate
dehydrogenase; Proteus sp.; Sigma-Aldrich, G4387) with commercial reagents
(AA0100, Sigma-Aldrich) and absorbance’s determined using a plate spectrophotometer
at 340 nm. Quality control checks were performed using commercial ammonia standard
(A0978; 588umol, Sigma-Aldrich).
Brain Glutamine and Ammonia Concentration Determination

Tissue Homogenization
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Whole brain tissue was prepared for glutamine and ammonia analysis using a
bead mill homogenizer (Precelly ® 24 Bead Mill Homogenizer). Briefly, frozen brain
samples were weighed, and then transferred to chilled 2 mL polypropylene centrifuge
tubes, followed by the addition of 5 volumes of ice-cold 7% perchloric acid (PCA)
containing 1 mmol L™ ethylenediaminetetraacetic acid (EDTA). Three ceramic
homogenizing beads were then added to each tube, which was then transferred to the
bead mill homogenizer, and homogenized for two-15 seconds intervals, separated by a 30
second cooling interval. The homogenized samples were immediately transferred to a
4°C refrigerated centrifuged, left for 10 minutes, centrifuged for 8 min at 12,000 X g. The
supernatant drawn-off and and then neutralized with 0.5 volumes of KOH (2N) to ensure
pH was between 7-8. The neutralized supernatant was then used for the enzymatic
quantification of ammonia as described above, or for glutamine concentration.

Glutamine quantification was determined using glutamine synthetase and hydroxylamine,
which leads to the generation of y-glutamylhydroxymate which forms a brown-yellow
color complex in the presence Fe’*, and is measured at 540nm on the plate

spectrophotometer.

Brain Na'/K'/ATPase Activity Determination

Frozen brain samples were weighed, and transferred into 2.0 mL polypropylene
centrifuge tubes, to which three ceramic beads and 25-times volume of ice-cold SEID
(1X concentrate; 0.025 g sodium deoxycholate in 100 mL SEI; 250 mM sucrose, 10 mM
NaEDTA, 50 mM imidazole, pH 7.5) were added. The tubes containing the brain tissue
were then immediately transferred to the bead mill homogenizer (described above), and

homogenized for two-15 seconds intervals. The resulting homogenates were then

34



centrifuged for 8 minutes at 16,000 X g in a refrigerated centrifuge at 4°C
(Thermoscientific, Micro21R), placed on ice, and the supernatant used to measure

Na'/K'-ATPase activity within 30 minutes.

Measurements of brain Na'/K'-ATPase activity were based on McCormick
(1993), in which Na'/K"-ATPase activity was calculated as the difference between
uninhibited total ATPase activities minus ouabain-inhibited ATPase activity. To measure
total ATPase activity, brain tissue homogenate was added to an assay solution containing
pyruvate kinase (375 units), lactate dehydrogenase (200 units), NADH (0.22 mM),
phosphenolpyruvate (2.8 mM), and ATP (0.7 mM), in imidazole buffer (50 mM). An
identical solution, but also containing ouabain (0.7 mM) was used to measure ouabain-
inhibited ATPase activity. All assay mixtures were brought to room temperature (25°C)

immediately prior to enzyme activity determinations.

Total ATPase and ouabain-inhibited ATPase activity were determined using 96-
well microplates that were placed on a dry ice pack during assay preparation containing
2.5uL of brain tissue homogenate in each well (in quadruplicate). Assay mixture, with or
without ouabain, was then added to each well, at which time the microplate was placed
into the temperature-controlled microplate spectrophotometer (25°C), and ATPase
activity was determined based on the rate of NADH disappearance (oxidation) measured
at 340 nm over 10 minutes. An NADH standard curve (0-40 nmoles/well) was used to
determine the extinction coefficient of NADH at 340 nm, and the protein concentration of
each sample was determined using the Bradford assay (Bradford 1976). Wet weight
Na'/K'-ATPase activity was calculated as the difference of activity in the presence and

absence of ouabain, which was divided by the protein content of each sample to yield the
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specific Na'/K -ATPase activity in pmol ADP mg protein'h™!.
p ymu gp

Statistical Analysis

All data are expressed as the mean + 1 standard error of mean (SEM). With all the
assumptions met, differences between treatments were analyzed using one-way analysis
of variance (ANOVA) to determine significance and variation between means, followed
by a Holm-Sidak post-hoc test. All significant differences were determined at the p <0.05

level using GraphPad InStat, Version 3 (GraphPad Software, Inc., San Diego, CA, USA).
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RESULTS
Effects of HEA Exposure on Brain Water Content, Ion Concentration and Na /K -
ATPase Activity in Rainbow Trout

Ammonia-sensitive rainbow trout were able to survive a nominal total ammonia
(Tamm) concentration of 1 mmol L' for 48 h with approximately a 7% mortality rate. In
surviving fish, HEA exposure brain water content increased by approximately 12% from
4.40 +0.12 to 4.90 £ 0.03 mL H,O g dry mass, after 48 h HEA exposure. But, it
recovered to pre-exposure concentrations of 4.51 + 0.08 mL H,O g dry mass within 24
h of depuration in clean, (nominally) ammonia-free water (Figure 2.1A).

The increases in brain water content, were accompanied by marked increases of
plasma and brain tissue ammonia concentration ([Tamm]), which increased approximately
13-fold from 133 + 19 to 1670 + 79 umol L™, After 24 h recovery in ammonia-free water,
however, plasma [Tamm] had returned to control levels of approximately 214 + 26 pmol
L' (Figure 2.1B).

Similarly, brain [Tamm] increased by approximately 2-fold from 1213 + 89 to
2185 + 188 umol kg™ after 48 h of HEA exposure, but returned to control concentrations
of 1263 + 103 pmol kg™ (Figure 2.2A). Glutamine concentrations increased markedly,
from control concentrations of 3486 + 556 pmol kg™ wet mass and increased to 16095 +
851 pumol kg wet mass following 48 h HEA (Figure 2.2B), but concentrations were
partially reversed following 24 h recovery in ammonia-free water, decreasing to
approximately 5156 + 581 pmol kg wet mass (Figure 2.2B).

Brain dry mass Na" and K" content of rainbow trout were significantly influenced

by HEA exposure. Brain Na' content increased from approximately 320 + 2 to 537 + 20
y p pp Y
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umol g™ dry mass, but returned to control levels of 337 + 30 umol g dry mass after 24 h
of depuration in ammonia-free water (Figure 2.3A). In contrast to Na', brain K" content
in HEA exposed rainbow trout demonstrated an inverse relationship. The K content of
controls was 429 + 21 pmol g dry mass compared to HEA exposed groups of 334 + 16
umol g”' dry mass. After 24 h recovery in ammonia-free water brain K was unchanged
compared to the HEA exposure group (Figure 2.3B). It was notable, that these changes
in brain ion content were accompanied by changes in Na'/K'-ATPase activity, which was
50% lower after 48 h HEA, and remained so after 24 h of recovery in ammonia-free
water (Figure 2.3C).
The Inhibition of GS Effects on Brain Tissue Water Content

The inhibition of GS with MSO injection during 48 h HEA exposure did not
significantly dampen or inhibit the accumulation of water in the rainbow trout brain. As
expected, administration of MSO significantly dampened glutamine accumulation by
approximately 88% in rainbow trout brain following exposure to 48 h HEA (Table 2.2).
Despite the lack of glutamine accumulation, brain water content still increased from 4.48
+0.07 to 4.75 + 0.06 mL H,0 g dry mass after 48 h HEA exposure, but the increase in
brain water content, 6 %, was less than measured in untreated fish (Compare Figure 2.1A
to Figure 2.4). In sham and saline-injected fish, brain water content also increased with
HEA exposure; approaching 4.92 + 0.02 and 4.83 + 0.07 mL H,0 g’ dry mass,
respectively (Figure 2.4). As with brain water content, rainbow trout plasma [T omm|
increased approximately 14-fold when exposed to 48 h HEA rising to an average of 1506

umol L™ in all exposed groups (Table 2.3).
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In normal control sham and saline treated animals, brain Na" contents was 377 +
30 and 386 + 29 umol g dry mass, respectively (Table 2.3). Following 48 h HEA
exposure brain Na" content in sham-treated and saline-treated controls were significantly
increased by roughly 38% to 519 = 18 umol g dry mass (Table 2.3). However, saline-
treated exposed groups displayed minor increases of brain Na" content to 463 + 20 umol
g dry mass but, these increases were not significantly different (Table 2.3). The
administration of MSO did not prevent the increase of brain Na content in fish exposed
to 48 h HEA. MSO-treated fish brain Na" content increased approximately 40% to 543 +
26 pmol g dry mass (Table 2.3). Unlike Na', brain K content in rainbow trout exposed
to 48 h HEA did not significantly change in this series of experiments, and was highly
variable amongst the different treatment groups (Table 2.3).
Effects of MK801 on Brain Tissue Water Content and Brain lon Content

Rainbow trout injected with MK801 (5mg kg ™) did not demonstrate significant
accumulation of water in the brain, remaining near control values of approximately 4.51
+0.04 mL H,O g dry mass (Figure 2.5A). In saline-injected trout and sham-injected
trout, on the other hand, brain tissue water content was approximately 7% higher
compared to control, saline and sham-injected fish (Figure 2.5A).

The treatment with MK801 did, however, alter other physiological responses to
HEA including brain and plasma [T amm], Which increased 8-fold from pre-exposure
values, before returning to pre-exposure values during the recovery period (Figure 2.5B).

Notably, MK801-treated fish did not exhibit significant increases in brain Na"

concentration. Similarly Na" content did not significantly increase following depuration
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in ammonia-free water (Figure 2.6A). Similarly, dry brain Na" content in control sham
and saline-treated fish significantly increased following 48 h HEA exposure.
Brain K content in rainbow trout exposed to 48 h HEA did not demonstrate any

significant changes between all groups (Figure 2.6B).
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DISCUSSION
Ammonia-induced brain swelling in ammonia-sensitive rainbow trout

The present study demonstrates that the sub-lethal accumulation of ammonia by
rainbow trout lead to significant brain swelling, which was completely reversed following
reintroduction into ammonia-free water. Similar observations were recently reported for
the goldfish and crucian carp (Carassius carassius), in which brain tissue water increased
by approximately 20 % following exposure to 5 mmol L™ and 20 mmol L™' ammonia,
respectively (Wilkie et al. 2015). The ability for fish to restore brain water volume, with
no obvious evidence of damage or adverse behavioural effects may be because the
relative volume of the cranial cavity of these fish is much larger compared to the size of
their brain (Van der Linden et al. 2001). This would reduce the risk of brain damage
arising from increases in intracranial pressure and/or compression of the brain due to
contact with the walls of the cranium, which commonly results neuropathology and

sometimes death in mammals (Eddy, 2005; Walsh et al. 2007).

Due to the absence of an ornithine urea cycle in most teleost fishes they lack the
capacity to efficiently convert ammonia to less toxic urea in response to increases in
internal ammonia (Mommsen and Walsh 1989; Wright 1995; Wood 2001). Rather
ammonia must either be excreted or temporarily tolerated. The relatively large cranial
cavities of fishes such as the salmonids and cyprinids may therefore be important for
allowing fish to cope with upward spikes in internal ammonia elevations following
feeding and perhaps even exhaustive exercise, both of which can result in large increases
in internal ammonia (Driedzic and Hochochka 1978; Wang et al. 1996; Wicks and

Randall 2002a,b). However, fluctuations in brain water volume may also be caused by
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other stressors, and may not be unusual in fish. Indeed, magnetic resonance imaging
(MRI) did demonstrate that, brain water volume increased by approximately 6.5 % in
common carp (Cyprinus carpio) following 2 h anoxia exposure (Van der Linden et al.
2001). More recently, 10 % increases in brain water content were reported for crucian
carp following 48 h of anoxia (Wilkie et al. 2015). Despite the fact that brain
encephalopathy, or brain swelling, does occur in at least some fishes, little is known

about the underlying causes.

Brain glutamine concentration and osmotic disturbances

Although glutamine is normally considered to be involved in the detoxification of
ammonia (Cooper and Plum 1989; Mommsen and Walsh 1991; Ip et al. 2001), a number
of groups have suggested that glutamine accumulation in the presence of elevated internal
ammonia may be in fact toxic (Brusilow 2002; Albrecht and Norenberg 2006). As
expected, brain glutamine concentration increased during HEA exposure, supporting the
suggestion that excess NH,;" was converted to glutamine by glutamine synthestase (GS)
via an ATP-dependent reaction of NH, and glutamate (E.g. Mommsen and Walsh 1992;
Felipo and Butterworth 2002; Wicks and Randall 2002; Ip et al. 2005; Walsh et al. 2007).
This enzymatic processes has been proposed to be an essential factor for the
detoxification of ammonia in mammals (Cooper and Plum 1989; Felipo and Butterworth
2002), and numerous fishes, including rainbow trout (Wicks and Randall 2002a;
Sanderson et al. 2010), as well as goldfish (Wilkie et al. 2011, 2015), common carp
(Cyprinus carpio; Dabrowska and Wlasow, 1986), Lake Magadi tilapia (Oreochromis
alcalicus grahami; Randall et al. 1989), toadfish (Opsanus beta; Mommsen and Walsh

1989; Veauvy et al. 2005), Amazonian freshwater stingray (Potamotrygon motoro; Ip et
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al. 2009), and the mudskipper (Boleophthalmus boddarti; Peng et al. 1998) all
demonstrate substantial brain glutamine accumulation following HEA exposure.

In addition to being a metabolic waste product, ammonia is also involved in the
glutamate-glutamine pathway between neurons and astrocytes (Felipo and Butterworth
2002; Kelly and Christine 2010). However, a number of studies in the last decade or so
have suggested that the accumulation of glutamine leads to osmotic disturbances leading
to subsequent water influx and cell swelling (Brusilow 2002). Indeed, preventing
glutamine accumulation by inhibiting glutamine synthetase with MSO attenuated brain
swelling in rats undergoing experimentally induced hyperammonemia (Takahashi et al.
1991; Willard-Mack et al. 1996; Tofteng et al. 2006). Certainly, glutamine and brain
tissue water content appeared to be correlated with one another in the rainbow trout
exposed to HEA (Figure 2.1A and 2.1D). At first glance, these observations would
support the hypothesis that glutamine acts as an intracellular osmolyte, promoting the
influx of water and swelling in the brain (Brusilow 2002). However, the administration of
MSO did not prevent increases in brain water content, despite marked reductions in
glutamine accumulation during HEA exposure (Figure 2.4 & Table 2.2). Similarly,
Wilkie et al. (2015) reported that the suppression of glutamine synthesis in goldfish
exposed to HEA (5 mmol Lh following MSO administration did not attenuate ammonia-
induced increases in brain tissue water. These observations tend to suggest that glutamine
accumulation does not directly cause the increases in intracellular osmolarity required to
drive the osmotic influx of water that results in ammonia-induced encephalopathy in

these fishes.
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Another possibility is that brain swelling due to hyperammonemia may be an
indirect consequence of glutamine production in the brain. Albrecht and Norenberg
(2006) proposed that glutamine may acts as a silent carrier (“Trojan horse”) of NHs,
which is taken up along with glutamate and converted, to glutamine via GS in astrocytes.
They suggest that much of this glutamine is then hydrolyzed back to glutamate and NH;
by phosphate activated glutaminase (PAG) by the mitochondria, where NHj triggers the
production of ROS through the induction of the mitochondria permeability transition
(MPT), ultimately resulting in astrocytic swelling. In goldfish, exposure to HEA results
in oxidative damage characterized by protein carbonyl formation and lipid peroxidation
in warmer (14 °C) water but oxidative damage and brain swelling are attenuated during
HEA in cold (4 °C) water, supporting the hypothesis that hyperammonemia results in
ROS production (Lisser 2016). While these findings strongly implicates that ammonia-
induced brain swelling is related to ROS production, the underlying mechanisms of ROS
production with hyperammonemia have not yet been resolved. While the findings of the
present study suggest that the accumulation of intracellular glutamine does not directly
lead to swelling in the rainbow trout brain, an indirect role for glutamine through the
production of ROS cannot yet be ruled out.

Protection in ammonia-sensitive rainbow trout from ammonia toxicity

It remains widely accepted that ammonia toxicity involves NMDA receptor over-
activation (Fan and Szerb 1993; Hermenegildo et al. 1996, 2000; Wilkie et al. 2011). In
mammals, the overactivation of NMDA receptor results in marked increases of
intracellular Ca®" and Na", which can stimulate the production of ROS through various

Ca”" dependent enzymes such as, NADPH oxidase (NOX) (Suzuki et al. 1985;
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Jayakumar et al. 2009) forming cNOS which, generates NO and free radicals (Nakamura
et al. 1989; Mayer et al. 1990; Kramer and Sharp 1997; Cocco et al. 1999; Kosenko et al.
2001; Jayakumar et al. 2009). As described above, the overproduction of ROS may in
turn trigger the initiation of mitochondrial permeability transition (MPT; Rama Rao et al.
2005), as well as the activation of MAP Kinase (MAPK), and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) leading to lipid peroxidation, protein
damage, RNA/DNA oxidation, and necrosis/apoptosis, astrocytic swelling (Norenberg et
al. 2009).

The findings of the present study also show that NMDA receptor likely plays a
key role in the response of the trout to hyperammonemia. The observation that
administration of the NMDA receptor antagonist MK801, prevented ammonia-induced
brain swelling in rainbow trout strongly suggests that the NMDA receptor plays a key
role in the ammonia toxicity response of fishes. Further evidence supporting this
conclusion includes previous observations showing that MK801 enhanced survival rate in
ammonia-sensitive rainbow trout exposed to HEA (Wilkie et al. 2011), as well in
ammonia tolerant weather loach (Misgurnus anguillicaudatus) injected with ammonium
acetate (Tsui 2004). Likewise, the administration of MK801 to a plainfin midshipman
(Porichtys notatus), increased delayed the unconsciousness during exposure to 10 mM
ammonium chloride (Veauvy et al. 2005; Walsh et al. 2007). Notably, however, the
survival of some ammonia-tolerant fishes is not affected by prior MK801 administration
when internal ammonia concentrations are elevated. This includes the ammonia-tolerant
African sharptoothcatfish (Clarias gariepinus), in which MK801 treatment (IP injection)

failed to increase survival time following a lethal dose of ammonium acetate (20 pmol g’
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! Wee et al. 2007), and MK801 treated goldfish exposed to 8 mM total ammonia (Wilkie
et al. 2011). Similar observations were made in two species of mudskippers
(Periophthalmodon schlosseri and Boleophthalmus boddaerti), where MK801 treatment
prior to lethal injection of ammonium acetate had no protective effect (Ip et al. 2005). In
vitro electrophysiology experiments have shown that MK801 does irreversibly inhibit
NMDA receptor activity in the goldfish (Wilkie et al. 2008), suggesting that goldfish uses
other mechanisms to prevent excitotoxicity in the presence of ammonia. Indeed, NMDA
receptor downregulation, characterized by a 50 % reduction in the NR1 subunit of
abundance, may be one factor that protects the goldfish from ammonia toxicity during
longer-term exposure to HEA (Wilkie et al. 2011). Nevertheless, the weight of evidence
suggest that in more ammonia-sensitive fishes such as the trout, ammonia-induced brain
swelling is related to over-excitation NMDA receptor that lead to homeostatic
disturbances, which compromises the osmoregulatory capacity of the brain.
Ionoregulation and disturbances during HEA

The significant increase in brain water content that was observed in the rainbow
trout during HEA exposure was accompanied by marked increases in dry Na*
concentration along with lesser decreases in dry K'. Such findings are consistent with an
impairment of ionoregulatory processes in neurons and/or astrocytes, which could have
led to a net increase in intracellular Na'" content, and an increase in intracellular
osmolarity sufficient to cause cell swelling. Further support for this hypothesis was that
ammonia exposure resulted in 50 % reduction in brain Na'/K '-ATPase activity, after 48
h. This finding is consistent with previous reports displaying the similar relationship

between brain swelling and elevated Na" content in mammalian models following
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ischemia (Gotoh et al. 1985; Rose and Ransome 1996a, 1997; Pisani et al. 1998; Kelly
and Christine 2010).

The brain edema observed in response to hyperammonemia in trout and in
mammals is similar to that demonstrated in models of mammalian ischemia/hypoxia, in
which the rapid accumulation of intracellular Na" leads to brain edema (Hansen 1985;
Karpiak et al. 1989). Under anoxic conditions, cessation of aecrobic ATP production leads
to ionic disturbances characterized by increased intracellular Na" and Ca®", which result
in osmotic shifts of water into the intracellular space of neurons and neuronal swelling
(Lutz et al. 2003; Walsh et al. 2007; Bickler and Buck 2009). However, swelling is
thought to be restricted to the astrocytes rather than the neurons with ammonia toxicity
(Felipo and Butterworth 2002; Albrecht and Norenberg 2006; Walsh et al. 2008). Studies
on cultured rat astrocyte cells, demonstrated that 5 mM NH4Cl treatment lead to
increased Na'-K"-ClI” co-transporter (NKCC1) abundance and swelling, which was
prevented in following inhibition with the NKCC1 antagonist bumetanide (Jayakumar et
al. 2008). These findings suggests that disturbances to intracellular ion balance arising
from changes in the kinetics of different ion transporters could also trigger ammonia-
induced brain swelling observed in the rainbow trout. Reductions in ATP production
have also been reported in mammalian models of ammonia toxicity (Kosenko et al.
1994), which could potentially alter energy status and ion homeostasis by depriving ion
pumps such as the Na'/K'-ATPase of ATP. Indeed, the present study implicates impaired
ionoregulation as an underlying cause of this process, at least in fishes.

The 50% reduction in Na'/K'-ATPase activity that was observed with HEA

would at least partially explain the increased Na' concentrations that were observed in
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trout brain. However, a potential mechanism to explain these reductions is still lacking.
One possibility is that the pump is impaired due to free-radical production during HEA.
As described above, hyperammonemia causes oxidative stress in both teleosts (Ching et
al. 2009; Sinha et al. 2014; Lisser 2016) and mammals (Kosenko et al. 2003a,b;
Jayakumar et al. 2006a). A potential source of free radical generation could be NMDA
receptor overactivation, which leads to elevated concentrations of intracellular Ca’",
leading to mitochondrial dysfunction and ROS production (Kosenko et al. 2003a, b;
Albrecht and Norenberg 2006; Jayakumar et al. 2006). Overproduction of ROS leads to
lipid peroxidation, carbonylation of proteins, and damage to nucleic acids (Norenberg et
al. 2007; Chen et al. 2008). As a result, enzymes, transport proteins and elements for the
plasma membrane can be damaged, resulting in homeostatic disturbances in cells. Recent,
evidence suggests that one potential target of free radicals is the o —subunit of the
Na'/K'-ATPase (Gusarova et al. 2011).

The Na'/K'-ATPase is a ubiquitous plasma membrane protein, and is responsible
for maintaining intracellular ion homeostasis by maintaining the electrochemical for Na"
and K" gradients across the plasma membrane (Jamme et al. 1995; Li and Stys 2001;
Lees et al. 1990; Lima et al. 2009). The pump is comprised of a a-subunit, which is the
site of ATP hydrolysis and the translocation of Na" and K" across the plasma membrane,
and a B-subunit, which stabilizes the pump by maintaining its polarity in the plasma
membrane (Campbell 2000; Li and Langhans 2015). The impairment of Na'/K"-ATPase
o-subunit by ROS would ultimately alter Na” and K" balance in the cell resulting in
osmotic disturbances. Although information on ROS-induced ionic disturbances are

limited, recent evidence demonstrates that H,O,, ROS and other free radicals (O,~, HO")
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appear to target and decrease the expression of a;-subunit of the Na/K'-ATPase in rat
jejunum and cardiac myocytes (Orsenigo et al. 2007; Sag et al. 2013). It is therefore
possible that similar ROS production plays a similar role in inhibiting Na'/K'-ATPase
activities in the brain of the rainbow trout in response to hyperammonemia, contributing
to Na" accumulation and ultimately brain edema due to the corresponding osmotic influx
of water. A decrease Na /K -ATPase observed in ammonia-challenged rainbow trout
could also lead to action potential prolongation (Sag et al. 2013), which would exacerbate
any disturbances through overactivation of NMDA receptors and additional production of

ROS.
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CONCLUSION

The present study has demonstrated that ammonia-induced neurotoxicity in
rainbow trout is reflected by significant alterations to brain Na" and K balance due to an
inhibition of the Na'/K"-ATPase, likely caused by ammonia-induced ROS production.
Glutamine accumulation does not appear to directly lead to ammonia-induced brain
swelling in rainbow trout, but a contribution through the stimulation of mitochondrial
ROS via phosphate-activated glutaminase cannot be ruled out. However, ammonia-
induced brain swelling is likely mediated by over-activation of NMDA receptors, which
could potentially result in the subsequent ROS production known to occur during HEA
exposure in fish. Nevertheless, the results of the present study implicate decreased
Na'/K"-ATPase activity and subsequent imbalances in Na" and K" balance as one
mechanism as the cause of ammonia-induced brain swelling in the rainbow trout, and this

process likely occurs in response to ammonia-induced ROS production.
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Table 2.1. Measured Ammonia Water Concentration for Rainbow Trout Exposed to High

External Ammonia. Chart represents all experiments. Data shown represented as mean +

SEM.
Rainbow Trout (HEA) Time (h) Actual Water Ammonia
(mmol L™)
4 1.02+0.12
6 1.13+£0.03
12 1.27 +£0.07
24 1.09 +0.09
48 1.13+0.04
Rainbow Trout (MK801) Time (h) Actual Water Ammonia
(mmol L™)
4 1.13+0.21
6 1.09 £0.12
12 1.17+0.04
24 0.94 +0.02
48 1.23 +£0.07
Rainbow Trout (MSO) Time (h) Actual Water Ammonia
(mmol L™)
4 1.11+0.11
6 1.09 £ 0.09
12 0.97+0.12
24 1.04 +0.01
48 1.24 +0.08
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Table 2.2. Concentrations of glutamine in the brain of rainbow trout in the absence
(control; n = 7), presence of HEA for 48 h, (Tamm 1 mmol L', n=8) and (MSO Treated
n = 10) and after 24 h recovery in ammonia-free well water (n = 5). Columns sharing the
same letter are not significantly different from one another (One-way ANOVA followed

by the Holm-Sidak post test p<0.05).

Rainbow Trout Treatments Brain Glutamine

MSO Brain Measurements

Glutamine (pmol kg'l)
Control 3485.7+55.7 (a)
HEA 16094.5 + 850.8 (b)
MSO HEA 2127.1 £301.2 (a)
HEA Recovery 5156.1 £581.2 (a)
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Table 2.3. The Effects of MSO on Brain Na" in dry mass, Brain K in dry mass and

Plasma [TAmm] in Rainbow Trout Summary Chart. (Sham » = 8 and Saline n = 8) or

exposed to 48 h HEA (Tamm 1 mmol L'l; Sham HEA »n =9, Saline HEA n = 13, and MSO

HEA n = 12), and following recovery in ammonia-free well water (MSO Recovery n = 6)

Data shown represented as mean + SEM. Columns sharing the same letter are not

significantly different from one another (One-way ANOVA followed by the Holm-Sidak

post test p<0.05).

Rainbow

Trout Brain Treatments [Na'] [K'] Plasma [T amm]

Na', K" and (umol g' dry | (umol g dry (umol L™)

Plasma mass) mass)

[TAmm]
Sham 377 £30 (a) 542 £ 53 (a) 133 +£47 (a)
Saline 386 =29 (a) 533+ 31 (a) 204 = 29 ()
Sham HEA 519+ 18 (b) 556+ 8 (a) 1464 = 31 (b)
Saline HEA | 464+20(ab) | 487+21 (a) 1586 = 40 (b)
MSO HEA 544 £ 26 (b) 559 + 26 (a) 1469 + 44 (b)
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Figure 2.1. (A) Brain tissue water content and (B) plasma ammonia concentration in
rainbow trout held under control conditions in the absence (n = 10) or exposed to 48 h
HEA (Tamm | mmol L'; n = 11), and following recovery in ammonia-free water (n = 7).
Data are presented as the mean = SEM. Bars sharing the same letter are not significantly
different from one another (One-way ANOVA followed by the Holm-Sidak post test

p<0.05).
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Figure 2.2. Concentrations of (A) ammonia and (B) glutamine in the brain of rainbow
trout in the absence (control; n = 7), presence of HEA for 48 h, (TAmm 1 mmol L'l; n=23),
and after 24 h recovery in ammonia-free well water (n = 5). Bars sharing the same letter
are not significantly different from one another (One-way ANOVA followed by the

Holm-Sidak post test p<0.05).
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FIGURE 2.2.
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Figure 2.3. Effect of HEA exposure (1 mmol L™) on (A) dry brain Na* content, (B) dry
K" content, (C) brain Na'/K -ATPase activity in rainbow trout held under control
conditions (n = 6-10), or exposed to HEA (Tamm = 1 mmol L") for 48 h (n = 10-11), and
following recovery in ammonia-free well water (n = 5-7). Data are presented as mean =+
SEM. Bars sharing the same letter are not significantly different (One-way ANOVA

followed by the Holm-Sidak post test p<0.05).
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FIGURE 2.3.
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Figure 2.4. The Effects of MSO on (A) Brain tissue water content measured in rainbow
trout held under control conditions (Sham » = 8 and Saline n = 8) or exposed to 48 h
HEA (TAmm 1 mmol L'l; Sham HEA n =9, Saline HEA n = 13, and MSO HEA n = 12),
and following recovery in ammonia-free well water (MSO Recovery n = 6). Data are
presented as mean + SEM. Bars sharing the same letter are not significantly different

(One-way ANOVA followed by the Holm-Sidak post test p<0.05).
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Figure 2.5. Effect of MK801 administration on (A) brain tissue water content and (B)
plasma Tamm concentration measured in rainbow trout held under control conditions
(Sham n = 11; Saline n = 13) or exposed to 48 h HEA (Tamm 1 mmol L'l; Sham HEA »n =
9; Saline HEA n = 13; MK801 HEA n = 9), and following recovery in ammonia-free well
water (n = 8). Data are presented as mean £ SEM. Bars sharing the same letter are not

significantly different (One-way ANOVA followed by the Holm-Sidak post test p<0.05).
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FIGURE 2.5.
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Figure 2.6. Effects of MK801 on (A) Brain sodium concentration dry mass and (B) Brain
potassium content in dry mass measured in rainbow trout held under control conditions
(Sham n = 8 and Saline 1 = 9) or exposed to 48 h HEA (Tamm | mmol L'; Sham HEA »n
= 8, Saline HEA n = 8, and MK801 HEA »n = 12), and following recovery in ammonia-
free well water (MK801 Recovery n = 7). Data are presented as mean + SEM. Bars
sharing the same letter are not significantly different (One-way ANOVA followed by the

Holm-Sidak post test p<0.05).

65



FIGURE 2.6.
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Chapter 3

Neurotoxic Effects of Ammonia on the Brain of the Ammonia-Tolerant Goldfish

(Carassius auratus)
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INTRODUCTION

Elevated internal ammonia concentration, also termed hyperammonemia, in fish
results in hyperventilation, hyperexcitability, convulsions and death (Ip et al. 2001;
Felipo and Butterworth 2002). Although fish are more tolerant to ammonia compared to
mammals, ammonia-tolerance is highly variable amongst different species of fishes.
Nevertheless, the underlying mechanisms for ammonia-tolerance in fish remain unclear.
In mammals, hyperammonemia is linked to hepatic encephalopathy (HE), which occurs
due to liver disease, defects in the ornithine urea cycle (OUC), and exposure to
hepatotoxins (Felipo and Butterworth 2002; Rama Rao et al. 2014). Severe defects to the
liver impede the ability for the body to detoxify ammonia, consequently resulting in
significant neurotoxicity. Overall, ammonia neurotoxicity results in glutamate
excitotoxicity, seizures, coma, irreversible brain damaged and brain swelling (Felipo and
Butterworth 2002; Walsh et al. 2007).

Despite extensive work by many research groups, the mechanism(s) of ammonia
toxicity remains uncertain. However, a common characteristic of ammonia toxicity in
mammals and fishes is brain edema, in which the brain takes up water and swells
(Norenberg 1988; Brusilow 2002; Walsh et al. 2007; Butterworth 2008). Swelling is
thought to take place in the astrocytes of the brain, rather than the neurons (Norenberg
1988; Swain et al. 1991). Astrocytes play a particularly important role in the glutamate-
glutamine cycle, in which glutamate that is released into the synaptic cleft by pre-
synaptic neurons is taken-up by Na': glutamate co-transporters and then combines with
ammonia to generate glutamine, in an ATP dependent reaction catalyzed via intracellular

glutamine synthetase (GS).
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Traditionally, GS was thought to be important for the detoxification of ammonia
in the brain and in other tissues However, in the last decade a number of researchers have
suggested that ammonia-induced elevations in brain glutamine resulted in increased
intracellular osmolarity in the astrocytes, which resulted in osmotic shifts leading to brain
swelling in mammals and fishes (Brusilow 2002). However, the hypothesis that
glutamine acts as an osmolyte has been challenged by Wilkie et al. (2015) who
demonstrated that inhibition of glutamine synthetase using MSO did not mitigate
ammonia-induced brain swelling in the goldfish (Carassius auratus). Moreover, it seems
unlikely that the osmotic pressure generated by glutamine would be sufficiently high
enough to produce the brain swelling (Rose et al. 2000; Rama Rao and Norenberg 2012;
Ott and Vilstrup 2014) observed during high external ammonia (HEA) exposure in the
goldfish (Wilkie et al. 2015). However, it is possible that other osmolytes/electrolytes
contribute to ammonia-induced cell swelling.

Glutamate, rather than glutamine, has also been implicated as a cause of
ammonia-induced excitotoxicity (Fan and Szerb 1993; Hermenegildo et al. 1996).
Electrophysiological studies by Fan and Szerb (1993) using hippocampal slices, and more
recently by Wilkie et al. (2011) using slices of goldfish telencephalon, have demonstrated
that ammonia potentiates NMDA receptors currents, which can initiate glutamate
excitotoxicity through over-activation of the receptors. A major consequence of NMDA
receptors overactivation is the activation of proteases and lipases, and the generation of
ROS, such as nitric oxide (NO), hydrogen peroxide (H,O,) and superoxide radicals (O5)
(Norenberg et al. 2006; Norenberg et al. 2009; Walsh et al. 2007; Wilkie at al. 2011).

These reactive molecules are the byproducts of oxidative metabolism, which can severely
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damage proteins and lipids in the brain, particularly ion transporters and the plasma
membranes of astrocytes, potentially contributing to the manifestation of brain edema.
However, a link between NMDA receptor activation and brain edema has not yet been
established.

The goal of this present study is to determine if over-activation of NMDA
receptors contributes to brain swelling in the ammonia tolerant goldfish. Accordingly,
goldfish were pre-treated with NMDA receptor antagonist MK801 and exposed to HEA.
Brain tissue water content and brain ion concentrations were then quantified to better
understand what role, if any, NMDA receptors play in hyperammonemia-induced brain
swelling in the goldfish. The possible role of glutamine in brain edema and brain ionic
balance was also further investigated by inhibiting GS with MSO, a GS antagonist.

Under physiological conditions, electrolytes are maintained within a narrow range
by homeostatic processes. However, imbalances of electrolytes such as Na" and K
would affect water distribution throughout the body and such disturbances may play a
prominent role in the development of cerebral edema during HEA. In the past, a number
of groups have demonstrated that experimentally induced ischemia in rats led to increases
in dry Na" and decrease in dry K" content (Hossman 1980; Gotoh et al. 1985; Katzman et
al. 1997). Additionally, previous in vivo studies on the ammonia-sensitive rainbow trout
have revealed that HEA exposure resulted in significant ionic and metabolic alterations in
the brain (Chapter 2). However, the mechanistic basis of ionic disturbances during
ammonia-induced brain swelling in ammonia-tolerant fish remains poorly understood.
Thus, the final goal of the present study was to further characterize the changes in Na*

and K balances during ammonia-induced brain swelling. Additionally, brain ionic
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disturbances were characterized to determine if ammonia-induced inhibition of the
Na'/K"-ATPase activity resulted in ionic disturbances that contributed to ammonia-
induced brain swelling in the goldfish, as was demonstrated in the rainbow trout (Chapter

2).
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METHODS AND MATERIALS
Experimental Animals and Holding

Goldfish (Carassius auratus, 25-50 g) were purchased from a commercial
supplier (AQUAlity, Mississauga, Ontario) and transported to Wilfrid Laurier University
Animal Care Facility, where they were held in 110 L tanks continuously receiving
aerated well water (dissolved oxygen > 80% saturation) at 12 & 1°C and pH 7.8 £+ 0.4.
The animals were acclimated to the facility for a minimum of 2 weeks, during which time
they were fed 3 times a week with commercially available fish pellets (2.0 mm Martin
Profishent™ Fish Food for Aquaculture, Elmira, Ontario). Prior to experiments, goldfish
were fasted for 3-5 to eliminate the effects that feeding history might have on ammonia
excretion and tolerance to build-ups of internal ammonia (Fromm, 1963; Wright and
Wood, 1985; Wicks and Randall 2002). The fish were then placed in individual exposure
containers (Volume = 3-3.5 L) for 12-24h, following careful examination for possible
disease and for signs of distress before any experimental procedures began. All animal
care and experiments conducted were approved by the Wilfrid Laurier University Animal
Care Committee and followed the guidelines of the Canadian Council of Animal Care.
Experimental Set-Up

The experimental system comprised an angle iron frame, upon which was placed
a large PVC tray, which held the individual fish holding containers into which an
overhanging head tank drained via a flow-splitter and water lines that fed into each of the
holding chambers at a rate of 0.5 to 1.0 L per minute. Water that drained out of each of
the boxes into a lower reservoir was returned to the head tank using a submersible pump.

To ensure that the relative proportions of NHs and NH," to which the fish were exposed
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was constant, water pH was carefully regulated between 7.9-8.1 using a pH-stat system
comprised of a GK2401C pH electrode (Radiometer, Copenhagen, Denmark) running
from a PHMS2 pH meter Radiometer connected to a TTT80 auto-titrator (Radiometer).
When pH deviated from the set point, 0.5M HCI was added into the head tank by opening
a solenoid valve (Cole Parmer Instruments Co., IL. USA), activated by the auto-titrator.
Experimental Protocols
Experiment 1: Effects of HEA Exposure on Brain Water Content, lon Concentration and
Na' /K -ATPase Activity in Goldfish

To test the hypothesis that exposure to HEA results in brain swelling in fish,
goldfish were transferred to individual dark holding chambers to which aerated well
water was continuously flowing (dissolved oxygen > 80%), and allowed to acclimate
overnight. The next morning ammonia exposure was initiated by cutting-off water flow
to each holding chamber and to the to the entire recirculating system. An appropriate
amount of 5 M NH,4CI stock solution was then added to into each container, and to the
entire system to reach the target concentration for 5 mmol L™ total ammonia, and left for
1 h. Water pH in the system was monitored using the pH-stat set-up (above) and at
regular intervals (0, 4, 6, 12, 24, 36, and 48 h) in the holding chambers using a handheld
pH meter (Oakton Instruments, pH 11 Model, Vernon Hills, IL). At each sampling
period, sub-sets of animals were euthanized with 1 g L™ tricaine methanesulfonate
buffered with 2.0 g L™ NaHCOs. Blood samples were collected by caudal puncture using
a 1 mL-heparinized (7 mg heparin in 25 mL Cortland’s saline to counteract coagulation)
syringe and 21 gauge needle, transferred to 1.5 mL microcentrifuge tubes, and then

centrifuged at 10,000 X g for 3 minutes. The plasma was then transferred to clean
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microcentrifuge tubes, snap-frozen in liquid nitrogen (N;) and stored at -80°C until later
analysis of plasma ammonia concentration. The cranial cavity was then exposed and the
whole intact brain (telencephalon, cerebellum, vagal lobes and optic tectum) carefully
extracted, transferred to a pre-weighed 1.5 mL microcentrifuge tube, and dried to
constant weight at 60°C for the determination of brain water content. The brains of
additional sub-sets of fish exposed to ammonia were collected in an identical manner, but
snap frozen in liquid N, and stored at -80°C for later analysis of glutamine, ammonia, and
Na'-K"-ATPase activity.
Experiment 2: The Effects of MK801 on Ammonia-Induced Brain Swelling and Ion
Regulation

To determine if over-activation of NMDA-receptors contributes to ammonia-
induced brain swelling, fish were administered the NMDA receptor antagonist MK801
and acclimated to their individual holding chambers for 24 h. Different groups of fish
were then anaesthetized with an anaesthetic dose of 0.1 g L™ tricaine methanesulfonate
and 0.2 g L' NaHCOj5 and injected intraperitoneally (IP) with MK801 (5 mg kg™,
dissolved in Cortland’s saline; dose chosen based on previous experiments performed by
Wilkie et al. (2011)), Cortland’s saline (7.25 g - NaCl, 0.38 g - KCl, 0.23 g - CaCly"
2H,0, 0.23 g - MgSO,4" 7H,0, 0.41 g - NaH,PO4 H,0, and 1.0 g - CcH20¢) or sham
treatment. In sham treated animals, anaesthetized fish were handled in an identical
manner but not injected with solution. After 24 h recovery, the goldfish were exposed to
ammonia (5 mmol L HEA), and then sampled exactly as described for experiment 1.

The MK801 treated fish were left to recover for 24h, and then exposed to 5 mmol L™
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HEA for 48 h, and the tissues collected, sampled and processed as described above
(Experiment 1).
Experiment 3: The Effects of MSO on Ammonia-Induced Brain Swelling

To determine if the accumulation of glutamine due to the over-activation of
NMDA -receptors contributes to ammonia-induced brain swelling, fish were administered
the glutamine synthetase inhibitor, MSO. As described for Experiment 2, the fish were
transferred to their individual holding chambers the night before experiments. The next
morning, subsets of fish were anesthetized and injected intraperitoneally (IP) with MSO
(10 mg kg™, dissolved in Cortland’s saline; dose chosen based on previous experiments
performed by Sidhu (2009)), or Cortland’s saline or subjected to a sham treatment (see
above) and subjected HEA (5 mmol L™ total ammonia) 24 h later, followed by brain and
blood collection at 48 h of exposure. Brain tissue water was determined as described
under Experiment 1. The brains from a sub-set of fish also administered MSO and
subject to HEA were also preserved in liquid Ny, and preserved at -80°C until later
quantification of ammonia and glutamine.
Analytical Techniques
Water Ammonia Concentrations

Water ammonia concentrations were determined spectrophotometrically using the
salicylate-hypochlorite assay at 650nm (Verdouw et al. 1978) using a 96 micro-well plate
spectrophotometer (Spectramax 190, Molecular Devices, Sunnyvale, CA).
Brain Tissue Water Measurements

After brains were dried to constant mass, the measured decrease in wet tissue

mass (converted to mL of H,O) was divided by the original wet tissue mass (g) to yield
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tissue water content per gram wet mass (mL H,O g'l wet mass). Brain water content was

then expressed as ml H,O/g dry mass by using the following equation:

Water Content = ml H,O/g wet mass 1)
g dry mass/ g wet mass

where brain water content is expressed in mL H,O g dry mass (Wilkie et al. 2015).
Brain Na'/K" Quantification

Following determination of brain water content, the dried brains were digested in
6 volumes of 1 N HNOj3, and a sub-sample of the digest diluted 1000 times using
deionized water, acidified with 1% 16 N HNOs3, and finally quantified using flame atomic
absorption (AA) spectrophotometry (PinAAcle 900, Perkin Elmer, Woodbridge,
Ontario). Samples processed for K quantification were further treated with 0.1% cesium
chloride to improve analytical resolution on the Flame AA. Dry brain tissue Na" and K
were expressed as pmol g dry mass.
Plasma Ammonia Concentration Determination

Plasma ammonia concentrations were determined enzymatically (L-glutamate
dehydrogenase; Proteus sp.; Sigma-Aldrich, G4387) with commercial reagents
(AA0100, Sigma-Aldrich) and absorbance’s determined using a plate spectrophotometer
set to a wavelength of 340 nm. Quality control checks were performed using a
commercial ammonia standard (A0978; 588umol, Sigma-Aldrich).
Brain Glutamine and Ammonia Concentration Determination
Tissue Homogenization

Whole brain tissue was prepared for glutamine and ammonia analysis using a
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bead mill homogenizer (Precelly ® 24 Bead Mill Homogenizer). Briefly, frozen brain
samples were weighed, and then transferred to chilled 2 mL polypropylene centrifuge
tubes, followed by the addition of 5 volumes of ice-cold 7% perchloric acid (PCA)
containing 1 mmol L™ ethylenediaminetetraacetic acid (EDTA). Three ceramic
homogenizing beads were then added to each tube, which was then transferred to the
bead mill homogenizer, and homogenized for two-15 seconds intervals, separated by a 30
second cooling interval. The homogenized samples were immediately transferred to a
4°C refrigerated centrifuged, left for 10 minutes, centrifuged for 8 min at 12,000 X g and
the supernatant drawn-off, then neutralized with 0.5 volumes of KOH (2N) to ensure pH
was between 7-8. The neutralized supernatant was then used for the enzymatic
quantification of ammonia as described above, or glutamine concentration. Glutamine
quantification was determined using glutamine synthetase and hydroxylamine, which
leads to the generation of y-glutamylhydroxymate which forms a brown-yellow color

complex in the presence Fe’*, and is measured at 540nm on the plate spectrophotometer.

Brain Na'/K'/ATPase Activity Determination

Frozen brain samples were weighed, and transferred into 2.0 mL polypropylene
centrifuge tubes, to which three ceramic beads and 25-times volume of ice-cold SEID
(1X concentrate; 0.025 g sodium deoxycholate in 100 mL SEI; 250 mM sucrose, 10 mM
Na;EDTA, 50 mM imidazole, pH 7.5) were added. The tubes containing the brain tissue
were then immediately transferred to the bead mill homogenizer (described above), and
homogenized for two-15 seconds intervals. The resulting homogenates were then
centrifuged for 8 minutes at 16,000 X g in a refrigerated centrifuge at 4°C

(Thermoscientific, Model Micro 21R), placed on ice, and the supernatant used to measure
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Na'/K"-ATPase activity within 30 minutes.

Measurements of brain Na'/K'-ATPase activity were based on McCormick
(1993), in which Na'/K"-ATPase activity was calculated as the difference between
uninhibited total ATPase activities minus ouabain-inhibited ATPase activity. To measure
total ATPase activity, brain tissue homogenate was added to an assay solution comprised
of pyruvate kinase (375 units), lactate dehydrogenase (200 units), NADH (0.22 mM)),
phosphenolpyruvate (2.8 mM), and ATP (0.7 mM), in imidazole buffer (50 mM). An
identical solution, but also containing ouabain (0.7 mM), was used to measure ouabain-
inhibited ATPase activity. All assay mixtures were brought to room temperature (25°C)

immediately prior to enzyme activity determinations.

Total ATPase and ouabain-inhibited ATPase activity were determined using 96-
well microplates that were placed on a dry ice pack during assay preparation containing
2.5uL of brain tissue homogenate in each well (in quadruplicate). Assay mixture, with or
without ouabain, was then added to each well, at which time the microplate was placed
into the temperature-controlled microplate spectrophotometer (25°C), and ATPase
activity was determined based on the rate of NADH disappearance (oxidation) measured
at 340 nm over 10 minutes. An NADH standard curve (0-40 nmoles/well) was used to
determine the extinction coefficient of NADH at 340 nm, and the protein concentration of
each sample was determined using the Bradford assay (Bradford 1976). Wet weight
Na'/K'-ATPase activity was calculated as the difference of activity in the presence and
absence of ouabain, which was divided by the protein content of each sample to yield the

specific Na'/K'-ATPase activity in umol ADPmg protein”'h™'.
p ymu gp
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Statistical Analysis

All data are expressed as the mean + standard error of mean (SEM). Differences
between treatments were analyzed using one-way analysis of variance (ANOVA) to
determine significance and variation between means, followed by a Holm-Sidak post-hoc
test. All significant differences were determined at the p <0.05 level using GraphPad

InStat,Version 3 (GraphPad Software, Inc., San Diego, CA, USA).
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RESULTS
Effects of HEA Exposure on Brain Water Content, Ion Concentration and Na /K -
ATPase Activity in Goldfish

Brain water content was 15 % greater in goldfish exposed to nominal total
ammonia (Tamm) concentration of 5 mmol L™ for 48 h, compared to the control (non-
exposed) group in which brain water content averaged 4.76 + 0.044 mL H,O g™’ dry mass
(Figure 3.1A). However, the HEA-induced increase in brain water content was
completely reversible, as brain water content averaged 4.63 + 0.06 mL H,O g™ dry mass
after 24 recovery in (nominally) ammonia-free water (Figure 3.1A).

The increases in brain water content, were accompanied by by marked increases
of plasma and brain tissue ammonia concentration ([Tamm]), Which increased
approximately 10-fold from 136 + 19 to 1365 + 86 pmol L. After 24 h recovery in
ammonia-free water plasma ammonia concentrations decreased from 1366 + 87 pmol L™
to approximately 202 + 20 yumol L™ (Figure 3.1B).

Similarly, brain [Tamm] increased by approximately 140% from 1338 + 130 umol
L' to 3200 + 314 umol L™ (Figure 3.2A). Glutamine concentrations increased markedly,
from control concentrations of 2766. + 196 to 14609 + 717 pmol g wet mass following
48 h HEA, respectively (Figure 3.2B). However, the increase in glutamine was also
reversible, decreasing to approximately 3340 + 153 umol g”' wet mass following the 24 h
depuration period (Figure 3.2B).

HEA ammonia also resulted in pronounced disturbances to brain Na" content,
which increased by approximately 1.4-fold, from 343 + 18 to 491 + 12 umol g dry mass,

before returning to control levels of 337 + 14 umol g™ dry mass after 24 h of depuration
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in ammonia-free water (Figure 3.3A). In contrast, brain K" content in HEA exposed
goldfish decreased from 619 + 24 to 558 + 20 pumol g dry mass. However, goldfish
brain K concentration rebounded back towards control levels, to 633 + 13 pmol g™ dry
mass following 24 h recovery in ammonia-free water (Figure 3.3B). Despite the
alterations in dry brain Na" and K" concentration with HEA exposure, Na'/K'-ATPase
activity was only slightly lower in the fish following HEA 48 h exposure. There was no
significant difference from the control animals following 24 h recovery in ammonia-free
water (Figure 3.3C).

The Inhibition of GS Effects on Brain Tissue Water Content

The inhibition of GS by MSO injection did not brain increases in brain water
content in the in the goldfish, which increased approximately 17% compared to the sham-
treated and saline-injected animals (Figure 3.4). Brain water content increased to a
similar extent as the MSO-injected in the sham and saline-injected fish exposed to HEA
(Figure 3.4). However, brain water content in MSO-treated fish was restored to pre-
exposure control values of 4.74 mL H,O g dry mass following recovery in ammonia-
free water (Figure 3.4).

As expected, plasma [Tamm] increased approximately 10-fold in exposed treated
groups from control treated groups (Table 3.2) returning to pre-exposure values within
24 h of recovery in ammonia-free water (Table 3.2).

Brain Na" accumulation was significant in HEA exposed-treated groups
increasing approximately 1.3-times. Brain K™ concentrations displayed an inverse effect.
HEA treated groups displayed decrease in brain K content compared to control treated

groups (Table 3.2).
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Effects of MK801 on Brain Tissue Water Content and Brain lon Content

The injection of MK801 (5mg kg ') did not prevent significant accumulation of
water in the brain of the goldfish during HEA exposure. In goldfish injected with
MK&801, brain water content of 48 h HEA exposure resulted in brain tissue water contents
that were approximately 12% greater than the values measured in the non-exposed sham
and saline injected animals (Figure 3.4A). However, amongst the groups exposed to
HEA, the increase in brain water content in the MK801 treated animals was significantly
less than observed in the sham, but not the saline control animals (Figure 3.4A).

Brain tissue water content in the MK801-injected group recovering from HEA
exposure, was similar to control values, near 4.63 + 0.06 mL H,O g dry mass after 24 h
(Figure 3.5A).

Exposure to a nominal concentration of 5 mmol L™ for 48 h resulted in a 10 to 15-
fold increase in plasma [Tamm] from pre-exposure value. Control treated fish groups all
displayed significant increases in plasma [Tamm] compared to HEA treated fish groups.
The increase in brain water content was directly correlated to increases in plasma [Tamm]-
Plasma [Tamm| Was significantly lower in MK801 recovery group following 24 h
recovery in ammonia-free water (Figure 3.5B).

Treatment of fish with MK801 blocked the increase in brain Na' content that was
characteristic of HEA exposure in non-injected fish (Compare Figure 3.3A to Figure
3.6A).

Similarly, the reduction in brain K* content that characterized exposure of
untreated animals to HEA (Compare Figure 3.3B to Figure 3.5B) was also prevented by

MKS801 administration. In the MK801-injected fish, brain K™ content of the fish exposed
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to HEA was not significantly different the saline-injected and sham-treated fish held
under control (non-exposed) conditions. However, the saline-injected fish exposed to
HEA underwent a significant 22 % decrease in brain K™ content following 48 h HEA,
from 620 + 37 to 485 + 24 pmol g dry mass (Figure 3.6B). Although brain K* trended
downwards in the sham treated fish exposed to HEA, the levels were not significantly

different from the non-exposed control animals (Figure 3.6B).
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DISCUSSION
Ammonia-tolerance in the goldfish

Compared to mammals, fish have greater tolerance to ammonia. Normally,
plasma ammonia concentrations in mammals are 100 umol L™ or less and brain ammonia
concentrations range between 200 and 800 pumol kg™, but they experience ammonia-
induced neurotoxicity when respective plasma [Tamm] and brain [Tamm| concentrations
exceed of 200 pmol L™ and 1000-2000 pmol kg™ (Swain et al. 1992; Mans et al. 1994;
Kosenko et al. 1994). In contrast, goldfish readily survive plasma and brain [Tamm]s that
can be more 3-5 times higher than these values (Figure 3.1). Other ammonia tolerant
fishes, including the goldfish’ close relative the crucian carp (Carassius carassius)
exhibit similar tolerance (Wilkie et al. 2015). Plasma [T amm] in the swamp eel
(Monopterus albus) has been known to reach as high as 3540 umol L™, with no visible
signs of experiencing ammonia toxicity (Ip et al. 2004b). The air-breathing mudskippers
(Periophthalmodon schlosseri and Boleophthalmus boddaerti) exposed to sub-lethal
concentrations of HEA (100 and 8 mmol L'l, respectively) had brain [Tamm]
concentrations near 18000 and 14500 pmol kg™, respectively (Ip et al. 2005). In
comparison, plasma and brain [Tamm]s in the ammonia-sensitive rainbow trout
(Oncorhynchus mykiss) exposed to 1 mmol L™ HEA, increased significantly to 1670
umol L™ and 2185 pumol kg™, respectively (Chapter 2). Similar to the goldfish, these
increases were readily reversible in the ammonia-sensitive rainbow trout. While goldfish
are ammonia tolerant, the aforementioned examples also illustrate that ammonia

tolerance is not uniform amongst fish species, which suggests that underlying
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mechanism(s) of ammonia tolerance may reflect different adaptations of the central
nervous system (CNS) to this neurotoxin.

It was notable that the increases of plasma [Tamm] and brain [Tamm]| in the
goldfish paralleled brain tissue water content (Figure 3.1), as they did in previous work
on the ammonia-sensitive rainbow trout (Chapter 2). In the present study, goldfish brain
tissue water content increased by approximately 15 %, which was less than reported in
previous studies, in which brain water content increased by 25-35% in goldfish and
crucian carp exposed to much higher concentrations of HEA (Wilkie et al. 2015). A
number of additional factors including the duration of ammonia exposure, external pH,
during exposure, water chemistry and differences in the amount of ammonia taken-up by
the animals may also explain some of the variation between studies.

Nevertheless, in mammals, the magnitude of ammonia-induced brain swelling is
considerably less than observed in fishes exposed to sub-lethal concentration of ammonia
in the water. For instance, the administration of the hepatotoxin thioacetamide (TAA),
used to induce acute liver failure (ALF) in rats, resulted in pronounced brain edema
characterized by only a 2.9% increase in brain water content which paralleled a 3-fold
increase in brain [Tamm] to 6 pmol g' wet mass (Rama Rao et al. 2010). Similar
techniques used to measure brain water content used by Master et al. (1999) indicated
that similar increases in brain water content took place in rats infused with ammonium
acetate (NH4C,H30,), resulting in an increase in brain water content from 79.97 + 0.04 %
brain H,O (379 £+ 14 g wet mass) to 81.11 + 0.13 brain HO % (379 15 g wet mass).
These changes are equivalent to brain H,O contents (mL H,O g™ dry mass) of 4.03 and

429 mL H20 g dry mass, which represents a 6.5% increase in brain water content,
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which is less then reported for rainbow trout (Chapter 2), goldfish and crucian carp
(Master et al. 1999; Wilkie et al. 2011; Wilkie et al. 2014). These data indicate that the
degree of ammonia-induced swelling in fish is much greater than that experienced by
mammals.

In the present study, brain swelling in the goldfish was readily reversible with no
obvious evidence of damage or adverse behavioral effects. In the mammalian brain, brain
edema results in swelling, increased intracranial pressure, herniation and often coma or
death because of limited volume of the cranial cavity (Desjardins et al. 2014). Cyprinid
fishes on the other hand, including the goldfish and common carp (Cyprinius carpio),
have cranial with a much larger relative volume, allowing them to accommodate changes
in brain water swelling to a greater extent, apparently without any lasting damage (Van
der Linden et al. 2001).

Understanding the role of glutamine in the ammonia-tolerant goldfish

The ability for goldfish to readily reverse hyperammonemic symptoms with no
visible signs of pathological damage proves to be a significant characteristic in ammonia
tolerance amongst fish. During hyperammonemia, brain glutamine concentrations have
been observed to increase in both mammals and fish (Dabrowska and Wlasow, 1986;
Cooper and Plum 1989; Mommsen and Walsh, 1992; Peng et al., 1998; Brusilow 2002;
Butterworth 2002; Randall 2002; Veauvy et al. 2005; Albrecht and Norenberg 2006;
Walsh et al. 2007). In mammals, brain glutamine accumulation has been traditionally
regarded as a mechanism for detoxifying ammonia (Brusilow 2002; Butterworth 2002).
However, a number of researchers have suggested that glutamine accumulation may be

the cause of astrocytic swelling (Brusilow 2002). During hyperammonemia, there appears
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to be strong correlations between glutamine concentrations and ammonia-induced brain
swelling in mammals (Brusilow 2002; Tofteng et al. 2006; Albrecht and Norenberg 2006;
Walsh et al. 2007). Indeed, glutamine concentrations substantially increased in the brain
of goldfish by and were accompanied by a 15% increase in brain tissue water content,
following 48 h HEA exposure. However, administering MSO to the goldfish prior to
HEA exposure did not attenuate ammonia-induced increases in the brain water content in
goldfish, despite preventing glutamine from increasing in the brain. Although brain
swelling does not appear to be directly caused by intracellular glutamine, the group of
fish treated with MSO still exhibited significantly higher Na" and lower K" in the brain.
This conclusion is further supported by the lack of effect that MSO administration had on
brain ion content in response to HEA exposure. As in the saline and sham-injected
fishes, HEA exposure resulted in similar increase in dry brain Na' and a decrease in K,
Taken together, the results of the present experiments and Lisser (2016) suggest that
brain swelling is initially caused by ionic disturbances caused by oxidative and
nitrosative stress, which lead to changes in intracellular osmolarity that result in
intracellular water uptake and brain edema.

Recently, it has been proposed that the increased production of glutamine could
indirectly result in oxidative stress and nitrosative stress during ammonia toxicity in
mammalian models (Kosenko et al. 2003; Norenberg 2003; Albrectht and Norenberg et
al. 2006; Rama Rao et al. 2014). In a model proposed by Albrecht and Norenberg (2006)
glutamine acts as a “Trojan Horse” which imports ammonia into the mitochondria of
cells. In the “Trojan Horse” model, the excess glutamine is taken up by the mitochondria

and converted to glutamate and NH3 by phosphate-activated glutaminase (PAG), which

87



can be blocked by cylosporin. The presence of NHj triggers the induction of
mitochondrial permeability transition (MPT) pore, which ultimately interferes with
mitochondrial potential and leads to the generation of free radicals, and astrocyte
swelling (Norenberg 2003; Albrectht and Norenberg et al. 2006). The present study
argues against this hypothesis of ammonia toxicity in the both goldfish and trout (Chapter
2), however, blocking GS mediated glutamine synthesis with MSO still leads to osmotic
and ionic disturbances and the brain swelling characteristic of ammonia toxicity in
vertebrates.
The effects of MK801, an NMDA receptor inhibitor on the ammonia-tolerant goldfish
The over-activation of NMDA receptors by ammonia leads to significant
increases of intracellular Ca®" and possibly significant generation of ROS by activating
superoxide constitutive nitric oxide synthetase (cNOS), which generates NO and free
radicals (Nakamura et al. 1989; Mayer et al. 1990; Kramer and Sharp 1997; Kosenko
1998, 1999; Cocco et al. 1999; Jayakumar et al. 2009). Although, MK801 did not
prevent significant swelling in the goldfish, it did appear to offers some protection against
brain edema. The degree of swelling in MK801 treated fish, though not significantly
reduced, was trending downward compared to sham and saline exposed groups, and
swelling was reversed in the MK801 treated fish recovering from HEA. Additionally, the
brains of MK801 treated fish did not experience significant increases of Na' during HEA,
in contrast to the saline injected and sham fish exposed to HEA. In fact, these findings
further suggest Na' accumulation within cells may trigger cell swelling in the fish brain.

Further support for this hypothesis was that dry brain K concentration decreased, which
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lends further support to the hypothesis that ammonia interferes with ionoregulatory
processes in the brain.

It appears a common characteristic in some ammonia-tolerant fish is the ability to
demonstrate high neural tolerance in the presence of ammonia (Wilkie et al. 2011; Lutz
and Nilsson 2004; Bickler and Buck 2007), which could explain why MK801 did not
attenuate brain swelling in the goldfish. Previously, MK801 treatment has been shown to
enhance survival rate in ammonia-sensitive rainbow trout exposed to HEA, but had no
effect on survival duration in the ammonia-tolerant goldfish (Wilkie et al. 2011).
Furthermore, Wilkie et al. (2011) revealed that goldfish NMDA receptors are sensitive to
ammonia and that acute ammonia exposure resulted in reverse potentiation of NMDA
receptor currents in vitro (Wilkie et al. 2011). Lastly, NR1 subunit located on the NMDA
receptor abundance was significantly reduced by 40-60% in ammonia-exposed goldfish
(Wilkie et al. 2011). Nevertheless, the weight of evidence suggests that goldfish may
have the ability avoid ammonia-induced glutamate excitotoxicity by down-regulating
NMDA receptor (Wilkie et al. 2011).

Ionoregulation and disturbances during HEA

Ammonia-induced increases of brain tissue water were accompanied by
elevations of dry brain Na" accumulation, which is suggestive of a shift of Na" into the
intracellular space of the cells during HEA exposure. As observed in rainbow trout
exposed to HEA (Chapter 2), the increase in dry brain Na" also paralleled increases in
brain and plasma [Tamm] and brain glutamine following 48 h HEA. During
experimentally induced ischemia, rats experienced significant brain swelling, loss of dry

brain K and increased dry brain Na', following 12-48 h middle cerebral artery (MCA)
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occlusion (Gotoh et al. 1985). Similarly, Hossman et al. (1977) demonstrated that
complete cerebral ischemia in cats resulted in a Na" gain of 139 mmol kg dry mass,
accompanied by a 64 mmol kg™ dry mass loss of K*. Although the pathophysiology of
ischemia differs from ammonia-induced swelling, similar ionic disturbances were
observed at a whole brain level, as described in this study for goldfish. The rapid loss of
brain ion-homeostasis during HEA following drastic increases of dry brain Na" therefore
suggests that ionic disturbances might be a contributor to brain swelling in the goldfish.
A possible mechanism for brain swelling could involve ROS-mediated inhibition
of the Na'/K"-ATPase pump. The production of ammonia-induced ROS may be a
possible explanation for the disturbances of cell volume and ionic homeostasis. When
overproduced ROS can damage essential proteins, lipids and nucleic acid required in
maintaining an ionic and osmotic gradient thus, affecting astrocytic membrane integrity.
There is now evidence in fish that HEA exposure results in ROS generation in the brain,
which results in the oxidation of lipids and the carbonylation of proteins (Lisser 2016).
Moreover, ROS production has been known to target the alpha sub-unit of the Na'/K -
ATPase, which is the catalytic subunit of the pump (Orsenigo et al. 2007; Sag et al.
2013). Recent evidence showed that overproduction of ROS, H,O,, and other free
radicals can decrease the expression of a;-subunit of the Na'/K'-ATPase in rat jejunum
and cardiac myocytes (Orsenigo et al. 2007; Sag et al. 2013). While these findings are
not specific to the regions of the brain, it is possible that in response to ammonia toxicity,
ROS may play a similar role in inhibiting Na'/K -ATPase activities in the brain of the
goldfish. While the Na'/K"-ATPase was not significantly reduced following HEA

exposure, its activity was trending downwards following 48 h of ammonia exposure, and
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may have decreased further had the exposure period been longer. Moreover, the slight
increase seen in Na'/K-ATPase activity following recovery in ammonia-free water does
suggest that the pump was inhibited by ammonia exposure. Furthermore, the lack of
significant recovery may indicate that protein channels were possibly damaged by ROS.
However, the mechanism(s) that can explain these reductions is still not fully understood.
Indeed, a similar, persistent reduction in Na'/K'-ATPase activity was also observed in
the trout during recovery from exposure to 1 mmol L' ammonia (Chapter 2).

During hyperammonemia, there was a less pronounced response of Na'/K -
ATPase activity in the ammonia-tolerant goldfish compared to the ammonia-sensitive
rainbow trout (Figure 3C and Chapter 2). It has been shown that the ammonia-tolerant
goldfish demonstrate high antioxidant capacity (Lushchak et al. 2001; Lisser et al. 2016).
The ability for goldfish to increase antioxidant enzyme activities during ammonia toxicity
may act as a defense mechanism, limiting cellular oxidative damage (Lushchak 2006;
Lisser et al. 2016) and increase neural tolerance (Wilkie et al. 2011). These findings may
explain why goldfish have a higher tolerance to ammonia compared to the trout.
Additionally, evolved antioxidant defenses may also explain why the effects on Na'/K -

ATPase were less pronounced in goldfish compared to the rainbow trout (Chapter 2).
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CONCLUSION

The present study demonstrated that goldfish exhibit increased glutamine
formation during ammonia-induced neurotoxicity; however, brain swelling still persists
during the absence of glutamine formation. While brain glutamine accumulation does not
appear to be the direct cause of ammonia-induced brain swelling in goldfish, these
findings suggest that glutamine-mediated oxidative and nitrosative stress may be a
responsible for brain swelling. Ammonia-induced brain was not prevented in goldfish by
pre-treated with MK801. A key adaptation demonstrated by goldfish may the ability to
prevent neuronal depolarization during ammonia toxicity, which could explain why
goldfish were unaffected by MK801 (Wilkie et al. 2011). Additionally, ammonia-induced
neurotoxicity resulted in significant alterations of brain Na" and K'. Though, Na'/K -
ATPase activity remained unaffected during high external ammonia exposure, suggesting
that additional mechanisms may be responsible for ionic disturbances in the ammonia-

tolerant goldfish.
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Table 3.1. Measured Ammonia Water Concentration for Goldfish Exposed to High

External Ammonia. Chart represents all experiments. Data shown represented as mean +

SEM.
Goldfish (HEA) Time (h) Actual Water Ammonia
(mmol L™)
4 474 +0.12
6 521+0.24
12 5.17+0.09
24 5.32+0.17
48 542 +0.04
Goldfish (MK801) Time (h) Actual Water Ammonia
(mmol L™)
4 5.57+0.49
6 5.24+0.31
12 Not Observed
24 543+0.32
48 5.73+0.17
Goldfish (MSO) Time (h) Actual Water Ammonia
(mmol L™)
4 4.00 +0.03
6 4.89 +0.19
12 5.20+0.31
24 5.31+0.41
48 5.81+0.03
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Table 3.2. The Effects of MSO on Brain Na" in dry mass, Brain K in dry mass and
Plasma [TAmm)] in Goldfish Summary Chart. (Sham » = 11 and Saline n = 11) or
exposed to 48 h HEA (Tamm 5 mmol L'l; Sham HEA »n = 6, Saline HEA n = 6, and MSO
HEA n =11), and following recovery in ammonia-free well water (MSO Recovery n = 6)
Data shown represented as mean + SEM. Columns sharing the same letter are not

significantly different (One-way ANOVA followed by the Holm-Sidak post test p<0.05).

Goldfish [Na'] [K'] Plasma [T amm]
Brain Na', K | Treatments | (umolg'dry | (umolg’ dry (umol L)
and Plasma mass) mass)
[TAmm]
Sham 381+ 16 (a) 596 + 33 (a) 96 + 24 (a)
Saline 385+ 12 (a) 613+ 11 (a) 161 + 11(a)
Sham HEA 509 + 64 (a) 517+ 71 (ab) 1194 + 64 (b)

Saline HEA 508 + 58 (a) 462 + 26 (b) 1063 + 105 (b)

MSO HEA 518 + 35 (ab) 505 + 16 (b) 1266 + 111 (b)

MSO HEA 393 £ 7 (ab) 637+ 8 (a) 168 + 31 (a)
Recovery
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Figure 3.1. (A) Brain tissue water content and (B) Plasma ammonia concentration
measured in goldfish held under control conditions (z = 13) or exposed to 48 h HEA
(Tamm 5 mmol L™; n = 19), and following recovery in ammonia-free well water (n = 6).
Data are presented as mean = SEM. Bars sharing the same letter are not significantly

different (One-way ANOVA followed by the Holm-Sidak post test p<0.05).
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FIGURE 3.1.

Plasma [Ammonia]

Brain Tissue Water
(mL H,O g-1 Dry Mass)

(mmol L)

6 - b (A)
a
5 -
N ~—
4 -
3 -
2 e
1 e
0 - r r
Control HEA HEA
Rec.
Treatments
2000 - (B)
b
1500 +
1000
500 A a
a
0 r T
Control HEA HEA
Rec.

Treatments



Figure 3.2. Concentrations of (A) ammonia and (B) glutamine in the brain of goldfish in
the absence (control; n = 7), presence of HEA for 48 h, (TAmm 5 mmol Ln= 18), and
after 24 h recovery in ammonia-free well water (n = 6). Data are presented as mean +
SEM. Bars sharing the same letter are not significantly different (One-way ANOVA

followed by the Holm-Sidak post test p<0.05).
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FIGURE 3.2.

4000 b (A)
3500 -
< & 3000 -
E ©
o=
£+ 2500 ;
€=
<< 2000 - a
€= _
© g 1500 T
@3
1000 A
500 -
0 .
Control HEA HEA
Rec.
Treatments
18000 - (B)
b
16000 1
-
@' & 14000 |
==
E = 12000
RS 10000
2%
c X
=5 8000
n £
@S 6000 -
~ a
a
4000 -
2000 -
0 A v
Control HEA HEA
Rec.

Treatments



Figure 3.3. Effect of HEA exposure (5 mmol L) on (A) dry brain Na* content, (B) dry
K" content, (C) brain Na'/K'-ATPase activity in goldfish held under control conditions (n
= 11), or exposed to HEA (Tamm =5 mmol L) for 48 h (n = 19), and following recovery
in ammonia-free well water (n = 6). Data are presented as mean = SEM. Bars sharing the
same letter are not significantly different (One-way ANOVA followed by the Holm-

Sidak post test p<0.05).
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FIGURE 3.3.
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Figure 3.4. The Effects of MSO on Brain tissue water content measured in goldfish held

under control conditions (Sham »n = 11 and Saline n = 11) or exposed to 48 h HEA (Tamm
5 mmol L™'; Sham HEA n = 6, Saline HEA n = 6, and MSO HEA n = 11), and following

recovery in ammonia-free well water (MSO Recovery n = 6). Data are presented as mean
+ SEM. Bars sharing the same letter are not significantly different (One-way ANOVA

followed by the Holm-Sidak post test p<0.05).
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Figure 3.5. Effect of MK801 administration on (A) brain tissue water content and (B)
plasma Tamm concentration measured in goldfish held under control conditions (Sham n =
8; Saline n = 9) or exposed to 48 h HEA (Tamm 5 mmol L': Sham HEA n = 8; Saline
HEA n = 8; MK801 HEA n = 12), and following recovery in ammonia-free well water (n
= 7). Data are presented as mean + SEM. Bars sharing the same letter are not

significantly different (One-way ANOVA followed by the Holm-Sidak post test p<0.05).
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Figure 3.6. Effects of MK801 on (A) Brain sodium concentration dry mass and (B) Brain
potassium content in dry mass measured in goldfish held under control conditions (Sham
n =8 and Saline n = 9) or exposed to 48 h HEA (Tamm 5 mmol L'; Sham HEA n = 8,
Saline HEA n = 8, and MK801 HEA » = 12), and following recovery in ammonia-free
well water (MK801 Recovery n = 7). Data are presented as mean = SEM. Bars sharing
the same letter are not significantly different (One-way ANOVA followed by the Holm-

Sidak post test p<0.05).
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Chapter 4

An Integrative Approach to Investigate the Pathogenesis of Ammonia-induced
Neurotoxicity in Rainbow Trout (Oncorhynchus mykiss) and Goldfish (Carassius

auratus)
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The effects of ammonia toxicity on brain water content and ion homeostasis in the fish
brain

The objective of my thesis was to better characterize the mechanism(s) that causes
ammonia-induced brain swelling in fishes. Two species of fish, ammonia-sensitive
rainbow trout (Oncorhynchus mykiss) and ammonia-tolerant goldfish (Carassius auratus)
were studied using in vivo approaches.

Unlike mammals, goldfish and rainbow trout experienced reversible brain
swelling following HEA exposure, without any noticeable changes in their behavior or
health. In mammals, multiple layers of connective tissues protect the brain and spinal
cord. Three layers of meninges, which consist of dura mater, archanoid mater, and pia
mater (Nabeshima et al. 2004), provide the brain and spinal cord with a cushion-like
protection. However, the additional layer means less room and limits for mammalian
brain swelling capacity (Nilsson 2001). The compromise of “padding” makes mammals
more sensitive in the presence of brain related injuries or diseases. In comparison, the
meninges in fish are comprised of, ectomeninx, intermeningeal, and endomeninx (Wang
et al. 1994). Where the ectomeninx is considered to be the counterpart of the dura mater
in mammals and endomeninx is the counterpart of the pia and arachnoid mater in
mammals (Momose et al 1988; Wang et al. 1995). Moreover, fish may have evolved
strategies such as, larger cranial cavities to tolerate internal ammonia elevations during
feeding bouts and following exhaustive exercise. Larger cranial cavities would reduce the
risk of brain damage arising from increases in intracranial pressure. Additionally, in

aquatic environments the water surrounding the fish may act as a natural “shock
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absorber”, providing support, buoyancy and “padding” for the brain and body of the fish
(Kardong 2001).
Variation in the ammonia-tolerance of different fish species

Ammonia toxicity in fish is primarily attributed to the un-ionized NH; form,
which is highly diffusible across the gills, allowing it to rapidly build-up in the blood
(Wilkie et al. 2002). Upon entry, it is unclear how ammonia causes brain swelling.
However, in the present study it is evident that ammonia resulted in significant ionic
disturbances. These changes were accompanied by a decrease in Na'/K -ATPase.
Additionally increases in internal brain ammonia led to a decrease in Na'/K -ATPase
protein activity in rainbow trout but not in goldfish. The observed suggests that ammonia-
induced oxidative stress may have altered, damaged or decreased Na'/K-ATPase protein
abundance thus affecting Vnax and ion homeostasis.

The inhibition of N-Methyl-D-aspartate receptors (NMDA receptors) with
(dizocilpine) MK801 attenuated brain swelling in rainbow trout but not goldfish during
HEA, suggesting that more ammonia-sensitive fishes have greater susceptibility to the
excitotoxic effects of ammonia. Wilkie et al. (2011) demonstrated that MK801 treatment
prior to HEA, prolonged rainbow trout survival during exposure to the toxic
concentrations of ammonia, but did not enhance goldfish survival time, suggesting that
goldfish receptor may be resistant to ammonia-induced excitotoxicity. This would make
sense because goldfish and closely related crucian carp (Carassius carassius) have
evolved different strategies to overcome anoxia and ammonia toxicity, both of which
target NMDA receptors and cause brain edema (Walsh et al. 2007; Wilkie et al. 2008;

Wilkie et al. 2011; Wilkie et al. 2015). A common adaptation demonstrated in most
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ammonia-tolerant fishes and goldfish exposed to HEA is a high neural tolerance to
ammonia (Wilkie et al. 2011). Although in vitro experiments revealed that goldfish
NMDA receptors are sensitive to ammonia, they also demonstrated, long term in vivo
exposure to HEA resulted in a 40-60% reduction in the abundance of the NR1 subunit of
the receptor, suggesting that there is a downregulation of NMDA receptors to protect
against ammonia toxicity and perhaps brain swelling (Wilkie et al. 2011). The present
study demonstrated that MK801 prevented brain swelling and ionic disturbances during
HEA exposure in rainbow trout, which further implicates the NMDA receptors role in
ammonia toxicity response of fishes, including brain swelling.

Another possible source of NMDA receptor over-excitation is due to ammonia’s
inhibitory effect on the Na': glutamate co-transporters EAAT-1 and EAAT-2, which
regulates glutamate concentration in the synaptic cleft. Such inhibition could cause
increased concentration of synaptic glutamate (Norenberg et al. 2005; Felipo and
Butterworth 2002), resulting in over-activation of NMDA receptors, leading to the
increases in intracellular Ca*" that consequently causES neuronal swelling and death
(Hermengildo et al. 1996). Additionally, HEA and anoxic conditions have been observed
to cause NMDA receptor depolarization. Because of the similarities in mechanisms of
toxicity, it is hypothesized that anoxia-tolerant species should also be tolerant to high
concentrations of ammonia. Glutamate excitotoxicity results in the over-activation of
NMDA receptors following the production of reactive oxygen species (ROS) and reactive
nitrogen species (NO; Kosenko ez. al 1994; Albrecht and Norenberg 2006), resulting in
oxidative stress. Another possible explanation for goldfish high tolerability to ammonia is

that they may increase their antioxidant activities to limit oxidative damages to the brain.
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Indeed, studies have demonstrated that goldfish have a very high capacity to detoxify
ROS due to the presence of high activities of antioxidant enzymes in their brains
(Luschak et al. 2001), which allows them to be more resistant to ROS production during
post-anoxic/hypoxic exposures, limiting cellular oxidative damage (Lushchak 2006;
Lisser et al. 2016) and increase neural tolerance (Wilkie et al. 2011). These findings may
explain why goldfish have a higher tolerance to ammonia compared to the trout.

I also tested the hypothesis that brain swelling is a result of intracellular
accumulation of glutamine via astrocyte cells. However, the findings in this study do not
support the hypothesis that elevated intracellular glutamine accumulation results in
astrocytic osmotic disturbances. However, we cannot completely dismiss the fact that
glutamine may act as an osmolyte. Though glutamine may not act as an osmolyte during
HEA, brain swelling may be mediated by ROS and RONS caused by cellular
accumulation of glutamine during ammonia toxicity (Albrecht and Norenberg 2006).
These findings were consistent with the work of Sanderson et al. (2010), who reported
that brain ammonia levels remain unaffected following MSO treatment and HEA
exposure.

A model for ammonia-induced brain edema in fishes

In order for ammonia to enter the brain, it has to pass the blood brain barrier
(BBB). The BBB structure consists of two cell layers, the capillary endothelium and the
endfeets of astrocyte cells (Ott and Vilstrup 2014). A unique feature of the brain
endothelium is that it contains the highest concentration of mitochondria than other
endothelium in the body (Ott and Vilstrup 2014). The high density of mitochondria is

required to meet the energy demands for the large number of membrane proteins, which
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mediate the transport of ions and organic molecules (Ott and Vilstrup 2014). Astrocyte
cells form the additional layer around the endothelial cells, which protect the neurons and
provide structural support (Ott and Vilstrup 2014). However, as atrial ammonia
concentrations elevate the brain becomes more susceptible to ammonia uptake (Sorensen
and Keidling 2007). Ammonia may passively diffuse across the BBB in the form of NH3;
however, NH," may be actively transported by competing with K™ dependent ion
channels.

It is evident that ammonia triggers brain swelling in mammals and fish, adversely
altering numerous metabolic pathways. Based on my finding with previous work done on
the neurophysiology of ammonia toxicity in fishes (Refer to References). I proposed that
acute ammonia toxicity is the result of the over-activation of NMDA receptors triggering
oxidative stress, which leads to the disruption of ion protein channels thus, interfering
with ionic homeostasis in fish. In the presence of ammonia, NMDA receptors located on
neurons and astrocytes are more susceptible to activation resulting in marked increases of
intracellular Ca®" and Na". Ammonia depolarizes the post-synaptic membrane causing the
removal of Mg”" block, which leads to the overstimulation of NMDA receptors leading
extracellular glutamate in the synaptic cleft (Fan and Szerb 1993). Glutamate levels rise
sharply resulting in overly excited cells, initiating the excessive opening of pores, which
allow large influxes of substances that are normally regulated to enter the cell. One of
these substances is Na'; increase Na' entering the cell accompanies water,
consequentially resulting in subsequent swelling of the brain. Additionally, glutamate
released from the pre-synaptic neuron promotes the overstimulation of post-synaptic

NMDA receptors promoting increase intracellular Ca*". Increases in intracellular Ca**
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concentration stimulate the production of ROS and NO in neurons and astrocytes
(Schliess et al. 2002). The generation of ROS represent a possible key event for the
induction of the various downstream events in ammonia neurotoxicity including the
initiation of mitochondrial permeability transition (MPT; Rama Rao et al. 2005), MAP
Kinase (MAPK), and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-
kB,) causing further free-radical production and injury, lipid peroxidation, protein
damage, RNA/DNA oxidation, marked astrocytic swelling, and necrosis/apoptosis
(Norenberg et al. 2009; Sinha et al. 2014; Lisser 2016). The enhanced production of ROS
during ammonia neurotoxicity instigates lipid peroxidation, oxidation of proteins,
enzyme inhibition, and damage to nucleic acid, involved in maintaining ionic and
osmotic homeostasis. Overproduction of ROS may impair of Na'/K'-ATPase a-subunit,
which ultimately alter Na" and K balance in the cell resulting in osmotic disturbances.
All of which combined may be a source for astrocytic swelling.

Ammonia causes astrocyte cells to become more susceptible to depolarization.
Bender and Norenberg (1998) observed that there was an increase in extracellular K
followed by a decrease in K" uptake by the astrocyte cells. Perhaps, due to the close
resemblance of NH;" to K, NH,;" may be competing with K" and effect NKCC1
cotransporters, Na'/K '-ATPase and Na'/K'-ATPasae-induced signal by endogenous
ouabain. Thus, eliciting the production of oxidative (ROS) and nitrosative (RONS) stress
acting on NKCC1. ROS and RONS agent triggers astrocytic swelling by slowly acting on
NKCCI, resulting in an ionic disturbance (Hertz et al. 2015). Future studies should focus
on NH," effects on these ion channels. The close resemblance of K to NH; may also

explain the rapid depletion of ATP during ammonia toxicity (Kosenko et al. 1994). The

114



rapid depletion of ATP pumps would starve Na'/K'-ATPase leading to the loss of
membrane integrity by disrupting the transmembrane ion gradient in neurons and

astrocytes.
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Figure 4.1. Proposed Model of Ammonia-Induced Astrocyte Swelling: (1) (Entrance
of Ammonia): Ammonia enters the brain via blood brain barrier in the form of NH;
because brain pH is lower than arterial pH, excess protons in the CNS converts NH; to
NH,". NH," becomes trapped and acts on the CNS functions. (2) (Glutamate
Excitotoxcity): NH; and NH, " target neurons and astrocytes making them more
susceptible to depolarization. Glutamate is the major excitatory neurotransmitter in the
CNS binding onto AMPA receptors and NMDA receptors. Depolarization leads to the
removal of Mg”*, overstimulating NMDA receptors leading to an influx of Na" and Ca*".
Furthermore, uncontrolled release of glutamate results in ATP depletion in astrocyte via
ATP-Dependent GS conversion to GLN. (3) (Production of ROS): Increase intracellular
Ca”" can lead to the overproduction of ROS in neurons and astrocytes. (4)
(Bioengergertic Failure): ROS induces mitochondrial permeability transition impairing
ATP production in astrocytes. (5) (Ionic Homeostasis Disturbances): ATP depletion
results in the failure of Na'/K'-ATPase pump, which leads to the collapse of the ionic
gradient. As a result, Na" ions accompanied by CI" move along its concentration gradient
into the cell. (6) (ROS-mediated lonic Homeostasis Disturbances): ROS directly affects
alpha 1 subunit of Na'/K'-ATPase, NKCC-1 and NSCC resulting in further loss of ion
homeostasis. (7) (Astrocytic Swelling): Water accompanies the influx of ions via osmosis

resulting in astrocytic swelling.
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Future directions

Very little is known about the relative cranium size and variability amongst the
different species of fish. But, future studies should carefully measure and examine the
cranial volume in more species of fish. These observations would prove extremely useful
for studying ammonia and anoxia tolerance variability between the different species of
fish. Additionally, future studies should focus on a side-by-side comparison of ammonia-
tolerant and ammonia-sensitive fish brain in response to an equivalent concentration of
internal ammonia. This study would provide additional information between the different
mechanistic responses to ammonia toxicity between ammonia-tolerant and ammonia-
sensitive fish.

During hyperammonemia, there may be a strong connection between the large
concentrations of mitochondria in the endothelium and high arterial concentrations of
ammonia. Recently, studies demonstrate that high level of ammonia concentrations
results in the induction of the mitochondrial permeability transition (MPT), which leads
to additional ROS production and bioenergetics failure. Perhaps, the high density of
mitochondria located around the BBB could amplify the production of ROS, which can
lead to ROS-mediated swelling of astrocyte cells. Therefore, the understanding the
downstream signaling pathway of mitochondrial-mediated oxidative stress in fish could
prove useful in determining the underlying mechanism.

It is not known if the NMDA receptor is involved in the ammonia toxicity
response of other fishes, particularly those with high ammonia tolerance, which can
widely vary among different species. For instance, the swamp eel (Monopterus albus) can

survive in concentrations of ammonia greater than 75 mmol L' and accumulate brain
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[Tamm] to concentrations as high as 4.5 mmol kg™ (Ip et al. 2013), much higher than in
the goldfish. Future studies are needed to determine if the brains of extremely ammonia
tolerant fishes such as the swamp eel are more resistant to ammonia induced swelling and
ionic disturbances than goldfish and other fishes. Additionally, along with studies aimed
at further elucidating how inhibition of the NMDA receptors in these more ammonia-
tolerant fish alters their neurophysiological responses to ammonia.

The down-regulation of Na'/K'-ATPase activity has been previously
demonstrated in the ammonia-tolerant M. albus (Chen et al. 2013). Additionally, recent
studies revealed that ROS might target and inhibit Na"/K'-ATPase activity. Thus, further
investigation of Na'/K'-ATPase mRNA expression in rainbow trout and goldfish would
prove useful in determining the pathology of ammonia toxicity. Additionally, future
studies should focus on the functional studies of Na" channel density and activity to
elucidate the role of reduced Na'/K'-ATPase activity observed in rainbow trout exposed
to 48 h HEA.

Lastly, ammonia toxicity results in glutamine accumulation by ways of glutamine
synthetase and activation of NMDA receptors. Synergistic protection with MK801, and
memantine an NMDA receptors inhibitor and MSO a GS inhibitor, should be the next
approach for future studies in ammonia-tolerant and ammonia-sensitive fish. The
information generated from both species could prove extremely useful in the
development of new neuroprotective strategies.

Environmental & Clinical Significance
Elevated levels of external ammonia stemming from anthropogenic sources such

as, sewage effluents, agricultural run-off, overfeeding and overcrowding can be a concern
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for aquatic environments. Hyperammonemia may occur in fish following bouts of
feeding and vigorous exercise (Wick and Randall, 2002a; Randal and Tsui 2002). Studies
have reported that fed fish experience plasma ammonia concentrations [Tamm] spikes,
similar to those associated with death resulting from high external ammonia (HEA;
Randal and Tsui 2002; Wicks and Randall 2002a). High external ammonia (HEA) has
been demonstrated to have adverse neurological effects in aquatic organisms. Thus, using
ammonia-sensitive and ammonia-tolerant fish for this study provide as a useful and
beneficial model for studying ammonia toxicity. The key to ammonia tolerance of fish
appears to be located in the CNS. The wide variety of studies involving ammonia toxicity
demonstrates that the CNS in fish is more resilient and superiorly adapted to ammonia
toxicity compared to mammals. Fish demonstrate the ability to tolerate a much higher
plasma and brain [Tamm| compared to mammals. Some species of fish have the ability to
withstand millimolar increases in plasma and brain ammonia concentrations (Randall and
Tsui 2002; Ip et al. 2004a; Wilkie et al. 1999, 2011). Thus, by understanding adaptive
responses in neurons and astrocytes of fish, we can develop new protective strategies for
other organisms that are more susceptible to ammonia.

The mechanism(s) of brain swelling in mammals let alone fish is poorly
understood. Brain swelling arises from the accumulation of excessive fluid in the
intracellular spaces of brain cells and/or fluid build-up in the ventricles of the brain
(Chesler 2003). In mammals, the excess fluid exerts outward pressure on the brain tissue,
pressing against the skull leading to coma, brain damage and death. A condition referred
as hepatic encephalopathy, which can arise from trauma, stroke, the accumulation of

toxic substances in the body, and liver damage or failure. Hepatic encephalopathy takes
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place when brain swelling occurs due to liver damage or failure. In this condition, the
liver is unable to convert ammonia to urea, resulting in accumulation ammonia in the
bloodstream, which is termed hyperammonemia. Ammonia targets the astrocytes, which
play a crucial role in promoting the growth, development and nourishment of neurons in
the nervous system. Excess ammonia is associated with cumulative increases in the
intracellular fluid volume of the astrocytes. Because the cellular composition of the brain
is mainly astrocytes, swelling of these cells causes the brain to swell. However, little else
is known about the pathological processes that underlie HE and the actual mechanism(s)
of ammonia-induced brain swelling remain unclear. In mammals, increased ammonia in
the blood can arise from liver failure, alcohol abuse, inborn genetic error of ornithine-
urea cycle, prehepatic “portal” hypertension, resulting in cerebral edema and death
(Felipo and Butterworth, 2002; Wilkie et al. 2011). Hyperammonemia is a serious
condition that often results in brain damage. Current treatments involved are dietary
changes to maintaining blood ammonia concentration, urea cycle disorder drug
treatments, hemodialysis and ultimately liver transplant (Feldman et al. 2014).
Ultimately, the only permanent treatment for HE patients is a liver. The development of
successful neuroprotective drugs to protect the CNS from ammonia-induced damages
would be extremely beneficial. In the present study, using fish to understand the
effectiveness and response to different pharmacological agents can be valuable in

developing innovative therapies for patients suffering from hepatic encephalopathy.

121



REFERENCES

Albrecht, J., and Norenberg, M. D. (2006). Glutamine: a Trojan horse in ammonia

neurotoxicity. Hepatology (Baltimore, Md.), 44(4), 788-94. d0i:10.1002/hep.21357.

Alexander, B., Smart, K. a, Segal, M. B., and Preston, J. E. (2005). Hyperammonaemia
Reduces Intracellular 22 Na ( Sodium ) Ion and Extracellular 86 Rb Ion
Concentrations in the Blood-Brain Barrier of the Rat. Brain, 20(1), 19-33.

doi:10.1007/s11011-005-2473-2.

Allen, N. J., and Barres, B.A. (2009). Glia- more than just brain glue. Nature 457: 675-

677.

Aickin, C.C., Deisz, R.A., and Lux, H.D., (1982). Ammonium action on post-synaptic
inhibition in crayfish neurones: implications for the mechanism of chloride
extrusion. J. Physiol. (Lond.) 329, 319-339.

Back, A., Tupper, K. Y., Bai, T., Chiranand, P., Goldenberg, F. D., Frank, J. . and
Brorson, J. R. (2011). Ammonia-induced brain swelling and neurotoxicity in an

organotypic slice model. Neurological Research 33: 1100-1108.

Bickler, P. E., Donohoe, P. H., and Buck, L. T. (2000). Hypoxia-induced silencing of
NMDA receptors in turtle neurons. The Journal of Neuroscience : The Olfficial

Journal of the Society for Neuroscience, 20(10), 3522-3528.

Bickler, P. E., and Buck, L. T. (2007). Hypoxia tolerance in reptiles, amphibians, and
fishes: life with variable oxygen availability. Annual Review of Physiology 69: 145—

170.
122



Bickler, P.E. and Fahlman C.S. (2004), Moderate increases in intracellular calcium
activate neuroprotective signal in the hippocampal neurons. Neuroscience 127:673-

683.

Blei, A. T., Olafsson, S., Therrien, G., and Butterworth, R. F. (1994). Ammonia- induced
brain edema and intracranial hypertension in rats after portacaval anastomosis.

Hepatology 19: 14371444,

Bosoi, C. R., and Rose, C. F. (2009). Identifying the Direct Effects of Ammonia on the

Brain. Metabolic Brain Disease, 24(1), 95-102. doi:10.1007/s11011-008-9112-7.

Braissant, O., McLin, V. a, and Cudalbu, C. (2013). Ammonia toxicity to the brain.
Journal of Inherited Metabolic Disease, 36(4), 595-612. d0i:10.1007/s10545-012-

9546-2.

Bradford MM. (1976) A Rapid and Sensitive Method for the Quantitation of Microgram
Quantities of Protein Utilizing the Principle of Protein-Dye Binding. Anal Biochem

72:248-254.

Butterworth, R. F. (2001). Glutamate transporter and receptor function in disorders of

ammonia metabolism. Mental Retardation and Developmental Disabilities Research

Review 7: 276-279.

Butterworth, R. F. (2010). Metal toxicity, liver disease and neurodegeneration.

Neurotoxicity Research 18: 100—105.

Brusilow, S. W. (2002). Reviews in molecular medicine-hyperammonemic

123



encephalopathy. Medicine 81: 240-249.

Cameron, J. N., and Heisler, N. (1983). Studies of ammonia in the rainbow trout: Physio-
chemical parameters, acid-base behaviour and respiratory clearance. Journal of

Experimental Biology 105: 107-125.

Campbell, AM. (2000). Sodium Pump Alpha and Beta Assembly. Wired [Online]. Avail

from: http://bio.davidson.edu/Courses/Molbio/26aa/alphabeta.html

Chen, X. L., Wee, N. L. J. E., Hiong, K. C., Ong, J. L. Y., Chng, Y. R., Ching, B., and Ip,
Y. K. (2013). Properties and expression of Na+/K+-ATPase a-subunit isoforms in
the brain of the swamp eel, Monopterus albus, which has unusually high brain

ammonia tolerance. PloS ONE, 8(12), e84298. do0i:10.1371/journal.pone.0084298.

Chesler, M. (2003). Regulation and modulation of pH in the brain. Physiological

Reviews, 83(4), 1183-221. doi:10.1152/physrev.00010.2003.

Ching, B, Chew, S.F., Wong, W.P., Ip, Y.K. (2009) Environmental Ammonia Exposure
Induces Oxidative Stress in Gills and Brain of Boleophthalmus boddarti
(mudskipper). Aquat Toxicol 95:203-212.

Cocco T., Di Paola M., Papa S. and Lorusso M. (1999) Arachidonic acid interaction with
the mitochondrial electron transport chain promotes reactive oxygen species
generation. Free Radic. Biol. Med. 27, 51-59.

Cooper, A.J. L. and Plum, F. (1987). Biochemistry and physiology of brain ammonia.

Physiological Reviews 67, 440-519.

Cordoba, J., and Blei, A.T. (1995). Cerebral edema and intracranial pressure monitoring.

124



Liver Transplantation and Surgery 1: 187—-194.

Dabrowska, H., and Wlasow, T., (1986). Sublethal effect of ammonia on certain
biochemical and haematological indicators in common carp (Cyprinus carpio L.).

Comp. Biochem. Physiol. 83C, 179-184.

Dejong, C.H.C., Deutz, N.E.P., Soeters, P.B., (1993). Cerebral Cortex ammonia and
glutamine metabolism in two rat models of chronic liver insufficiency induced

hyperammonemia: influence of pair-feeding. J. Neurochem. 60, 1047-1057.

DiScenna P. and Teyler T.J. (1987). Long-Term Potentiation. Ann. Rev. Neurosci.

10:131-61.

Driedzic, W. R. and Hochachka, P. W. (1976). Control of energy metabolism in fish

white muscle. American Journal of Physiology 230: 579-582.

Eddy, F. B. (2005). Ammonia in estuaries and effects on fish. Journal of Fish Biology 67:

1495-1513.

Fan, P., and Szerb, J. C. (1993). Effects of ammonium ions on synaptic transmission and
on responses to quisqualate and N-methyl-D-aspartate in hippocampal CA1

pyramidal neurons in vitro. Brain Research 632: 225-231.

Feldman, B., Tuchman, M., and Caldovic, L. (2014). A zebrafish model of
hyperammonemia. Molecular Genetics and Metabolism, 113(1-2), 142-7.

doi:10.1016/j.ymgme.2014.07.001

125



Felipo, V. and Butterworth, R. F. (2002). Neurobiology of ammonia. Progress in

Neurobiology 67: 259-279.

Glassford N.J., Farley K.J., Warrillow S., and Bellomo R. (2011). Liver transplantation
rapidly stops cerebral ammonia uptake in fulminant hepatic failure. Crit Care

Resusc: 113-118

Goldbecker, A., Buchert, R., Berding, G., Bokemeyer, M., Lichtinghagen, R., Wilke, F.,
Ahl, B., and Weissenborn, K. (2010). Blood-brain barrier permeability for ammonia
in patients with different grades of liver fibrosis is not different from healthy

controls. J. Cereb. Blood

Gotoh, O., Asano, T., Koide, T., and Takakura, K. (1985). Ischemic brain edema
following occlusion of the middle cerebral artery in the rat. I: The time courses of the
brain water, sodium and potassium contents and blood-brain barrier permeability to
125T-albumin. Stroke; a Journal of Cerebral Circulation, 16(1), 101-109.

doi:10.1161/01.STR.16.1.101

Haas, M. and Forbush, III. B. (2000). The Na-K-Cl Cotransporter of Secretory Epithelia.

Annual Review of Physiology 61: 515.

Hansen, A.J. (1985). Effect of anoxia on ion distribution in the brain. Physiol.
Rev., 65:101-148.
Hawkins, R.A., Miller A.C., Nielsen R.C., and Veech R.L., (1973) The acute action of

ammonia on rat brain metabolism in vivo. Biochem. J., 134 , pp. 1001-1008.

126



Hermenegildo, C., Monfort, P., and Felipo, V. (2000). Activation of N-methyl-D-
aspartate receptors in rat brain in vivo following acute ammonia intoxication:
characterization by in vivo brain microdialysis. Hepatology (Baltimore, Md.), 31(3),

709-715. doi:10.1002/hep.510310322

Hermenegildo, C., Marcaida, G., Montoliu, C., Grisolia, S., Mifiana, M. D., and Felipo,
V. (1996). NMDA receptor antagonists prevent acute ammonia toxicity in mice.

Neurochemical Research, 21(10), 1237—-44.

Hertz, L., Rothman, D. L., Li, B, Peng, L. (2015). Chronic SSRI stimulation of astrocytic
5-HTsgreceptors change multiple gene expressions/editings and metabolism of
glutamate, glucose and glycogen: a potential paradigm shift. Front. Behav.

Neurosci. 9:25. 10.3389/fhbeh.2015.00025

Housrow, A.H., Dnwrloo, M.A. (1969). Sorne Physiological Consequences of Aortic

Catheterizatiorr in the Brook Trout ( Salaelinus fontinalis ).

Hossmann, K-A, Schuier, F.J (1980). Experimental brain infarcts in cats.

Pathophysiological observations. Stroke 11: 583-592

Ip, Y. K., Chew, S. F. and Randall, D. J. (2001). Ammonia toxicity tolerance, and
excretion. In Nitrogen Excretion (ed. P. A. Wright and P. M. Anderson), pp109- 148.

San Diego: Academic Press.

Ip, Y.K., Chew, S. F. and Randall, D. J. (2004a). Five tropical air-breathing fishes, six
different strategies to defend against ammonia toxicity during aerial exposure.

Physiological and Biochemical Zoology 77: 768-782.
127



Ip, Y. K., Randall, D. J., Kok, T. K. T., Bazarghi, C., Wright, P. A.,Ballantyne, J. S.,

Wilson, J. M. and Chew, S. F. (2004b). The mudskipper Periophthalmodon
schlosseri facilitates active NH4+ excretion by increasing acid excretion and
decreasing NH3 permeability in the skin. Journal of Experiment Biology 207: 787-

801.

Ip. Y. K., Leong, M. W. F., Sim, M. Y. Goh, G. S., Wong, W. P. and Chew S. F. (2005).

Chronic and acute ammonia toxicity in mudskipper, Periophthalmodon schlosseri
and Boleophthalmus boddaerti: brain ammonia and glutamine contents, and effects
of methionine sulfoximine and MKS801. Journal of Experimental Biology 208: 1993-

2004.

Ip, Y. K., and Chew, S. F. (2010). Ammonia production, excretion, toxicity, and defense

in fish: a review. Frontiers in Physiology, 1(October), 134.

doi:10.3389/fphys.2010.00134

Ip, Y. K., Hou, Z., Chen, X. L., Ong, J. L. Y., Chng, Y. R., Ching, B., and Chew, S. F.

(2013). High Brain Ammonia Tolerance and Down-Regulation of Na+:K+:2ClI-
Cotransporter 1b mRNA and Protein Expression in the Brain of the Swamp Eel,
Monopterus albus, Exposed to Environmental Ammonia or Terrestrial Conditions.

PLoS ONE, 8(9), 1-16. doi:10.1371/journal.pone.0069512.

Jamme, 1., Petit, E., Divoux, D., Gerbi, A., Maixent, J.M., and Nouvelot, A., (1995).

Modulation of mouse cerebral Na+,K(+)-ATPase activity by oxygen free radicals.

Neuroreport 7,333-337.

128



Jayakumar, A. R., Rao, K. V. R., Murthy, C. R. K., and Norenberg, M. D. (2006).
Glutamine in the mechanism of ammonia-induced astrocyte swelling. Cultures, 48:
623-628.

Jayakumar, AR, Liu, M, Moriyama, M, Ramakrishnan, R, Forbush, III B, Reddy PVB,
and Norenberg MD. (2008). Na-K-Cl cotransporter -1 in the mechanism of

ammonia-induced astrocyte swelling. J Biol Chem 283:33874-33882.

Jayakumar, A. R., Rama Rao, K. V., Tong, X. Y., and Norenberg, M. D. (2009). Calcium
in the mechanism of ammonia-induced astrocyte swelling. Journal of

Neurochemistry, 109 (SUPPL. 1), 252-257. doi:10.1111/.1471-4159.2009.05842 x

rd
Kandel, E. R., Schwartz, J.H., Jessel, T.M. (2000). Principles of Neural Sciences (3

edition). New York: McGraw-Hill.

rd
Kardong, K. (2001). Vertebrates: Comparative Anatomy, Function, Evolution. (3

edition). New York: McGraw-Hill.

Karpiak, S. E., Tagliavia, A. & Wakade, C. G. (1989). Animal models for the study of

drugs in ischaemic stroke. Ann. Rev. Pharmac. Tox. 29, 403-414.

Katzman R., Clasen R., Klatzo, 1., Meyer, J.S., Pappius, H.M., Waltz, A.G., (1977).
Report of joint committee for stroke resources. 4. Brain edema in stroke. Stroke §:

512-540.

Kemp, J.A., McKernan, R.M. (2002). NMDAR pathways as drug targets. Nature

Neurosci. 5:1039.

129



Kirischuk, S., Parpura, V., & Verkhratsky, A. (2012). Sodium dynamics: Another key to
astroglial excitability? Trends in Neurosciences, 35(8), 497-506.

doi:10.1016/j.tins.2012.04.003

Kosenko, E., Kaminsky, Y., Grau, E., Minana, M. D., Marcaida, G., Grisolia, S. and
Felipo, V. (1994). Brain ATP depletion induced by acute ammonia intoxication in
rats is mediated by activation of ++ the NMDA receptor and Na , K -ATPase.

Journal of Neurochemistry 63,2172-2178.

Kosenko E., Kaminsky Y., Kaminsky A., Valencia M., Lee L., Hermenegildo C., and
Felipo V. (1997). Superoxide Production and Antioxidant Enzymes in Ammonia
Intoxication in Rats. Free Radic Res. 27: 637-644

Kosenko, E., Venediktova, N., Kaminsky, Y., Montoliu, C., & Felipo, V. (2003). Sources
of oxygen radicals in brain in acute ammonia intoxication in vivo. Brain Research,

981, 193-200. doi:10.1016/S0006-8993(03)03035-X

Kelly, T., & Rose, C. R. (2010b). Ammonium influx pathways into astrocytes and
neurones of hippocampal slices. Journal of Neurochemistry, 115(5), 1123—1136.

doi:10.1111/5.1471-4159.2010.07009. 136

Kimelberg, H. K. (1987). Anisotonic media and glutamate-induced ion transport and

volume responses in primary astrocyte cultures. J. Physiol. (Paris) 82, 294-303.

Kimelberg, H. K., Bonville, D. J. and Goderie, S. K. (1993). Use of 51Cr cell labelling to
distinguish between release of radiolabelled amino acids from primary astrocyte

cultures being due to efflux or cell damage. Brain Res. 622, 237-242

130



Kiziltepe, U., Turan, N.N., Han, U., Ulus, A.T., Akar, F. (2004). Resveratrol, a red wine
polyphenol, protects spinal cord from ischemia-reperfusion injury. J Vasc Surg.

40(1): 138 45. [40]

Kramer, R. M. and Sharp, J. D. (1997) Structure, function and regulation of Ca2+-

sensitive cytosolic phospholipase A2 (cPLA2). FEBS Lett. 410, 49-53.

Laberge, T., Walsh, P.J., McDonald, M.D., (2009). Effects of crowding on ornithine-urea
cycle enzyme mRNA expression and activity in gulf toadfish (Opsanus beta). J. Exp.
Biol. 212:2394-402. [accessed 2014 Sep 15].

http://www.ncbi.nlm.nih.gov/pubmed/19617432

Lees G.J., Lehmann, A., Sandberg, M., Hamberger, A., (1990). The neurotoxicity of
ouabain, a sodium—potassium ATPase inhibitor, in the rat hippocampus. Neurosci.

Lett. 120, 159-162.

Levy, L.M, Attwell, D., Hoover, F., Ash, J.F., Bjoras M., and Danbolt N.C. (1998).
Inducible expression of the GLT-1 glutamate transporter in a CHO cell line selected
for low endogenous glutamate uptake. FEBS Lett; 422:339-342.

Li, S., Stys, P.K., (2001). Na(+)-K(+)-ATPase inhibition and depolarization induce
glutamate release via reverse Na(+)-dependent transport in spinal cord white matter.

Neuroscience 107, 675-683.

Lima, F. D., Oliveira, M. S., Furian, A. F., Souza, M. A., Rambo, L. M., Ribeiro, L. R.,

and Royes, L. F. F. (2009). Adaptation to oxidative challenge induced by chronic

131



physical exercise prevents Na+,K+-ATPase activity inhibition after traumatic brain

injury. Brain Research, 1279, 147-155. doi:10.1016/j.brainres.2009.04.052

Lutz, P. L., Nilsson, G. E., and Prentice, H. M. (2003). The Brain Without Oxygen, 3rd

edition. Dordrecht, The Netherlands: Kluwer Academic Publishers.

Madelin, G., Kline, R., Walvick, R., and Regatte, R.R., (2014). A method for estimating
intracellular sodium concentration and extracellular volume fraction in brain in vivo
using sodium magnetic resonance imaging. Sci. Rep. 4:4763. [accessed 2014 Jun 24].

http://www.ncbi.nlm.nih.gov/pubmed/24755879

Mans, A.M., DeJoseph, M.R., Hawkins, R., (1994). Metabolic abnormalities and grade of
encephalopathy in acute hepatic failure. J Neurochem.; 63:1829—1838.

Marcaida, G., Felipo, V., Hermenegildo, C., Minana M. D. and Grisolia S. (1992) Acute
ammonia toxicity is mediated by the NMDA type of glutamate receptors. FEBS Lett.
296, 67-68.

Marcaida, G., Montoliu, C., Grisolia, S., Mifiana, M. D., and Felipo, V. (1996). NMDA
receptor antagonists prevent acute ammonia toxicity in mice. Neurochemical
Research, 21(10), 1237—44. Retrieved from
http://www.ncbi.nlm.nih.gov/pubmed/8923486

Master, S., Gottstein, J., and Blei, A. T. (1999). Cerebral blood flow and the development
of ammonia- induced brain edema in rats after portacaval anastomosis. Hepatology

30, 876-880.

Mommsen, T. P., and Walsh, P. J. (1991). Urea synthesis in fishes: evolutionary and

biochemical perspectives. In Biochemistry and Molecular Biology of Fishes, vol. 1

132



(ed. P. W. Hochachka and T. P. Mommsen) pp. 137-163. Amsterdam: Elsevier.

Momose, Y, Kohno, K, Ito, R., (1988). Ultrastructural study on the meninx of the

goldfish brain. J Comp Neurol 270:327-336

Mommsen, T. P. and Walsh, P. J. (1992). Biochemical and environmental perspectives

on nitrogen metabolism in fishes. Experientia 48, 583—-592.

Monfort, P., Kosenko, E., Erceg, S., Canales, J. J., and Felipo, V. (2002). Molecular
mechanism of acute ammonia toxicity: Role of NMDA receptors. Neurochemistry
International, 41(2-3), 95-102. doi:10.1016/S0197-0186(02)00029-3

Moser, H. (1987). Electrophysiological evidence for ammonium as a substitute for
potassium in activating the sodium pump in a crayfish sensory neuron. Can. J.
Physiol. Pharmacol. 65, 141-145.

Murphy, M. G., Jollimore, C., Crocker, J. F. S., Her, H. (1992). B-Oxidation of [1—

4 o o
C]palmitic acid by mouse astrocytes in primary cultures: effects of agents
implicated in the encephalopathy of Reye’s syndrome. Journal of Neuroscience

Reserach 33: 445-454.

Nabeshima, S., Reese, T.S., Landis, D.M., Brightman, M.W. (1975). Junctions in the

meninges and marginal glia. J. Comp. Neurol., 164(2):127-69

Nakamura, Y., Ohtaki, S., Makino, R., Tanaka, T. and Ishimura, Y. (1989) Superoxide
anion is the initial product in the hydrogen peroxide formation catalyzed by NADPH
oxidase in porcine thyroid plasma membrane. J. Biol. Chem. 264, 4759-4761.

Nguyen, J.H. (2012). Blood-Brain Barrier in Acute Liver Failure. National Institute of

133



Health. Neurochem Int. 60(7): 676—683.

Nilsson, G. E. (2001). Surviving anoxia with the brain turned on. News in Physiological

Science 16,217-221. 125

Nilsson, G. E. (2007). Gill remodeling in fish-a new fashion or an ancient secret? Journal

of Experimental Biology 210: 2403-2409.

Norenberg, M. D. (1995). Hepatic encephalopathy. In (H. Kettenmann and B.R. Ransom,

eds.), Neuroglia, Oxford, New York, pp. 950-963.

Norenberg, M. D. (1998). Astrocyte pathophysiology in disorders of the central nervous
system. In Astrocytes in Brain Aging and Neurodegeneration, (H.M. Schipper, ed.),

R.G. Landes, Georgetown, TX, pp. 41-68.

Norenberg, M. D. and Bender, A. S. (1994). Astrocyte swelling in liver failure: role of

glutamine and benzodiazepines. Acta Neurochirurgica 60 (Suppl): 24-27.

Norenberg, M. D., Rama Rao, K. V. and Jayakumar, A. R. (2005) Mechanisms of

ammonia-induced astrocyte swelling. Metab. Brain Dis. 20, 303-318.

Norenberg, M. D., Rama Rao, K., Jayakumar A. (2009). Signaling factors in the

mechanism of ammonia neurotoxicity. Metab. Brain Dis. 24:103—17.

Orsenigo, M. N., Faelli, A., Porta, C., Sironi, C., Laforenza, U., Paulmichl, M., and
Tosco, M. (2007). Oxidative stress reduces transintestinal transports and (Na+, K+)-
ATPase activity in rat jejunum. Archives of Biochemistry and Biophysics, 466(2),

300-307. doi:10.1016/j.abb.2007.07.030

134



Ott, P., and Vilstrup, H. (2014). Cerebral effects of ammonia in liver disease: current

hypotheses. Metab. Brain Dis. doi: 10.1007/s11011-014-9494-7.

Pamenter M. E., Buck L. T. (2008). delta-Opioid receptor antagonism induces NMDA
receptor-dependent excitotoxicity in anoxic turtle cortex. J. Exp. Biol. 211, 3512-
3517

Peng, K. W., Chew, S. F., Lim, C. B., Kuah, S. S. L., Kok, W. K. and Ip, Y. K. (1998).
The mudskippers Periophthalmodon schlosseri and Boleophthalmus boddaerti can

tolerate environmental NH73 concentrations of 446 and 36 uM, respectively. Fish

Physiology and Biochemistry 19, 59-69.

Pisani, P., Parkin, D. M., Munoz, N., Ferlay, J. (1990). Cancer and Infection: Estimates
of the Attributable Fraction in 1990. Cancer Epidemiology, Biomarkers
Prevention. 6:387-400.

Pope, A. (1978). Neuroglia: quantitative aspects. In (E. Schoffeniels, G. Franck, L, Hertz
and D.B. Tower, eds.) Dynamic Properties of Glia Cells, Pergamon Press, London,

pp. 13-20.

Purves, W.K., Sadava D., Orians G.H., Heller H.C. (2004). Life the science of biology.

7th ed. Sunderland (MA)

Rama Rao, K.V., Reddy, P. V. B., Tong, X., and Norenberg, M. D. (2010). Brain Edema
in Acute Liver Failure. The American Journal of Pathology, 176(2), 1400—1408.

doi:10.2353/ajpath.2010.090756.

135



Rama Rao K. V., Brahmbhatt M, Norenberg MD. (2013). Microglia contribute to

ammonia-induced astrocyte swelling in culture. Metab. Brain Dis. 28:139—-43.

Rama Rao, K. V., Norenberg M.D. (2014). Glutamine in the pathogenesis of hepatic

encephalopathy: the trojan horse hypothesis revisited. Neurochem. Res. 39:593-8.

Randall, D. J., and Tsui, T. K. N. (2002). Ammonia toxicity in fish. Marine Pollution

Bulletin 45: 17-23.

Rose, C. (2002). Increased Extracellular Brain Glutamine in Acute Liver Failure:

Decreased Uptake of Increased Release 17(4), 251-261.

Rose CR, Ransom BR. (1996a) Intracellular Na” homeostasis in cultured rat hippocampal
astrocytes. J Physiol (Lond) 491:291-305.

Rose C., Kresse W. and Kettenmann H. (2005) Acute insult of ammonia leads to
calcium-dependent glutamate release from cultured astrocytes, an effect of pH. J.

Biol. Chem. 280, 20937-20944.

Sag, C. M., Wagner, S., and Maier, L. S. (2013). Role of oxidants on calcium and sodium
movement in healthy and diseased cardiac myocytes. Free Radical Biology and

Medicine, 63, 338-349. doi:10.1016/j.freeradbiomed.2013.05.035

Sanderson, L. A., Wright, P. A., Robinson, J. W., Ballantyne, J. S. and Bernier, N. J.
(2010). Inhibition of glutamine synthetase during ammonia exposure in rainbow
trout indicates a high reserve capacity to prevent brain ammonia toxicity. Journal of

Experimental Biology 213, 2343-2353.

136



Schenone, G., Arillo, A., Margiocco, C., Melodia, F. and Mensi, P. (1982). Biochemical
basis for environmental adaptation in goldfish (Carassius auratus): resistance to

ammonia. Ecotoxicology and Environmental Safety 6: 479-488.

Schliess, F., Gorg, B., Fischer, R., Desjardins, P., Bidmon, H. J., Herrmann, A.,
Butterworth, R. F., Zilles, K., and Haussinger, D. (2002). Ammonia induces MK-
801-sensitive nitration and phosphorylation of protein tyrosine residues in rat
astrocytes. Federation of American Societies for Experimental Biology Journal 16:7

39-741.

Serlin, Y., Shelef, 1., Knyazer, B., & Friedman, A. (2015). Anatomy and physiology of
the blood—brain barrier. Seminars in Cell & Developmental Biology, 38, 2—6.

doi:10.1016/j.semecdb.2015.01.002

Simao, F., Matté, A., Matté, C., Soares, F. M. S., Wyse, A. T. S., Netto, C. A., &
Salbego, C. G. (2011). Resveratrol prevents oxidative stress and inhibition of
Na(+)K(+)-ATPase activity induced by transient global cerebral ischemia in rats.
The Journal of Nutritional Biochemistry, 22(10), 921-8.

do0i:10.1016/j.jnutbi0.2010.07.013

Sidhu S. (2012). Physiological and Cellular mechanisms of ammonia Tolerance in the
Goldfish (Carassius auratus). Thesis, Wilfrid Laurier University Department of
Biology Faculty of Science.

Sinha, A.K., AbdElgawad, H., Giblen, T., Zinta, G., De Rop, M., Asard, H., Blust, R., De
Boeck, G., (2014). Anti-Oxidative defences are modulated differentially in three

freshwater teleosts in response to amonia-induced oxidative stress. PLoS One 9,

137



€95319.

Sorensen, M., Keiding, S. (2007). New findings on cerebral ammonia uptake in HE using
functional (13)N-ammonia PET. Metab. Brain Dis 22(3— 4):277-284.
doi:10.1007/s11011-007-9066-1.

Suzuki, H., Pabst, M. J. and Johnston, R. B. Jr. (1985). Enhancement by Ca2+ or Mg2+
of catalytic activity of the superoxide-producing NADPH oxidase in membrane
fractions of human neutrophils and monocytes. J. Biol. Chem. 260, 3635-3639.

Suzuki, Y.J., Forman, H.J., Sevanian, A. (1997). Oxidants as stimulators of signal

transduction. Free Radic Biol Med 22:269-285.

System, N. (1992). of Solute and Water. 3:12-27.

Szerb, J.C., Butterworth, R.F. (1992). Effect of ammonium ions on synaptic transmission

in the mammalian central nervous system. Prog. Neurobiol. 39:135-153.

Swain, M. S., Blei, A. T., Butterworth, R. F., and Kraig, R. P. (1991). Intracellular pH
rises and astrocytes swell after portacaval anastomosis in rats. American Journal of

Physiology 261: R1491-R1496.

Tanigami, H., Rebel, A., Martin, L. J., Chen, T. Y., Brusilow, S. W., Traystman, R. J. and
Koehler, R. C. (2005). Effect of glutamine synthetase inhibition on astrocyte
swelling and altered astroglial protein expression during hyperammonemia in rats.

Neuroscience 131, 437-449.

138



Tofteng, F., Jorgensen, L., Hansen, B.A., Ott, P., Kondrup, J., and Larsen FS
(2002). Cerebral microdialysis in patients with fulminant hepatic failure. Hepatology
36:1333-1340

Tsui, T.K.N., Randall, D.J., Hanson, L., Farrell, A.P., Chew, S.F., and Ip, Y.K. (2004).
Dogmas and controversies in the handling of nitrogenous wastes: ammonia tolerance
in the oriental weatherloach Misgurnus anguillicaudatus. J Exp Biol 207:1977—-1983.

Van der Linden, A., Verhoye, M. and Nilsson, G. E. (2001). Does anoxia induce cell
swelling in carp brains? In vivo MRI measurements in crucian carp and common

carp. Journal of Neurophysiology 85, 125-133.

Veauvy, C. M. (2007). Mechanisms of ammonia tolerance in the gulf toadfish (Opsanus
beta). PhD thesis, University of Miami, Miami, FL, USA, p. 130.

Veauvy, C. M., McDonald, M. D., Van Audekerke, J., Vanhoutte, G., Van Camp, N.,
Van der Linden, A. and Walsh, P. J. (2005). Ammonia affects brain nitrogen
metabolism but not hydration status in the Gulf toadfish (Opsanus beta).
AquaticToxicology 74: 32-46.

Walsh, P.J., Veauvy, C.M., McDonald, M.D., Pamenter, M.E., Buck, L.T., Wilkie, M.P.
(2007). Piscine insights into comparisons of anoxia tolerance, ammonia toxicity,
stroke and hepatic encephalopathy. Comp. Biochem. Physiol. A. Mol. Integr. Physiol.

147:332-43.

Wang, J., Murray, M., and Grafstein, B. (1995). Cranial meninges of goldfish: age-
related changes in morphology of meningeal cells and accumulation of surfactant-

like multimellar bodies. Cell and Tissue Research 281: 349-358.

139



Weihrauch, D., Wilkie, M. P. and Walsh, P. J. (2009). Ammonia and urea transporters in
gills of fish and aquatic crustaceans. Journal of Experimental Biology 212: 716-
1730.

Wenthold, R.J., Prybylowski, K., Standley, S., Sans, N., Petralia, R.S. (2003). Trafficking
of NMDA receptors. Annual Review of Pharmacology andToxicology 43: 335-358.

Wicks, B., & Randall, D. (2002). The effect of sub-lethal ammonia exposure on fed and
unfed rainbow trout: The role of glutamine in regulation of ammonia. Comparative
Biochemistry and Physiology A-Molecular and Integrative Physiology, 132(2), 275-
285. doi: 10.1016/S1095-6433(02)00034-X

Wicks, B. J. and Randall, D. J. (2002a). The effect of feeding and fasting on ammonia
toxicity in juvenile rainbow trout, Oncorhynchus mykiss. Aquatic Toxicology 59, 71-

82.

Wicks, B. J. and Randall, D. J. (2002b). The effect of sub-lethal ammonia exposure on
fed and unfed rainbow trout: The role of glutamine in regulation of ammonia.

Comparative Biochemistry and Physiology A-Molecular and Integrative Physiology

132, 275-285.

Wilkie, M. P., and Wood, C. M. (1991). Nitrogenous waste excretion, acid-base
regulation, and ionoregulation in rainbow trout (Oncorhynchus mykiss) exposed to

extremely alkaline water. Physiological Zoology 64: 1069- 1086.

Wilkie, M. P. (1997). Mechanisms of ammonia excretion across fish gills. Comparative

Biochemistry and Physiology A 118: 39-50.

140



Wilkie, M.P. (2002). Ammonia excretion and urea handling by fish gills: present

understanding and future research challenges. J. Exp. Zool. 293:284-301.

Wilkie, M.P., Pamenter, M.E., Duquette, S., Dhiyebi, H., Sangha, N., Skelton, G., Smith,
M.D., Buck, L.T. (2011). The relationship between NMDA receptor function and the

high ammonia tolerance of anoxia-tolerant goldfish. J. Exp. Biol. 214:4107-20.

Wilkie, M.P., Stecyk, J.A.W., Couturier, C.S., Sidhu, S., Sandvik, G.K., Nilsson, G.E.
(2015). Reversible brain swelling in crucian carp (Carassius carassius) and goldfish

(Carassius auratus) in response to high external ammonia and anoxia.

Wood, C. M. (2001). The influence of feeding exercise and temperature on nitrogen
metabolism and excretion. In Nitrogen Excretion, Fish Physiology, vol. 20 (ed. P.

Weight and P. Anderson), pp 201-238. San Diego, CA: Academic Press.

Wright, P. A. (1995). Nitrogen excretion: three end products, many physiological roles.
Journal of Experimental Biology, 281: 273-281.

Wright, P. A., Felskie, A. K. and Anderson, P. M. (1995). Induction of ornithine-urea
cycle enzymes and nitrogen metabolism and excretion in rainbow trout
(Oncorhynchus mykiss) during early life stages. Journal of Experimental Biology
198: 127-135.

Wright, P. A., Steele, S. L., Huitema, A. and Bernier, N. J. (2007). Induction of four
glutamine synthetase genes in brain of rainbow trout in response to elevated

environmental ammonia. Journal of Experimental Biology 210: 2905-2911.

141



Wright, P. A. and Wood, C. M. (1985). An analysis of branchial ammonia excretion in
the freshwater rainbow trout: effects of environment pH changes and sodium uptake
blockade. Journal of Experimental Biology 114: 329-353.

Wright, P.A., Wood, C.M. (2009). A new paradigm for ammonia excretion in aquatic
animals: role of Rhesus (Rh) glycoproteins. Journal of Experimental Biology
212:2303-2312.

Zerangue N, Kavanaugh M.P. (1996). Flux coupling in a neuronal glutamate

transporter. Nature. 383:634-637.

142



