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Abstract 

Neurons, though highly metabolically active, have a poor capacity for nutrient storage 

and are sensitive to energy fluctuations. One mechanism for maintaining energetic homeostasis 

involves activation of the heterotrimeric AMP-activated protein kinase (AMPK), a cell-

autonomous sensor to energetic changes regulated by ATP to AMP ratios. Starvation, which 

reduces nutrient availability, has been shown to decrease susceptibility to spreading depression 

(SD) in Locusta migratoria. Although AMPK activation is thought to be involved in this 

phenomenon, its presence has not yet been confirmed in the locust. In my thesis I established that 

AMPK is present in locust neural tissue, and that starvation increases its activation. I also 

investigated the effects of manipulating AMPK activity, via pharmacological agents and RNA 

interference (RNAi), on ouabain-induced SD in fed and starved locusts. Application of 5x10
-5 

M 

A-769662, a potent AMPK activator, did not have an effect on susceptibility to or recovery from 

ouabain-induced SD, in either fed or starved animals. Increasing the concentration of A-769662 

to 10
-4 

M also yielded no significance. However, injecting AMPK dsRNA reduced the number of 

preparations that displayed SD-like events. This suggests that RNAi-mediated downregulation of 

AMPK decreased susceptibility to SD. Overall, I provide evidence of AMPK’s involvement in 

potassium ion homeostasis, which may further our understanding of SD and its effects within the 

nervous system. 
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Chapter 1 

Introduction 

The nervous system is complex, has a high energetic cost, and requires efficient 

management of energy stores. These high energetic costs are incurred to support 

important signalling processes, like postsynaptic transmission (Harris et al., 2012) and 

action potentials (Atwell and Laughlin, 2001; Niven and Laughlin, 2008), which are 

necessary for information processing. Despite their high energy demands, neurons have a 

limited capacity for nutrient storage and are vulnerable to fluctuations in energy delivery 

and use (Tomasi et al., 2013).  

Neuronal signalling is based on the rapid flow of charge, carried by ions such as 

potassium (K
+
), sodium (Na

+
), and calcium (Ca

2+
) across membranes. Although the flow 

of ions down a concentration gradient requires no energy, re-establishing these constantly 

dissipated gradients is a major energy investment. The depletion of energy stores within 

the nervous systems of both mammals and insects results in the loss of transmembrane 

ion gradients and the potential for neuronal cell death (Li and McCullough, 2010; Hand 

et al., 2011). Reducing the frequency of disruptions of ion homeostasis within the 

nervous system may reduce neural vulnerability during times when its capacity to 

generate energy is compromised (Money et al., 2014; Alle et al., 2009). 

Under normal circumstances, glucose is the primary fuel source for the nervous 

system, where the catabolism of glucose molecules produces ATP, NADH, and other 

activated carrier molecules. Most insects feed periodically, and therefore alter between 

fed and fasted states. In the fasted state, glucose is used primarily by the nervous system, 
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while other tissues tend to derive most of their energy from the oxidation of lipids or 

proteins (Downer, 1981a).  

The African migratory locust, Locusta migratoria migratorioides (L. migratoria), 

is commonly found south of the Sahara Desert in Africa. They are largely solitary 

animals, but under certain conditions, like starvation (Ayali et al., 1996), they become 

gregarious and form swarms that may reach plague proportions. Food availability can 

vary dramatically within their habitats, and in order to thrive they must make metabolic 

adjustments to endure periods of starvation and maintain metabolic homeostasis (Braco et 

al., 2012). 

In the lab, these conditions can be replicated by exposure to artificial stressors, 

including controlled periods of glucose restriction and the application of pharmacological 

agents. Locusts must efficiently regulate energy consumption and reduce neural 

excitability when exposed to these stressors to ensure vital neural functions, like flight 

and ventilation, remain intact and to prevent neural damage. This thesis is concerned with 

exploring the effect energy status has on ionic homeostasis within the nervous system of 

L. migratoria.  

 

1.1 Central Pattern Generators 

Rhythmic motor patterns, like flight, mastication, and ventilation, are associated 

with behaviours generated by neural circuits called central pattern generators (CPGs). 

CPGs are further defined as groups of neural elements whose properties and connectivity 

give rise to characteristic patterned rhythmic activity in the absence of sensory feedback. 

To be classified as a rhythmic pattern generator, a CPG must have two or more processes 
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that interact where one increases and the other decreases, and as a result of this 

interaction the system repeatedly returns to its original position (Hooper, 2001). An easily 

accessible and robust nervous system has made the locust a favourable model for CPG 

research and the control of rhythmic motor patterns (Ayali et al., 1996; Rodgers-Garlick 

et al., 2011). 

 The locust ventilatory CPG (vCPG) is a robust neuronal circuit that controls 

ventilation. Ventilation is the rhythmic expansion and contraction of the abdominal 

cavity, responsible for the circulation of gasses though the tracheal system and the 

dissipation of heat with increased frequency. The vCPG is located within the 

metathoracic ganglion (MTG) and its rhythm is generated by the first three fused 

abdominal neuromeres (Hustert, 1975; Burrows, 1996; Bustami and Hustert, 2000). 

Using a semi-intact locust preparation (Newman et al., 2003), we are able to gain access 

to the extracellular environment of the CNS.  Locusts ventilate discontinuously when at 

rest or at room temperature and ventilate regularly when experiencing stress or 

temperature increase, which provides a clear distinction between the arrest in vCPG 

operation and its recovery. At room temperature, the average frequency is about 1 Hz 

(Newman et al., 2003) and an increase in ventilation frequency has been shown to occur 

with heat stress, octopamine manipulation, and during increased activity (Armstrong and 

Robertson, 2006; Rodgers et al., 2007; Newman et al., 2003).  

We can use the operation of the CPG controlling abdominal movements as an 

indicator of neural activity. Metabolic stress causes the arrest of neural activity, and 

removal of that stress allows activity to resume The arrest of vCPG function coincides 

with a surge in extracellular K
+
 concentration ([K

+
]o) within the MTG. The ionic 
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disturbance in the MTG shares many similarities to the redistribution of ions that is 

associated with the phenomenon of spreading depression (SD). 

 

1.2 Spreading Depression 

SD is characterized by a massive depolarization of brain cells and the associated 

suppression in electrical activity caused by the redistribution of ions, between 

intracellular and extracellular compartments (Costa-Cruz et al., 2006; Leão, 1944). The 

wave of depolarization is a regenerative; “all-or-none” process that propagates across 

neural tissue (Somjen, 2004). It occurs in both vertebrates and invertebrate nervous 

systems (Dreier et al., 2009), with extensive documentation in humans (Lauritzen, 2008; 

Ayata et al., 2006; Fabricius et al., 2006), mammals (Shatillo et al., 2015; Yao et al., 

2015; Kobayashi et al., 1995), amphibians (Gouras, 1958), and insects (Rodgers et al., 

2007; 2011).   

Metabolic stress can prove disastrous for the nervous system, and the subsequent 

loss of ion homeostasis may be used as an indicator of reduced neural function (Rodgers 

et al., 2010; Armstrong et al., 2009). The SD-like events are caused by neuronal 

overexcitation or by conditions that impair ionic homoeostasis (Rodgers et al., 2007; 

Rodgers-Garlick et al 2011).  In response to acute metabolic stress like hypothermia, 

hyperthermia, or anoxia, locusts experience a silencing of neural and muscular systems 

paired with a significant increase in the concentration of extracellular potassium ([K
+
]o) 

within the MTG (Rodgers et al., 2011, 2007). Typically once the stressor is removed, 

[K
+
]o returns to pre-surge levels, which coincides with recovery from a coma state 

(Rodgers et al., 2007). Directly disrupting ionic homeostasis through pharmacological 
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inhibition of the Na
+
/K

+
-ATPase has similar results (Rodgers et al., 2009). In semi-intact 

locust preparations, the continuous bath application of ouabain, a potent Na
+
/K

+
 -ATPase 

inhibitor, induces repetitive surges in [K
+
]o  which occur simultaneously with the arrest of 

vCPG function. This massive redistribution of ions and suppression of neural activity 

propagates throughout the locust MTG and thus represents a form of SD (Rodgers et al., 

2007; Armstrong et al., 2009). 

In locusts, it is has been proposed that repetitive [K
+
]o surges associated with SD-

like events are caused by an imbalance between [K
+
]o accumulation and clearance 

mechanisms within the locust MTG (Armstrong et al., 2009). As neural activity 

increases, the rate of K
+
 accumulation starts to exceed the rate of neuronal and glial K

+
 

sequestration, which results in a net increase of [K
+
]o. A rise in [K

+
]o depolarizes the 

neural membrane, which opens more voltage-gated K
+
 and Na

+
 channels and propagates 

the wave of depolarization. This positive feedback cycle gives rise to the characteristic 

surge in [K
+
]o associated with SD-like events (Psarropoulou and Avoli, 1993; Armstrong 

et al., 2009; Rodgers-Garlick et al., 2011). The resulting loss of ion homeostasis leads to 

an arrest of neural activity, when neurons are unable to produce action potentials. Once 

neural activity ceases, [K
+
]o stops accumulating and clearance mechanisms remove 

excess [K
+
]o and restore the equilibrium potential to normal physiological levels 

(Rodgers et al., 2009).  

The SD-like events observed in insect models like the locust, share many 

similarities to SD within mammalian nervous systems (Rodgers-Garlick et al., 2011). 

These events in the locust propagate at a rate similar to that observed in mammalian 

cortical tissue (Rodgers et al., 2007). Cortical spreading depression (CSD) is a transient 
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self-propagating wave of cortical cell depolarization, which is associated with the visual 

aura that accompanies migraines (Lauritzen et al., 2001; Vecchia and Pietrobon, 2012), as 

well as the progression of tissue damage in acute neural disorders, like stroke (Fabricius 

et al., 2006). The depression of electrocorticographic activity lasts several minutes and 

spreads in all directions of the cortex at a rate of 2–5 mm min−1 (Leão, 1944; Ayata, 

2010). Once the wave of depolarization has propagated throughout the cortex, membrane 

potential is usually restored within a minute, however the recovery of synaptic activity 

may take upwards of 10 minutes to return to basal levels following a SD-event (Ayata, 

2010).  

Although it has been almost 70 years since SD was discovered, the exact 

mechanisms responsible for its onset still remain unclear. It is thought that SD-like events 

may be instigated by a depletion of cellular energy required to clear excess ions during 

periods of intense metabolic stress (Bough et al., 2003; Rodgers-Garlick et al., 2011). 

Thus treatments that increase neuronal excitability ultimately promoting the 

accumulation of [K
+
]o are thought to trigger propagating waves of SD. 

 

1.3 Locust Neural Stressors  

In addition to metabolic stressors like hypoxia, pharmacological agents can also 

be used to reliably trigger [K
+
]o  surges in the MTG. As previously stated, one such agent 

is the cardiac glycoside ouabain, a potent Na
+
/K

+
-ATPase inhibitor. The ATP-binding 

antiporter enzyme is responsible for maintaining resting potential by regulating the 

concentration of Na
+
 and K

+
 in the intracellular and extracellular space. For every ATP 

hydrolyzed, 2 K
+
 are pumped in and 3 Na

+
 are pumped out to maintain the unequal 
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distribution of ions on either side of the neuronal membrane. An unequal balance of ions 

across a membrane at equilibrium creates an electrical potential difference, which is 

crucial in generating action potentials. When ouabain binds to and inhibits the pump by 

interfering with its α-subunit, the tissue membrane can no longer maintain the necessary 

ionic homeostasis. In a semi-intact locust preparation, bath-application of ouabain 

induces repetitive [K
+
]o surges within the vCPG. During a continuous bath application of 

10
-4

 M ouabain, [K
+
]o returns to baseline and there is recovery of motor pattern 

generation following each [K
+
]o event (Rodgers et al., 2009. The repetitive nature of 

these surges is thought to result from a combination of [K
+
]o clearance mechanisms and 

incomplete inhibition of Na
+
/K

+
-ATPase. The repetitive surging and recovery of [K

+
]o is 

correlated with the arrest and recovery of vCPG function. Different concentrations of 

ouabain have been shown to cause variations in surging patterns. Larger concentrations 

successfully block greater proportions of Na
+
/K

+
-ATPase pumps. Applying a higher 

concentration of ouabain (10
-3

 M) increased the frequency of events and baseline [K
+
]o 

until it plateaued. While a lower dose (10
-5

 M) allowed [K
+
]o to fully recover baseline 

values after each [K
+
]o event (Rodgers et al., 2007; 2009). 

 

1.4 Energy metabolism in the insect nervous system 

Locust ganglia show a remarkable diversity in oxidizable substrates, which is 

thought to be an adaptation for living in a harsh desert environment and a reflection of 

their diverse metabolic needs during stress or high-energy output (Candy et al., 1997). 

Unlike mammalian brains, locust ganglia can also use carbohydrates and lipids as reliable 

fuel stores (Candy, et al., 1997). When cellular energy is abundant, indicative of satiation 
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and moderate metabolic expenditure, locusts can rely on the oxidation of stored 

carbohydrates to sustain neural function. However, during prolonged periods of 

starvation or flight, fuel use gradually shifts from carbohydrates to the oxidation of long 

chain fatty acids that are mobilized from the locust's fat body (Wegener, 1996).   

The ketone bodies, acetoacetate and 3-hydroxybutyrate, are formed in the fat 

body and oxidized by the fat body, flight muscle and testes (Bailey et al., 1971; Hill et al., 

1972) and may serve as an energy substrate for the nervous system during starvation 

(Kerkut, 2013; Candy et al., 1997; Downer, 1981). However the absolute importance of 

ketone body metabolism in the insect nervous system during starvation has not yet been 

explored.  

 Unlike insect ganglia, the mammalian brain cannot adequately use free fatty acids 

for energy, as they cannot cross the blood brain barrier. Instead, they are converted to 

ketone bodies through fatty acid oxidation in liver and delivered to the brain by the 

bloodstream (Hawkins et al., 1971). They are thought to provide the main source of 

energy for the brain during starvation (Owen et al., 1967). The products of starvation-

activated ketogenesis are thought to  reduce susceptibility to SD-like events in rats 

(Bough et al., 2003) by activating ATP-sensitive K
+ 

(KATP) channels. KATP channels are 

inward rectifying potassium channels inhibited by intracellular ATP. Their activation 

upon metabolic inhibition or ATP consumption generates a hyperpolarizing current that 

reduces neural excitability (Ashcroft and Gribble, 1998). Re-feeding stimulates ATP 

production and inhibits KATP channels, which allows membrane depolarization and 

subsequent singalling events (Bennett et al., 2010).  
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KATP channels are widely expressed in the brain (Karschin et al., 1997; Dunn-

Meynell et al., 1998; Lutas and Yellen, 2013) and may play a role in membrane potential 

restoration following SD like events in neural tissue (Haller et al., 2001). The negative 

feedback characteristics of KATP channels may be enhanced by a low glucose diet, as the 

presence of additional ketone bodies increases KATP activity, possibly as a result of 

decreased ATP production (Ashcroft and Gribble, 1998). The dramatic build-up of [K
+
]o 

during SD is likely due to an increased conductance of K
+
 ions into the extracellular 

space (Panchin 2005; Thompson et al., 2006; Rodgers et al., 2007). Decreased ATP 

consumption during starvation and the subsequent activation of KATP channels may 

decrease susceptibility to SD by preventing excessive and harmful neuronal firing by 

reducing neural excitability. By analogy, the neuroprotective effects attributed to indirect 

lipid metabolism within the mammalian brain may provide insight on the importance of 

direct lipid metabolism in the locust nervous system and its subsequent effects on K
+
 

accumulation and clearance during SD.  

 

1.5 AMPK as an energy sensor in the locust CNS 

Effective regulation of energy metabolism is critical for maintaining ion 

homeostasis. Disturbances to the maintenance of energy balance within the nervous 

system exposes vulnerabilities and jeopardizes neural function. AMP-activated kinase 

(AMPK) is a highly conserved metabolic sensor that reacts in response to elevated AMP 

and ADP levels originating from a depletion in ATP (Hardie et al., 2012; Steinberg and 

Kemp, 2009; Hardie et al., 2003). AMPK is a heterotrimeric serine/threonine kinase 

complex composed of a catalytic α subunit and a regulatory β and γ subunit. It is 
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activated in response to environmental or nutritional stress factors that deplete cellular 

ATP levels, including hypoglycemia/starvation, heat shock, hypoxia, and sustained 

exercise (Winder and Hardie, 1999). AMPK manages the coordination of anabolic and 

catabolic processes in various tissues to ensure the AMP/ADP:ATP ratio is adequately 

maintained based on immediate cellular energetic requirements by inhibiting ATP-

consuming processes and stimulating ATP-producing processes. This is accomplished by 

the phosphorylation and modification of numerous target proteins including enzymes, 

transporters, transcription factors, ion channels, and signalling proteins (Leff, 2003; 

Hallows, 2005; Ramamurthy and Ronnett, 2006). 

It is only recently that the complex physiological role of AMPK in the brain has 

become of interest. In the mammalian models, AMPK is rapidly activated during energy-

deprived states like fasting and ischemia (Ramamurthy and Ronnett, 2009). AMPK acts 

not only as a cell autonomous energy sensor, but also as an integrative multifunctional 

metabolic sensor (Ramamurthy and Ronnett, 2006). In this regard, AMPK activation 

plays a protective role in preventing neural energy depletion, while also controlling 

nutrient usage.  

Another emerging concept is that AMPK activation is context specific; that its 

activation can be deleterious or beneficial depending on the tissue, degree of stimulation, 

and conditions of activation. Pharmacological activation of AMPK in isolated 

hippocampal neurons provides cytoprotection and increased neuronal survival following 

glucose deprivation treatments (Culmsee et al., 2001). Whereas, a subsequent study 

found the same pharmacological agent exacerbated stroke damage, and an AMPK 

inhibitor provided neuroprotection (McCullough, et al. 2005). Pharmacological studies 
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must be interpreted with caution because of unexpected non-selective effects, and the 

limitations of pharmacological AMPK activation have been well documented (Hardie et 

al., 2003). 

RNA interference (RNAi) provides another, more precise, method to study the 

function of AMPK. It is a process where double stranded RNA (dsRNA) molecules can 

regulate gene expression. Small interfering RNAs (siRNAs) are 21-nucleotide dsRNA 

that have complementarity to an mRNA transcript (Fire et al., 1998). When siRNA are 

introduced into a cell, they can bind to complementary mRNA transcripts, which prevents 

translation into a protein (Elbashir et al, 2001; Kim et al, 2008; Carthew and Sontheimer, 

2009). In Drosophila melanogaster, RNAi knockdown of the α and γ subunits resulted in 

hypersensitivity to starvation conditions characterized by a reduction in lifespan and an 

increase in locomotion levels (Johnson et al., 2010).  Failing to restrict energy-intensive 

behaviours, like hyperactivity, during nutrient-limited conditions would result in energy 

collapse and inevitably death. Furthermore, animals expressing RNAi targeting the α and 

γ subunits displayed large varicosities, indicative of excitotoxic injury, on their neuronal 

dendrites, suggesting a potential neuroprotective role for AMPK activation (Johnson et 

al., 2010).   

Previous studies have shown that injection of dsRNA into the hemocoel of locust 

nymphs leads to successful gene knockdown in locust fat body, brain, and legs (Guo et 

al., 2011; Ma et al., 2011; Luo et al., 2012; Wu et al., 2012), while the presence of 

dsRNA degrading nucleases in the midgut makes ingestion of RNAi an ineffective 

delivery route (Luo et al, 2012). The efficacy of injecting dsRNA into adult migratory 

locusts is also largely unknown, with the majority of studies focusing on earlier 
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developmental stages. With this in mind, I investigated whether adult locusts were 

susceptible to RNAi and more importantly, to see how AMPK dsRNA affected our SD 

model in fed and starved states.  

 In locusts, pharmacological activation of AMPK has been shown to exacerbate 

the severity of SD events and prevent the complete restoration of ion gradients (Rodgers-

Garlick et al., 2011). However, the effect of nutrient deprivation on AMPK activation in 

conjunction with pharmacological or molecular manipulation has not been explored. 

AMPK may also exhibit differential regulation in locusts, so that it exhibits two 

seemingly antagonistic modalities, neuroprotection and neurodegeneration, depending on 

energy status of the animal. 

 

1.6 Starvation pre-treatment decreases ventilation frequency  

 Some arthropods, including locusts, exhibit discontinuous gas exchange (DGE). 

DGE occurs when oxygen (O2) and carbon dioxide (CO2) are released from the insect in 

a cyclical pattern characterized by periods of little to no release of CO2 to the external 

environment. There have been several hypotheses to explain why insects demonstrate this 

irregular mode of ventilation, including to prevent water loss (Buck et al., 1953), increase 

hypoxia tolerance (Lighton and Berrigan, 1995), and to prevent a spiracle parasite 

invasion (Chown et al., 2002). Recently, new evidence has emerged to suggest that DGE 

is a consequence of energy saving metabolic downregulation (Förster and Hetz, 2010). 

Insects with DGE also have reduced brain activity (Matthew and White, 2011). Thereby, 

whenever energetic considerations promote the downregulation of metabolic rate, it is 

energetically favourable to reduce brain activity, and allow DGE to arise as a 
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consequence of respiratory control being handed over to the thoracic ganglia (Chown, 

2011). 

The vCPG is capable of producing a wide array of rhythmic patterned outputs that 

are influenced by metabolic stress (Rodgers-Garlick et al., 2011). Manipulating AMPK, a 

regulator of energy status, has a direct effect on motor pattern generation. 

Pharmacological application of the AMPK activator, 5-aminoimidazole-4-carboxamide 

ribonucleotide (AICAR), significantly shortened ventilatory burst duration and periods 

following 2 minutes of perfusion, while the application of dorsomorphin dihydrochloride 

(compound-C), an AMPK inhibitor, returned ventilatory burst durations and periods to 

control values. Since compound-C is a well-known selective and ATP-competitive 

inhibitor of AMPK (Zhou et al., 2001; Fediuc et al., 2006), it seems that AMPK is 

required for the switch to a fast rhythm. Locusts subjected to a 4-day starvation period 

demonstrated on average less frequent burst generation and longer periods when 

compared to controls (Mangulins and Robertson, unpublished). Starved locusts 

demonstrated slowed and discontinuous abdominal pumping movements, while fed 

locusts showed strong and high frequency abdominal ventilation movements. A reduction 

in ventilation frequency may decrease energy expenditure in starved locusts with reduced 

energy stores. Although oxygen is involved in generating cellular energy and producing 

ATP, it also requires an initial energy input. There may be a trade-off between ventilation 

and conserving cellular energy aided by the use of DGE, where decreasing ventilation 

frequency reduces further energetic strain. 
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1.7 Starvation pre-treatment decreases susceptibility to ouabain-induced SD-like 

events 

     Starving locusts prior to ouabain application reduced the incidence of SD-like 

events in the locust (Mangulins and Robertson, unpublished). For instance, starved 

animals were observed to have a longer latency to SD onset and significantly fewer 

individual events within the treatment period compared to control animals. Similar 

experiments in rats and cockroaches have shown that restricted caloric intake during 

periods of metabolic stress reduced neural excitability (Bough et al., 2003; Ma et al., 

2002; Candy et al., 1997). Reducing the number of SD-like events saves energy that 

would be allocated for restoring ion gradients, which suggests that starvation may have 

neuroprotective properties. Although the exact mechanisms of this treatment are 

unknown, caloric restriction has been hypothesized to increase the threshold for SD 

initiation (Ghadiri et al., 2012) and thus decrease the likelihood for an event. Conversely, 

rats fed a normal diet were more susceptible to SD compared to those on a calorie-

restricted diet (Bough et al., 2003), again suggesting that diet has an effect on neural 

excitability. More specifically, a calorie-deficient diet seems to reduce neural excitability 

likely as a means to save energy which ultimately leads to the suppression of SD.  

In locusts, the effects of starvation on latency and number of SD events induced 

by ouabain may represent an increased initiation threshold, which is consistent with what 

has been previously proposed in the vertebrate CNS (Ghadiri et al., 2012). The benefits 

attributed to starvation may originate from cellular stress responses where protein 

chaperones and neurotrophic factors are increased (Lowenstein et al., 1991) to promote 

cell survival. A cellular stress response may be induced by periods of starvation or the 

psychological stress resulting from hunger (Mattson et al., 2003). However recent 
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evidence suggests that restricting brain glucose availability, as seen in starvation, is also a 

predominant factor in reducing susceptibility to SD-like events during acute metabolic 

stress (Stafstrom and Bough, 2003; Bough et al., 2003; Yellen, 2008; McNally and 

Hartman, 2012). A well-known mechanism for rapid coupling between metabolism and 

electrical excitability is a class of potassium channels that are sensitive to ATP, KATP 

channels. These inward rectifying channels are activated during periods of low ATP 

availability to prevent excessive and harmful neuronal firing, which may decrease 

susceptibility to SD-like events. This functionality aligns with the proposed mechanism 

for SD-like events that depends on the balance of [K
+
]o accumulation and clearance in the 

restricted extracellular space of the locust MTG (Rodgers et al., 2009). As ouabain begins 

to impair Na
+
 /K

+
 -ATPase function, neuronal activity exceeds the ability of neurons and 

glia to sequester accumulating [K
+
]o, resulting in the characteristic surges of [K

+
]o. 

Starvation may decrease K
+
 accumulation by reducing brain activity, thereby decreasing 

neuronal susceptibility to the effects of ouabain.  

Although starvation was found to decrease the susceptibility to ouabain-induced 

SD, evidenced by an increased time to onset, it did not have an effect on the frequency of 

individual events once SD was initiated (Mangulins and Robertson, unpublished). For 

example, the timing between [K
+
]o surges was similar under both starvation and control 

conditions. Thus, the protective effects attributed to starvation may have been a reflection 

of preventative mechanisms that decrease the propensity of neuronal tissue to exhibit SD-

like events. However once ouabain triggered surges in [K
+
]o , starvation’s protective 

effects may have been negated by the self-propagating wave of depolarization associated 

with SD. Although KATP channels preferentially allow an influx of K
+
 into neurons, these 
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channels may also be responsible for a component of K
+
 efflux during the massive ion 

redistribution that occurs during SD. Thus, starvation reduced neuronal susceptibility to 

ouabain-induced SD-like events, but had no inherent effect on severity or recovery once 

[K
+
]o surges were elicited. 

 

1.8 Thesis overview and significance 

The locust presents an interesting model for studying the effects of AMPK 

manipulation on the nervous system. Although food is a limiting factor for desert survival 

and neurons are energetically expensive to maintain, the locust’s ability to escape from 

predators and thrive in its environment is largely dependent on the integrity of its neural 

circuitry. Their large and easily accessible nervous system is robust enough to permit 

experimentation on a semi-intact animal. This has allowed me to use an array of 

electrophysiological and pharmacological techniques to manipulate vCPG function and 

assess tolerance to metabolic stress. The underlying theme of my thesis is to examine 

how starvation and pharmacological manipulation of AMPK influences susceptibility to 

and recovery from SD, as demonstrated by changes in [K
+
]o within the locust MTG . 

As previously stated, the activation of AMPK can be protective or degenerative 

depending on where and why it was activated. Previous work from our lab showed that 

pharmacological activation of AMPK by AICAR exacerbated the severity of SD-like 

events in the locust, whereas starvation decreased susceptibility. Therefore I sought to 

answer whether the combination of a physiological stressor, like starvation, would have a 

compound effect on the severity of ouabain-induced SD when used in conjunction with a 

pharmacological activator of AMPK. I wanted to see if the pharmacological activation of 
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AMPK in starved locusts would exacerbate SD. SD is believed to be an adaptive 

response to metabolic stress that reduces energy expenditure and prevents excitotoxicity; 

however the events generated by ouabain application present an interesting paradigm. SD 

in response to ouabain application is not a natural phenomenon and I believe that in the 

absence of an energetic stress, like hypoxia or hyperthermia, the generation of SD-like 

events is detrimental to the energy status of the locust. As a result, I anticipate that 

pharmacologically activating AMPK will exacerbate the severity of SD by decreasing the 

latency to onset of [K
+
]o events, increasing their frequency, and preventing the recovery 

of [K
+
]o baseline following each SD event. 

My final project involved investigating how ouabain-induced SD and anoxic 

coma induced by submersion under water (a more natural stress) are affected by RNAi-

mediated AMPK downregulation. Locusts were injected with dsRNA for the AMPK gene 

and starved for 4 days prior to experimentation to further investigate AMPK’s 

involvement in the regulation of ionic gradients. I anticipate that locusts injected with 

AMPK dsRNAi will be more vulnerable to starvation conditions as they will unable to 

effectively regulate ATP consumption, which will result in increased susceptibility to 

ouabain-mediated SD and anoxic coma. Together these projects describe the occurrence 

of SD-like events in the MTG, modulation of these events by starvation, and the 

influence AMPK has on the locust nervous system.   
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Chapter 2 

Materials and Methods 

2.1 Animals  

Adult male locusts, Locusta migratoria migratorioides (R. and F.), 4-6 weeks post 

imaginal ecdysis, were randomly selected from a crowded colony maintained within the 

Department of Biology at Queen’s University. The animals were housed in cages where 

light was regulated in 12h:12h light:dark cycle. The cages were lit with either 60 or 100 

W incandescent light bulbs depending on the health of each group. Each cage was about 

30 ± 1˚C and room temperature was maintained at 25 ± 1˚C, with a constant humidity of 

23 ± 1%, and a negative air pressure relative to the outside corridor. Animals were 

provided wheat grass and carrots daily as well as an ad libitum mixture composed of 13 

parts bran, 1 part torula yeast, and 1 part skim milk powder, by volume. All animals were 

collected from the colony before noon, and were placed in a two litre ventilated plastic 

container 4 days prior to experimentation.  

Locusts in the starved treatment group were not fed four days prior to use. 

Starving locusts less than four days failed to produce significant results, while the 

majority of locusts starved more than 4 days died before experimentation (Mangulins and 

Robertson, unpublished). Each locust was housed individually in a ventilated container to 

prevent cannibalism. They were provided daily with a moistened paper towel to prevent 

dehydration.  
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2.2 Preparation of K
+
-sensitive microelectrodes  

[K
+
]o  was measured with K

+
-sensitive microelectrodes. The K

+
-sensitive 

microelectrodes were made from unfilamented glass pipettes (0.1 mm diameter; World 

Precision Instruments Inc., Sarasota, FL, USA) that were cleaned with methanol (99.9 %) 

and dried on a hot plate, then pulled using a micropipette puller (Sutter P-87 Flaming 

Brown Micropipette Puller Pipette) to form a low resistance (5-7 MΩ) tip. The 

microelectrodes were silanized through exposure to dichlorodimethylsilane (99%) 

(Sigma-Aldrich) vapour while baking on a hot plate (100°C) for an hour. After cooling, 

the tips of the microelectrodes were filled with Potassium Ionophore I – Cocktail B (5% 

Valinomycin; Sigma Aldrich) to form an artificial membrane and backfilled with 500 

mM KCl. The tips of the microelectrodes were suspended in deionized water until 

experimentation. Reference electrodes were made by pulling filamented glass pipettes 

(0.1 mm diameter; World Precision Instruments Inc.) to form a low resistance (5-7 MΩ) 

tip, then filled with 500 mM KCl.  

 

2.3 Semi-intact preparation 

After removal of the legs, wings and pronotum, the nervous system and 

ventilatory muscle 161 were exposed by making a dorsal midline incision and pinning the 

locust open on a cork board, dorsal side up. The MTG, where the vCPG is located, was 

bathed in standard locust saline composed of (in mM): 147 NaCl, 10 KCl, 4 CaCl2, 3 

NaOH, and 10 HEPES buffer (pH 7.2) (all chemicals obtained from Sigma-Aldrich) (Fig. 

1A). The gut, fat body, and air sacs were removed, as well as the tissue covering the 

MTG, including the second spina and attached muscle tissue situated between the 
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connectives. A metal plate was inserted under the MTG for stabilization. Nerves 3, 4, and 

5 of the MTG were severed on both sides to allow permeation of saline or 

pharmacological agents into the ganglion. The preparation was grounded by placing a 

silver wire within the thoracic cavity near the head of the animal. 

 

2.4 Electromyographic recoding of ventilatory motor pattern 

Extracellular recordings of the ventilatory motor patterns were obtained by 

placing the non-insulated tip of a 0.1 mm diameter copper wire onto the ventilatory 

muscle 161 located in the second abdominal segment (A2). Signals were amplified using 

a model P15 preamplifier (Grass Instruments), digitized using a Digidata 1322A 

(Molecular Devices), then displayed and recorded using AxoScope 9.0 (Axon 

Instruments). Ventilation can be monitored as a series of rhythmic electrical bursts in the 

abdominal muscles. Failure was characterized as the cessation of activity in the 

extracellular recordings coupled with a lack of ventilatory muscle contraction, monitored 

visually.  Recovery was defined as the first visible sign of ventilatory muscle contractions 

coinciding with restoration of rhythmical electrical activity. 

 

2.5 Extracellular K
+
 recording 

K
+
-sensitive microelectrodes were connected to a DUO 773 two channel 

intracellular/extracellular amplifier (World Precision Instruments) using an electrode 

holder with chloride-coated silver wire. Before each experiment, K
+
-sensitive and 

reference electrodes were calibrated at room temperature (~22˚C) using 15 mM and 150 

mM KCl solutions to determine the voltage difference across the electrodes which was 
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needed to calculate [K
+
]o  using the Nernst equation. The range for electrode sensitivities 

ranged from 50-58mV for a 10-fold change in [K
+
]. Electrode pairs were discarded if the 

slope was out of range or displayed abnormal sensitivities. The reference and K
+
-

sensitive microelectrodes were inserted close together under the sheath of the MTG 

where the ventilatory CPG is located (Fig. 1B) 

 

The voltage of the K
+
-sensitive electrode is logarithmically related to the potassium 

concentration obtained by transforming the mV trace in mM through the Nernst equation: 

   
  

  
   

     
     

 

 

In the equation above, EK is the membrane potential where K
+
 is at equilibrium, R is the 

gas constant (8.315 J · K
-1

 · mol
-1

), T is temperature in Kelvin (TKelvin=273.16 + TCelcius), 

F is Faraday’s constant (96 485 C · mol
-1

), z is the valence of the ion, and [K
+
]o and [K

+
]i 

are the concentrations of K
+
 outside and inside the cell, respectively. For a membrane 

permeable only to K
+
 at room temperature (20˚C), converting the natural log (ln) into log 

base 10 (log10) and substituting the appropriate numbers results in the following equation: 

          

     
     

 

 

The K
+
-sensitive electrode voltage recording was calibrated to zero in a stock solution of 

15 mM KCl and the following conversion of the above equation was used to calculate the 

extracellular potassium concentrations in mM from mV (corrections for temperature were 

made when appropriate): 
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2.6 Pharmacological treatment 

Preparations were bathed in standard locust saline for a 10-minute stabilization 

period prior to pharmacological treatment. Drugs were bath-applied continuously for the 

full duration of each experiment. 5 10
-4 

M ouabain (Sigma-Aldrich), a Na
+
/K

+
-ATPase 

inhibitor was bath applied continuous for 50 minutes. It was dissolved in standard locust 

saline and bath-applied in semi-intact preparations as previously described.  

5x10
-5 

M and 10
-4 

M A-769662 (Cedarlane), an AMPK activator, was dissolved in 

warmed standard locust saline and 5% DMSO. It was bath-applied continuously for an 

hour. We could not use concentrations greater than 10
-4 

M because the drug started to 

precipitate.  

 

2.7 Parameters of Quantification  

The latency to onset of the initial [K
+
]o event was measured as the time from 

ouabain application to the inflection point of the first abrupt increase in [K
+
]o. [K

+
]o event 

duration was measured at half of the maximum amplitude. Baseline [K
+
]o was calculated 

prior to the upward inflection point of the first surge as well as every 5 minute thereafter 

to determine pre- as well as post-surge values. These values are termed ‘‘non-surge 

[K
+
]o’’. The closest non-surge [K

+
]o was chosen if time points coincided with an [K

+
]o 

event. The maximum [K
+
]o peak value during [K

+
]o events was also measured. [K

+
]o 

event amplitudes were calculated by subtracting pre-surge [K
+
]o from peak [K

+
]o (Fig. 3). 
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2.8 Western Blot Protocol  

2.8.1 Tissue Collection 

Tissue collected from the nervous system, flight muscle, and fat body were used 

to determine phosphorylated AMPK content in starved and control animals. A ventral 

incision from the abdomen to thorax was made to expose the prothoracic, mesothoracic, 

and metathoracic ganglia. A complete sample of nervous tissue comprised ganglia from 

four animals. Two animals were used for muscle tissue collection and a single animal 

was used for the fat body. Upon collection, samples were weighed and frozen in liquid 

nitrogen, after which they were stored at -80°C. Tissue (20-80mg) was homogenized in 

5x RIPA buffer and 0.1M PMSF (as described by Thermo Scientific) followed by 

sonication using an ultrasonic probe.  

 

2.8.2 Protein Levels 

Proteins were separated using sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Gels (10% acrylamide) were run at 100V in a standard 

running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) for an hour. The proteins were 

then transferred to polyvinylidene fluoride (PVDF) Immobilon-P membranes (Millipore, 

Billerica, MA) that were soaked in 100% methanol five minutes prior. The transfer was 

carried out at 4 °C and 100 V in a standard transfer buffer (28.8 g glycine, 6.04 g Tris 

base, 200 ml methanol, 1.6 L ddH2O) for an hour on a stir plate to evenly distribute heat 

within the chamber. After the transfer, the membrane was blocked for an hour with 5 % 

skim milk TBST solution saline Tween (50 mM Tris.HCl, pH 7.4, 150 mM NaCl, 0.1 % 

Tween 20) under steady agitation. It was probed with a primary antibody to p-AMPKα 
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(Cell signalling 40H9; mouse monoclonal) overnight at a 1:1000 dilution in a 4°C room 

and then washed with TBST 3 times for 10 minute in TBST. The secondary antibody was 

the ImmunoPure goat anti-rabbit horseradish peroxidase (HRP)-conjugated antibody (no. 

31460; Thermo Fisher Scientific, Ottawa, Canada) used at a 1:5000 dilution for an hour 

at room temperature under steady agitation. The membrane was washed three times for 

10 minutes in TBST. Target proteins were visualized via a chemiluminescent HRP 

substrate (Millipore) according to the manufacturer's protocol on the Cell Biosciences 

FluorChem HD2 system. Immunoreactive proteins were analyzed using the band analysis 

tool of the Image Studio Lite software as per the manufacturer’s specifications. 

 

2.8.3 Statistical analysis of protein content 

All data are represented as averages with standard error measurements. Starved 

data are represented relative to the fed-control group and statistical analysis was 

performed using a two-tailed unpaired t-test. Differences were considered significant 

when P > 0.05 was achieved.  

 

2.9 RNAi Protocol  

RNAi-mediated gene silencing in locusts requires preparation and purification of 

specific dsRNAs that target the gene of interest. The dsRNAi for AMPK was created 

through amplification of DNA isolated from locust testes provided by the Bendena Lab in 

the Biology Department at Queen’s University, Kingston, Ontario. All samples were 

DNAase treated and phenol/chloroform extracted to ensure the absence of DNA and 
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protein. The samples were made with nuclease-free water and re-suspended in sterile 

standard locust solution to serve as an injection buffer. 

Animals were injected with either 5 µg of dsRNA for AMPK or 5 µl of locust standard 

saline. Injections were made with a Hamilton syringe through the arthrodial membrane 

between the 3
rd

 and 4
th

 abdominal tergites. Following injections, animals were returned to 

their individual containers and were either fed (standard locust diet) or starved four days 

prior to anoxic treatment. Electrophysiology experiments were then conducted as 

previously described. 

 

2.10 Whole animal submersion experiments 

Animals were injected with either 5 µg of dsRNA for AMPK or 5 µl of locust 

standard saline. Injections were made with a Hamilton syringe through the arthrodial 

membrane between the 3
rd

 and 4
th

 abdominal tergites. Following injections, animals were 

returned to their individual containers and were either fed (standard locust diet) or starved 

four days prior to anoxic treatment. Anoxia was induced by submerging whole animals in 

water. Animals were placed in individual plastic chambers (8 cm/8 cm/15 cm), which 

was lowered into a glass container with deionized water at 28°C. Time to succumb was 

measured as the time at which coordinated movement was no longer present, 

immediately preceded by a brief period of convulsive movements and leg twitches. After 

30 minute had elapsed, the animals were removed from the tank and patted dry with 

paper towel. Time to ventilate was defined as the time at which animals demonstrated 

regular abdominal contractions associated with ventilation. Time to stand was defined as 
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the time at which an animal had righted itself from lying on its side. All animals 

succumbed to this treatment and all recovered following return to normoxia.  

 

2.11 Statistical analysis 

Data were plotted using SigmaPlot 12.5 and SigmaPlot 13.0 (Systat Software Inc., 

Chicago, IL, USA). Normally distributed data are plotted as the mean ± SE and non-

normally distributed data are plotted as box plots which represent the median, upper and 

lower quartiles with whiskers extending to the 10th and 90th percentiles. All statistical 

analyses were performed using SigmaPlot 13.0. Parametric tests were used to determine 

significant differences of data that met the normality and variance assumptions, whereas 

non-parametric tests were used when these assumptions were not met. Significant 

differences between two groups were determined using a t-Test or a Mann–Whitney 

Rank Sum Test. When comparing more than two treatment groups a one-way ANOVA or 

ANOVA on ranks was used to determine significant differences and post hoc 

comparisons were performed using either Holm-Sidak Multiple comparisons or the 

Dunn’s method. Significance was determined using a 95 % confidence interval in all 

cases. The sample size for some treatments was too small for statistical comparisons; 

however, the data are included for reference. 
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Figure 1 Semi-intact locust preparation and insertion locations of microelectrodes for 

recording of [K
+
]o in the MTG. (A) A dorsal semi-intact preparation was used to expose the 

MTG. Standard locust saline was bath-applied into the thoracic cavity. (B) Schematic diagram of 

the MTG and recording microelectrodes used to measure [K
+
]o and vCPG activity. 
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Chapter 3 

Results 

3.1 p-AMPKα expression in locust neural tissue 

A protein of approximately 60 kDa was detected with the p-AMPKα antibody in 

samples of locust fat body, flight muscle, and neural tissue. AMPK identified in 

mammalian tissue is approximately 64 kDa and 60 kDa in Drosophila. The bands 

indicate the presence of a protein with the appropriate size for locust AMPK (Fig. 2A). 

Samples of tissue were also collected from four day starved locusts and analyzed for p-

AMPKα expression (Fig 2B). Expression of p-AMPKα was significantly greater in 

starved fat body tissue (two-tailed unpaired t-test, p = 0.0003), starved muscle tissue 

(two-tailed unpaired t-test, p = 0.002), and starved neural tissue (two-tailed unpaired t-

test, p = 0.02) when compared to control locust expression (Fig. 2C). 

 

3.2 Pharmacological activation of AMPK in starved locusts 

We examined several parameters related to the timing and presence of [K
+
]o events 

induced by 5x10
-4 

M ouabain following a 10 minute 5x10
-5 

M A-769662 pretreatment in 

four day starved and fed locusts. A continuous bath application of 5x10
-4 

M ouabain was 

applied to each subgroup for 50 minutes, which elicited at minimum one surge in [K
+
]o, 

where the rise and fall of [K
+
]o was associated with failure and recovery of the ventilatory 

motor pattern (Figure 3 A-D). The time to the initial onset of ouabain-induced [K
+
]o

 

events was measured to determine how pharmacological AMPK activation affects the 

initiation of repetitive [K
+
]o

 
events in the MTG during starvation. Fed control locusts 
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displayed an average latency to onset time of 3.28 ± 0.1 minutes and 7.74 ± 0.1 minutes 

in A-769662 pre-treated animals, while starved control animals took 20.31 ± 0.1 minutes 

and 17.7 ± 0.1 minute in starved A-769662 pre-treated animals. The starved control (one-

way ANOVA, t=2.9, p<0.05) and A-769662 (one-way ANOVA, t=2.7, p<0.05), 

displayed a significantly longer latency period than their corresponding pair in the fed 

group (Figure 4A), however there were no significant differences between Control and 

A-769662 animals within the fed (one-way ANOVA, t=0.8, p>0.05) or starved (one-way 

ANOVA, t=0.2, p>0.05) treatment groups. 

Quantifying the number of surges within 50 minutes (Figure 4B), duration of the first 

[K
+
]o event (Figure 4C), the amplitude of the first [K

+
]o event (Figure 4D), and the 

difference in non-surge [K
+
]o at 20 minutes and 70 minute (Figure 4E) yielded 

differences that were not statistically significant. 

 

3.3 Preliminary 10
-4-

M A-769662 results 

A second exploratory dataset was collected with 10
-4

 M A-769662 to determine if 

the low concentration of the previous dataset was responsible for absence of significance. 

Statistical analysis was only performed on treatment groups where the sample size was 

equal to or greater than three. Although groups that failed to meet this criterion were 

exempt from quantitative analysis, they were still qualitatively assessed for trends and/or 

patterns of potential importance. We examined if an increased concentration of A-769662 

would affect the same set of parameters related to the timing and appearance of [K
+
]o 

events induced by 5x10
-4 

M ouabain. Due to the low number of experiments, 

representative traces could not be obtained. None of the treatment categories that 
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qualified for statistical analysis, including latency, demonstrated a significant effect of 

10
-4 

M A-769662 application in any of the parameters examined (Figure 5 A-E).    

 

3.4 AMPK RNAi 

To investigate AMPK’s influence on ouabain-induced SD, we injected fed and 

four day starved adult male locusts with 5 µg of AMPK dsRNA.  We then examined how 

this treatment affected several parameters related to K
+ 

accumulation and clearance 

mechanisms following ouabain-induced SD (Figure 6 A-D).  

Injection of dsRNAi reduced the percent of experiments that exhibited SD-like events by 

20% in fed locusts (N=6) and 50% in starved (N=6), compared to a 0% reduction in 

animals injected with standard locust saline (N=5, N=3) (Figure 7A). Of the experiments 

that displayed SD-like events, injection of dsRNA for AMPK also slowed the time to 

onset of the initial [K
+
]o event in both fed and four day starved animals (Figure 7B), as 

well as decreased the number of  [K
+
]o events within the 50 minute period in starved 

preparations (Figure 7C). Following the initial ouabain application, it took fed RNAi 

injected locusts on average 44 ± 0.1 minutes for 5x10
-4 

M ouabain to generate the first 

[K
+
]o event compared to 8.8 ± 0.1 minutes in locusts injected with standard locust saline. 

In starved RNAi injected locusts, the first [K
+
]o event was generated after 55.8 ± 0.1 

minutes, while control starved locusts took only 25.2 ± 0.1 minutes. 

The severity of SD-like events was unaffected by RNAi as the duration of the first 

[K
+
]o event, amplitude of the first [K

+
]o event, the mean ventilation frequency, and the 

baseline [K
+
]o concentration at 20 and 70 minutes revealed no significant differences in 

either fed or starved animals (Figure 8 A-C). 
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3.5 Anoxia coma and RNAi 

In this final dataset, we examined if the time to succumb to, begin ventilating 

from, and to stand after anoxic coma was affected by AMPK RNAi. To investigate this 

question, we immersed animals, injected with either 5 µg dsRNA for AMPK (N=14) or 5 

µL standard locust saline (N=8), in water for 30 minutes. All animals were incapacitated 

within 10 minutes of immersion and recovered fully following their return to normoxia. 

Injecting animals with AMPK dsRNA did not yield significance in any of the parameters 

analyzed (Figure 9A-C). 
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Figure 2. Analysis of p-AMPKα in locust tissue. (A) Western blot showing p-AMPKα (~64 

kDa) expression in tissue isolated from the fat body (FB), flight muscle (MT), and nervous 

system (NT) from two samples of control locusts. (B) Western blot showing p-AMPKα (~64 

kDa) expression in tissue isolated from the fat body (FB), flight muscle tissue (MT), and nervous 

tissue (NT) in control and starved (S) animals. (C). Starved tissue had a greater relative density of 

p-AMPKα expression in the fat body (FB) (two-tailed unpaired t-test, P=0.0003, N=3) muscle 

tissue (MT) (two-tailed unpaired t-test, P=0.002, N=3), and nervous tissue (NT) (two-tailed 

unpaired t-test, P=0.02, N=3) when normalized to the expression in fed tissue. Asterisks indicate 

significant differences. Error bars represent standard error.   
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Figure 3. Representative traces of 5x10
-5

 M A-769662 application in fed and starved locusts. 

Simultaneous EMG recording of electrical activity from ventilatory muscle 161 and the [K
+
]o 

surrounding the locust vCPG. (A, B) Fed preparations. Following 20 minutes of standard locust 

saline bath-application, 5x10
-4

 M ouabain was bath applied for 50 minutes. 5x10
-4

 M ouabain 

induced abrupt surges in [K
+
]o, where the rise and fall of [K

+
]o were associated with arrest and 

recovery, respectively, of ventilatory motor pattern generation (N=4, 8). All fed preparations had 

at least one SD-like event within the 50 minute timeframe. (C, D) Four day starved preparations. 

Following 10 minutes of standard locust saline bath-application, preparations were pre-treated 

with 5x10
-5

 M A-769662 for 15 minutes. 5x10
-5

 M A-769662 was then bath-applied in 

combination with 5x10
-4

 M ouabain for 50 minutes. All starved preparations had at least one SD-

like event within the 50 minute timeframe (N=6, 8) 
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Figure 4. 5x10
-5

 M A-769662 application does not significantly affect ouabain-induced SD. 

(A) Time to onset of the first [K
+
]o event following 5x10

-4
 M (One-way ANOVA, P= 0.29). (B) 

Number of [K
+
]o events in 50 minutes following (One-way ANOVA, P=0.50). (C) Duration of 

the first [K
+
]o event in minutes measured at half max amplitude (One-way ANOVA, P=0.94). (D) 

Amplitude of the first [K
+
]o event measured as the difference of the peak and pre-surge baseline 

concentration (One-way ANOVA, P=0.11). Error bars represent standard error. Data are plotted 

A. B. 

C. D. 

E. 
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as means (E) Mean absolute change in [K
+
]o baseline (mM) at 20 (One-way ANOVA, P= 0.35) 

and 70 minutes (One-way ANOVA, P=0.12). Two groups of time points at 20 and 70 minutes 

were compared as a representation of average baseline [K
+
]o at the start and end of each 

experiment. Data are plotted as the median and upper and lower quartiles (N = 4, 8, 6, 8).   
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Figure 5. 10
-4

 M A-769662 application does not significantly affect ouabain-induced SD 

(A) Time to onset of the first [K
+
]o event (One-way ANOVA, P=0.32) (B) Number of [K

+
]o 

events in 50 minutes (One-way ANOVA, P=0.70) (C) Duration of the first [K
+
]o event in minutes 

measured at half max amplitude (One-way ANOVA, P=0.79) (D) Amplitude of the first [K
+
]o 
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event measured as the difference of the peak and pre-surge baseline concentration (One-way 

ANOVA, P=0.56) (E) Mean absolute change in [K
+
]o baseline (mM) at 20 (ANOVA on RANKS, 

P=0.94) and 70 minutes (ANOVA on RANKS, P=0.56). Two groups of time points at 20 and 70 

minutes were compared as a representation of average baseline [K
+
]o at the start and end of each 

experiment. Error bars represent standard error (N = 3, 2, 3, 3).  
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Figure 6. Representative traces showing effects of AMPK dsRNA on ouabain-induced SD in 

fed and starved locusts.  

Traces show simultaneous EMG recording of electrical activity from muscle 161 and the [K
+
]o 

surrounding the locust vCPG. (A, B) Saline sham injections. Following 10 minutes of standard 

locust saline bath-application, 5x10
-4

 M ouabain was bath applied for 50 minutes. All saline 

injected preparations had at least one SD-like event. (A) Fed and saline injected (N=5) (B) Four 

day starved and saline injected (N= 3). (C, D) AMPK dsRNA injections. Following 10 minutes of 

standard locust saline bath-application, 5x10
-4

 M ouabain was bath applied for 50 minutes. (C) 

Fed and injected with AMPK dsRNA (N=5). Two experiments did not exhibit any SD-like events 

in 50 minutes. (D) Starved and injected with AMPK dsRNA (N=6). Three experiments did not 

exhibit any SD-like events in 50 minutes. 
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Figure 7. AMPK dsRNA  reduced susceptibility to ouabain-induced SD.  

(A) Downregulating AMPK with RNAi significantly reduced the proportion of preparations that 

had at least one [K
+
]o event in starved preparations (One tailed Z-Test, P=0.03, N= 6, 3). (B) The 

latency to onset was significantly shorter in starved preparations (One-way ANOVA, F= 17.07, 

P<0.01, N= 6, 3) subjected to AMPK RNAi injection compared to those injected with standard 

locust saline. Asterisk denotes significance. Data are plotted as means ± SE. (C) Data are plotted 

as the median and upper and lower quartiles. AMPK RNAi significantly decreased the number of 

SD-like events in starved locusts (ANOVA on Ranks, H=3.49, P=0.002, N= 6, 3). (N= 5, 5, 6, 3)   
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Figure 8. AMPK dsRNA did not affect the severity of ouabain-induced SD.  

(A) Data are plotted as the median and upper and lower quartiles. Duration of the first [K
+
]o event 

in minutes measured at half max amplitude. (B) Amplitude of the first [K
+
]o event measured as 

the difference of the peak and pre-surge baseline concentration. (C). Mean ventilation frequency 

measured at the start of the experiment after five minutes had elapsed. (D) Mean absolute change 

in [K
+
]o baseline (mM) at 20 and 70 minutes. Two groups of time points at 20 and 70 minutes 

were compared as a representation of average baseline [K
+
]o at the start and end of each 

experiment. Error bars represent standard error (N = 5, 5, 6, 3).  

A. B. 

C. 
D. 



 

41 

 

 

 

Figure 9. AMPK dsRNA did not affect susceptibility to and recovery from anoxic coma. 

Control animals were injected with 5 µL of sterile locust saline (N=8) and control animals were 

injected with 2.5 µg of AMPK dsRNA (N=14) (A-C) Data are plotted as the median and upper 

and lower quartiles. (A) Time to enter coma in minutes, as characterized by the absence of 

rhythmic leg and wing movement. (B) Time to begin rhythmic ventilation in minutes following 

removal from water. (C) Time to stand in minutes, defined as the animal righting itself from a 

semi-prone position.   

 

   

1 2

T
im

e
 t

o
 v

e
n

ti
la

te
 (

c
o

m
b

o
)

10

20

30

40

50

60

70

Saline RNAi

1 2

T
im

e
 t

o
 s

ta
n

d
 (

m
in

)

30

35

40

45

50

55

60

65

70

1 2

T
im

e
 t

o
 e

n
te

r 
c
o
m

a
 (

m
in

)

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

Saline RNAi

Saline RNAi

Ti
m

e
 t

o
 v

e
n

ti
la

te
 (

m
in

)

A. B. 

C. 



 

42 

 

Chapter 4 

Discussion 

It is well established that energy homeostasis is required for cell survival. This is 

particularly true for neurons, with their limited energy stores and great vulnerability to 

metabolic stress (Ames et al., 1995). Re-establishing ionic gradients following signalling 

processes like action potentials, is energetically demanding (Harris et al., 2012; Atwell 

and Laughlin, 2001; Niven and Laughlin, 2008). Organisms must then use multiple 

mechanisms to maintain energetic homeostasis during restricted nutrient availability. L. 

migratoria migratorioides is commonly found in harsh African desert environments 

where they are under constant threat of predation. Despite the energetic cost associated 

with signal reliability, the locust’s survival depends on the balance between energy 

conservation and the performance of neural circuitry involved in flight and escape 

behaviours. Failure to maintain this delicate relationship often results in death, either by 

predation or system failure. 

Starvation results in glucose deprivation, which triggers the activation of AMPK, 

a molecule thought to represent a central cellular mechanism for mediating energy 

allocation. Activation of AMPK favours catabolism, which means diverting energy away 

from anabolic processes, like protein synthesis, and toward energy producing processes 

like fatty acid oxidation (Long and Zierath, 2006). It is only recently that the complex 

physiological role of AMPK in the nervous system has been investigated. It is believed to 

serve a dual purpose as an autonomous energy sensor and an integrative metabolic sensor 

(Spasić et al., 2009), specifically in the neuronal response to energy depletion (Braco et 

al., 2012) and the hypothalamic control of food intake (Johnson et al., 2010).  
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Another emerging concept in mammalian models is that the result of AMPK 

activation is context specific (Mantovani and Roy, 2011), where it can be beneficial or 

deleterious depending on the tissue, degree of stimulation, or conditions surrounding its 

activation (Ramamurthy and Ronnett, 2006). In my thesis, I examined the effects of 

AMPK manipulation on K
+
 homeostasis in the invertebrate nervous system. Starvation 

has already been shown to decrease susceptibility to ouabain-induced SD (Mangulins and 

Robertson, unpublished), whereas pharmacological activation of AMPK exacerbated the 

response (Rodgers-Garlick et al., 2011). The overall objective of my thesis was to 

investigate the functional duality of AMPK within the context of an invertebrate nervous 

system using a model of ouabain-induced SD. 

 

4.1 AMPK activity in neural tissue 

As a result of previous work with pharmacological manipulations of AMPK (Rodgers-

Garlick et al., 2011; Money et al., 2014), I expected that a Western-blot analysis would 

detect p-AMPKα activity in samples of locust nervous tissue. Control tissue collected 

from the fat body, flight muscle, and nervous system all displayed a band approximately 

60 kDa in size. Since mammalian AMPK is 64 kDa and 60 kDa in Drosophila, the bands 

identified in Figure 2A were within the anticipated size range for locust AMPK. Active 

AMPK inhibits ATP-consuming processes to ensure cells maintain essential nutrients and 

energy during metabolic crisis. AMPK is allosterically activated by AMP, which serves 

as an indicator of ATP depletion. Although AMPK is present in all cells, energetically 

demanding tissue, like muscle, tends to express greater amounts of AMPK than largely 

inactive tissues, like adipose tissue (Wijngaarden et al., 2013).  
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The fat body is a dynamic tissue involved in the storage and release of energy in 

response to ATP demands. However, in the fed state, cellular ATP availability is 

typically high and thus the activity of AMPK is low.  This may explain the near absence 

of p-AMPKα activity in either sample of tissue analyzed from the fat body. Conversely, 

the AMPK cascade is turned on by stresses that accelerate ATP-consumption, like 

exercise in muscles or signalling mechanisms in neurons. Expression of p-AMPKα in 

nervous tissue may have been greater if samples had been collected from locusts removed 

from a crowded colony rather than small isolation chambers. The restricted space 

prevented flight and reduced motility, which may have decreased the energetic load of 

the nervous system and subsequent need for AMPK activity.  

We also compared the expression of p-AMPKα in fed and starved tissue (Fig. 

2B). Starvation significantly increased p-AMPKα expression across all three tissues (Fig. 

2C). Activity was 2.8 times greater in starved muscle and nervous tissue and 17 times 

greater in the fat body when compared to the relative activity of each fed tissue. AMPK is 

activated upon low nutrient levels, which is accompanied by an increase in the AMP:ATP 

ratio (Pan and Hardie, 2002). The fat body is crucial for storing the minimal amount of 

nutrients required for survival, which may explain the dramatic AMPK expression during 

starvation. AMPK activity induces the mobilization of triglycerides stored within the fat 

body to provide energy deficient cells with ATP (Gutierrez et al., 2007). Neurons are 

highly sensitive to fluctuations in energy availability, and thus it is likely that starvation 

would also mediate an increase in AMPK activity to maintain neural energy homeostasis 

and prevent damage.   
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The accuracy of these blots could be improved by including a positive control, 

like GAPDH or α-tubulin, to confirm equal protein concentration amongst samples. It is 

also highly recommended to conduct further Western blot analysis on unphosphorylated 

and total AMPK content in locust nervous tissue to provide a complete picture of AMPK 

activity in fed and starved states.  

 

4.2 A-769662 mediated activation of AMPK 

Similar to mammalian findings, we have seen that invertebrate AMPK is also 

activated following glucose deprivation. However, it remains controversial as to whether 

its activation in mammals is beneficial or detrimental for survival. Its influence on the 

invertebrate nervous system is largely unknown, which makes the locust an interesting 

model for studying the paradigm of AMPK activation.  

Mammalian studies have provided contradictory evidence as to whether AMPK 

activation is in fact neuroprotective. One study found that the application of 5-

aminoimidazole-4-carboxamide ribonucleotide (AICAR), an AMPK activator, improved 

the survival of glucose-deprived embryonic rat hippocampal neurons (Culmsee et al., 

2001), while another showed overexpression of active AMPK enhanced oxidative stress 

and induced apoptosis in mouse neuroblastoma cells (Jung et al., 2004). In the absence of 

definitive conclusions, the differential regulation of AMPK activation is an active area of 

research and an attractive target for therapeutic intervention of energy imbalance 

conditions, like stroke.  

Invertebrates also exhibit similar polarizing effects attributed to the activation of 

AMPK in the nervous system. Research with Drosophila mutants suggests that a 
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deficiency in AMPK is lethal and leads to neurodegeneration during metabolic stress 

(Johnson et al., 2010; Tschape et al., 2002; Spasić et al., 2008). In locusts, activation of 

AMPK with AICAR increases the severity of ouabain-induced SD (Rodgers-Garlick et 

al., 2011). These repetitive events are thought to mirror peri-infarct depolarizations that 

prevent the restoration of energy gradients and exacerbate damage caused by stroke 

(Rodgers-Garlick et al., 2011; Fabricius et al., 2006; Dohmen et al., 2008; Dreier et al., 

2009). However, due to the potential for off-target effects, pharmacological studies must 

be interpreted with caution.  

AICAR does not activate AMPK directly, rather it is converted to AICAribotide 

(ZMP), which mimics AMP and activates AMPK (Corton et al., 1995). Although AICAR 

is used extensively in experimental studies, its complex pharmacology leads to variable 

degrees of AMPK activation and off-target effects make it less than ideal for mechanistic 

studies (Gadalla et al., 2004; Zang et al., 2008; Zaha and Young, 2012). It has been 

suggested that the non-selective effects of AICAR may be responsible for the context-

specific effects associated with AMPK activation in the nervous system (Garcia-Gil et al., 

2003).  

In order to avoid confounding results, I chose a more specific and direct AMPK 

activator, thienopyridone A-769662 (Abbot Laboratories) (Cool et al., 2006). It activates 

AMPK through an allosteric mechanism and by inhibiting dephosphorylation at N-

terminus of its α-subunit (Thr172) (Goransson et al., 2007; Sanders et al., 2007). The 

phosphorylation of Thr172 by upstream kinases causes a subsequent >100-fold increase 

in AMPK activity (Hawley et al., 1996; Stein et al., 2000; Suter et al., 2006). Since it is 

not an AMP mimetic, A-769662 lacks the off-target effects seen with AICAR.  
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By manipulating AMPK expression in fed and starved locusts with A-769662, I 

hoped to replicate the context-dependent effects of mammalian AMPK activation and 

define what parameters exacerbated the severity of or decreased susceptibility to ouabain-

induced SD (Fig. 3A-D). However, bath-application of 5x10
-5 

M A-769662 did not 

significantly affect ouabain-induced SD in fed or starved preparations (Fig 4A-E). To 

ensure significance wasn’t masked by a low drug concentration, a second investigative 

dataset was collected with 10
-4 

M A-769662. Again, there were no significant effects 

attributed to its application in fed or starved animals (Fig. 5A-E). Due to the variable 

nature of electrophysiology, larger sample sizes in combination with an increased drug 

concentration may reveal significance should the experiments be repeated.  

It is premature to conclude that AMPK activation via A-769662 does not have an 

effect on ouabain-induced SD in fed or starved locusts. Pharmacological activation of 

AMPK in locusts via AICAR was shown to exacerbate the effects of ouabain-induced SD 

(Rodgers-Garlick et al., 2011) contrary to the neuroprotective properties attributed to 

starvation mediated AMPK activation (Mangulins and Robertson, unpublished). These 

seemingly antagonistic effects suggest AMPK context specificity, however the global 

influence of starvation and the off target potential for AICAR activation prevents us from 

making definitive conclusions. A Western-blot analysis of phosphorylated AMPK 

activity in animals injected with A-769662 may be a more efficient method of 

determining whether there are differences in the fed or starved state. If the blots revealed 

significance, electrophysiological experiments could then be conducted to determine the 

intricacies of how AMPK activity affects SD. Investigating how starvation affects 
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pharmacological manipulation of AMPK activation may reveal what differentiates its 

ability to be either neuroprotective or neurodegenerative. 

 

4.3 RNAi and SD 

Given the inconclusive results of AMPK activation via A-769662, RNAi provided 

an alternative and more precise tool for exploring the influence of AMPK activity on 

ouabain-induced SD (Figure 6A-D). AMPK dsRNA reduced the incidence of SD-like 

events by 50% in four day starved locusts compared to 20% in fed preparations and 0% 

in both saline injected treatment groups (Figure 7A). AMPK activation has been shown to 

reduce Na
+
/K

+
-ATPase pump activity (Vadász et al., 2008; Benziane et al., 2009; 

Gusarova et al., 2009). The Na
+
/K

+
-ATPase pump is energy requiring and essential for 

K
+
 equilibrium, and it has already been shown that disruption of the Na

+
/K

+
-ATPase 

pump using ouabain results in SD (Rodgers et al., 2009). Injection of AMPK dsRNA may 

have prevented an AMPK-induced shutdown of Na
+
/K

+
-ATPase pumps and increased the 

threshold for SD-like events following ouabain application. 

Starvation is also thought to increase the threshold for SD initiation by decreasing 

K
+
 accumulation through the activation of KATP channels (Khaleghi-Ghadiri et al., 2009). 

These inward rectifying K
+
 channels are activated during periods of low ATP availability 

to prevent excessive and harmful neuronal firing. Their activation upon metabolic 

inhibition or ATP consumption generates a hyperpolarizing current that reduces neural 

excitability (Lutas and Yellen, 2013). AMPK downregulation and starvation may have 

resulted in a cumulative reduction in K
+
 accumulation within the extracellular space 

thereby decreasing the proportion of preparations with at least one [K
+
]o event. 
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4.4 Inhibition of AMPK by RNAi  

Downregulation of AMPK activity through RNAi appears to have reduced 

susceptibility to SD by increasing the latency to onset of [K
+
]o events (Fig. 7B) and 

reducing their frequency (Fig. 7C). These results also complement earlier findings that 

found activation of AMPK exacerbated SD in the locust MTG (Rodgers-Garlick et al., 

2011). If ouabain-induced SD in the locust does in fact resemble peri-infarct 

depolarizations, preventing further energetic insult by reducing the frequency of SD-like 

events would be neuroprotective during a metabolic stress, like starvation. Additionally, 

the application of AICAR was shown to exacerbate stroke damage in hippocampal slice 

cultures that were subjected to two hours of oxygen glucose deprivation (McCullough et 

al., 2005). Activation of AMPK may increase stress in already metabolically 

compromised neurons. Interfering with cellular energy homeostasis by downregulating 

AMPK may augment the ischemic threshold, allowing cells to survive in an energy-

depleted but quiescent state until ATP production can be restored (McCullough et al., 

2005). In the current experiments, reduced AMPK activation in starved and RNAi-treated 

animals may have encouraged a decrease in neuronal activity, whereby the susceptibility 

to SD was reduced to prevent energy failure and prolong neuronal viability.  

While RNAi influenced the latency to onset and number of [K
+
]o events in fed 

and starved animals, it did not have a significant effect on any of the other parameters 

associated with SD in fed or starved animals (Fig. 8A-C). The protective effects 

attributed to AMPK downregulation may have been a reflection of preventative 

mechanisms that decrease the propensity of neuronal tissue to display SD-like events. 

However once ouabain triggered [K
+
]o events, the protective effects attributed to AMPK 
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downregulation may have been negated by the self-propagating wave of depolarization 

associated with SD. Although KATP channels typically allow an influx of K
+ 

into neurons, 

these channels may also mediate K
+
 efflux during the massive ion redistribution triggered 

by a SD-like event. By extension, this would also explain the difference in the number of 

[K
+
]o surging events (Figure 8C). Similarly to what was observed with just the starvation 

treatment (Mangulins and Robertson, unpublished), if the period, duration, baseline 

[K
+
]o, and amplitude were unaffected by RNAi, but the latency was increased, the 

number of surges that could occur in a 50-minute period would then be reduced. 

Therefore, AMPK dsRNA reduced neuronal susceptibility to ouabain-induced SD-like 

events, but had no effect on the severity or recovery once [K
+
]o surges were elicited. 

 

4.4.1 RNAi and Ventilation 

Injecting fed and starved locusts with AMPK dsRNA did not affect ventilation 

frequency (Figure 8C). Frequency was only calculated once at the beginning of each 

experiment after five minutes had elapsed. The inability to reliably detect vCPG function 

with the EMG wire prevented an in depth analysis of motor neuron patterns. Seeing how 

surges in [K
+
]o correspond with the arrest and recovery of vCPG function could tell us 

more about the influence of AMPK activity (or the lack thereof) on modulating motor 

neuron patterns. We could remedy this situation by using a suction electrode that is 

directly attached to the median ventilatory nerve. Analyzing the burst duration and 

frequency throughout the course of the experiment may reveal whether AMPK 

downregulation decreased energy expenditure during starvation. If injected and starved 

locusts displayed infrequent and arrhythmic ventilatory bursts, representative of DGE, 
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this would suggest that downregulating AMPK is neuroprotective during metabolic 

stress.     

 

4.4.2 AMPK context specificity  

The context specificity of AMPK activation may be apparent in the similar yet 

seemingly contradictory effects produced by downregulating AMPK with RNAi and 

activating it via glucose deprivation (Mangulins and Robertson, unpublished). Despite the 

difference in AMPK activity levels, both treatments decreased susceptibility to SD, with 

their combination further exaggerating the effect. Starvation has a global effect within the 

locust, which causes more than just AMPK activation in the nervous system.  

The neuroprotective effects associated with starvation may be the result of altered 

substrate metabolism in locusts. During starvation, when glucose sources are limited, 

ketone bodies produced in the liver of mammals (Cahill, 1976) and the fat bodies of 

insects (Candy et al., 1997) to provide an alternative fuel source to tissues, including the 

brain (Ma et al., 2007). The ketone bodies acetoacetate and ß-hydroxybutyrate are found 

in the hemolymph, fat-body, and flight muscle of adult locusts (Bailey and Horne, 1972). 

The concentration of acetoacetate in the hemolymph is increased by flight and starvation. 

While information on ketone body metabolism in insects is sparse, they appear to be 

good substrates for brain metabolism, as they are in mammals (Candy et al., 1997).  

Insects are thought to metabolize fatty acids in their nervous systems both directly 

and after conversion to water-soluble ketone bodies (Wegener, 1983). Acute 

administration of acetoacetate, the ketone body also up-regulated in starved insects, into 

the body cavity of rats decreased neural excitability following exposure to a broad range 
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of metabolic stressors (Likhodii et al., 2003). A switch from conventional carbohydrate 

metabolism to ketone body metabolism in starved locusts may account for their reduced 

susceptibility to SD-like events. The combined reduction in susceptibility seen in starved 

and RNAi injected locusts may be the collective result of ketone body metabolism and 

abated neural activity 

Given the similarities between mammalian peri-infarct depolarizations and 

ouabain-induced SD, the regulatory effects of AMPK RNAi on neuronal metabolic 

pathways in locusts, presents a highly viable model for exploring human stroke 

pathologies. However there are still several questions that must be answered before 

definitive conclusions can be made regarding AMPK and SD. The success of any RNAi 

experiment depends on the effective design of siRNAs, efficient delivery to the cells, an 

appropriate assay to assess the RNAi effect, and an assay for the target gene silencing. 

The electrophysiological data provided phenotypic evidence that RNAi may have 

affected AMPK activation by decreasing susceptibility to SD. Since RNAi enacts its 

effects at the mRNA level, the most effective assay for RNAi validation is real time PCR 

(RT-PCR). Without RT-PCR, it is impossible to know whether RNAi was successful and 

how or if it affected AMPK activity. 

 

4.5 RNAi and Anoxic Coma 

Fluctuations in oxygen availability can impair neural circuitry and have negative 

consequences for an organism’s survival. At a cellular level, a lack of sufficient oxygen 

results in the disruption of protein synthesis, depletion of intracellular energy stores, 

opening of voltage gated Ca
+ 

channels, and a loss of ionic homeostasis resulting in 



 

53 

 

excitotoxicity, oxidative damage, and eventual cell death (Snider et al., 1999; Michiels, 

2004). Given the vulnerability of the neurons, there is considerable interest in how 

energetic stress and AMPK activity affects neural circuitry.  

 Locusts are tolerant of oxygen deprivation and can survive under water for hours 

by entering a reversible stress-induced coma (Armstrong et al., 2009). After removal 

from anoxic conditions, the locust’s muscle and nervous systems fully recover and 

normal behaviour returns. These stress-induced comas also cause arrest of vCPG function 

and are associated with SD-like events. While inducing SD through ouabain application 

may be detrimental to neural function, stress-induced comas and associated SD-like 

events represent a protective strategy to cope with environmental stress (Rodgers et al., 

2009). Energy levels would presumably be maintained during a coma, which would 

reduce metabolic demand and prevent hyperexcitation and energy collapse (Rodgers et 

al., 2010). AMPK is thought to be a key metabolic regulator of energy status. Since 

ventilation is both an energy requiring process and involved in providing oxygen to 

tissue, it is possible that the ability to recover from anoxic coma would be affected by 

AMPK activity during stress. I examined how recovery from anoxic coma was affected 

by downregulating AMPK activity through RNAi to determine whether its activation is 

neuroprotective or degenerative during metabolic stress.  

 My data show that RNAi interference did not have a significant effect on 

susceptibility to and recovery from anoxic coma (Fig 9). Since we do not currently know 

the degree of AMPK downregulation provided by RNAi, we cannot make any definitive 

conclusions regarding these negative results. Aside from RT-PCR verification, a dose 

response could be conducted to see if greater concentrations of AMPK dsRNA caused 
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any behavioural changes during or after submersion. Fine-tuning of the RNAi submersion 

protocol and verification methods is required if more data is to be collected using AMPK 

dsRNA. 

 

4.6 Future Research Directions 

The research described in this thesis enhances our understanding of how 

starvation and metabolism affect susceptibility to SD-like events. Overall, it provided 

evidence that RNAi is a valuable tool for exploring how nervous systems cope with 

environmental challenges. However, the accuracy of these findings depends on the 

inclusion of molecular techniques like RT-PCR and a revision of the current Western-blot 

protocol.   

The onset of SD can be modulated by starvation, which may help explain how 

caloric restriction in vertebrates can reduce CSD susceptibility. Understanding how 

metabolism affects ionic homoeostasis could provide answers as to how and why AMPK 

inhibition can be neuroprotective, and eventually assist in developing effective treatments 

for neuronal disorders. As a supplementary dataset, we could monitor locust metabolism 

by measuring their O2 intake (VO2) using flow-through respirometry. We could inject fed 

and starved locusts with AMPK dsRNA to see how its downregulation affects their 

metabolic rate. A reduced metabolic rate would support the idea that AMPK inhibition 

dampens neural excitability, which prevents overexcitation and energy collapse during 

starvation.   
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4.7 Concluding Remarks 

Based on the results described in this thesis, the following conclusions about the influence AMPK 

activity has on susceptibility to ouabain-induced SD during starvation can be made: 

1. AMPK is present in the neural tissue of L. migratoria. Starvation was found to 

significantly increase p-AMPKα in nervous tissue relative to the amount expressed in 

fed samples 

2. 5x10
-5

 M A-769662 did not have a significant effect on susceptibility to or recovery 

from SD in fed or starved preparations. Increasing the concentration of A-769662 to 

10
-4

 M also failed to show significance in any of the four treatments. However, 

conclusions regarding A-769662 and its efficacy should be withheld until the number 

of experiments conducted with 10
-4

 M can be increased.  

3. The proportion of locusts injected with dsRNAi for AMPK that displayed at least one 

SD-like events following ouabain application was considerably less compared to 

preparations injected with sterile saline. AMPK activation is thought to down-regulate 

Na
+
/K

+
-ATPase function, so its inhibition may promote K

+ 
clearance and increase 

surge threshold 

4. Of the experiments that displayed SD-like events, those that were injected with AMPK 

dsRNA had a longer latency to surge and a decreased number of surge events. 

Starvation further amplified this effect. Despite their contradictory nature, the 

hypothetical combination of starvation-mediated ketone body metabolism and 

decreased neural activity associated with AMPK inhibition, is thought to be 

responsible for further decreasing susceptibility to ouabain induced-SD. 
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5. Ouabain-induced SD is thought to mirror peri-infact depolarizations associated with 

mammalian stroke pathology. Based on these similarities, reducing the number of 

surge events in the locust MTG may be neuroprotective during metabolic stress. 

6. Injection of AMPK dsRNA did not affect susceptibility to or recovery from anoxic 

coma.  

 

The similarities between SD-like events in locusts and CSD in vertebrates implies 

that uncovering the mechanisms that underlie SD in the MTG could contribute to our 

understanding of various human pathologies, like stroke. Understanding how AMPK 

affects ionic homoeostasis could lead to research on how and why starvation is 

neuroprotective, and eventually assist in developing effective treatments for neuronal 

dysfunction. The use of RNAi also opens the door for manipulation of mechanisms 

involved in K
+
 accumulation and clearance mechanisms, which could even further our 

understanding of SD and its effects in the nervous system.  
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