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Abstract 

 

Spreading depression (SD) is an interesting and important phenomenon due to its role in 

mammalian pathologies such as migraine, seizures, and stroke.  Until recently 

investigations of the mechanisms involved in SD have mostly utilized mammalian 

cortical tissue, however in my thesis I demonstrated that SD-like events occur in the CNS 

of an invertebrate model, Locusta migratoria.  Locusts enter comas in response to stress 

during which neural and muscular systems shut down until the stress is removed, and this 

is believed to be an adaptive strategy to survive extreme environmental conditions.  

Using the ventilatory central pattern generator (vCPG) as a model circuit I was able to 

show that stress-induced arrest of vCPG function is associated with SD-like events in the 

locust metathoracic ganglion (MTG) that closely resemble cortical SD (CSD) in many 

respects, including mechanism of induction, extracellular potassium ion ([K+]o) changes, 

and propagation in areas equivalent to mammalian grey matter.  SD-like events in the 

locust were characterized as abrupt [K+]o increases associated with electrical activity 

silence in the locust CNS that propagate to other areas within the MTG.  In this thesis I 

described the generation of comas by several cellular stressors (hyperthermia, metabolic 

stressors, Na+/K+-ATPase inhibition, and KCl) and the associated SD-like events in the 

locust, provide a description of the similarities to CSD, and show how they can be 

manipulated both by stress preconditioning and pharmacologically.  I showed that 

hyperthermic vCPG arrest can be preconditioned by prior heat shock (HS) treatment and 

induced-thermotolerance was associated with an increased rate of [K+]o clearance 

associated with vCPG recovery that was not linked to changes in ATP levels or total 
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Na+/K+-ATPase activity.  I also provided evidence for the involvement of the stress-

sensor AMP-activated protein kinase (AMPK) in stress-induced comas in the locust.  

AMPK activation was linked to a switch in motor pattern behavior following recovery 

from anoxia-induced vCPG arrest and exacerbated repetitive SD-like events induced by 

ouabain (Na+/K+-ATPase inhibitor).  I suggested that locust SD-like events are adaptive 

by conserving energy and preventing cellular damage, and I provided a model for the 

mechanism of SD onset and recovery in the locust nervous system. 
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1.1 Introduction 

In the natural environment of many animals oxygen deprivation or extremes in ambient 

temperature are examples of unfavourable conditions that can impair the operation of the 

nervous system and threaten survival long before these conditions directly cause cellular 

damage.  Survival depends on employing coping strategies that preserve the neural 

circuitry underlying important behaviours.  Under conditions of anoxia or high 

temperature stress many insects enter a reversible coma which is protective.  A temporary 

shutdown of neural and muscular systems can be considered protective by preventing the 

irreversible consequences of complete energy loss.  Until recently the neural 

underpinnings of coma were little understood.  However over the course of my PhD 

thesis I have helped to describe the phenomena underlying environmental stress-induced 

coma in locusts.  Our lab has found that such coma is associated with dramatic surges of 

extracellular K+ concentration ([K+]o) and temporary electrical silence in the central 

nervous system (CNS).  Remarkably the phenomenon bears all the hallmarks of 

spreading depression (SD) in vertebrate CNS grey matter.  Given the important role of 

vertebrate SD in a variety of significant neural dysfunctions the ability to address 

mechanisms in a system that is as eminently accessible and understood as the locust 

thoracic nervous system is of considerable potential value.  The process can be studied in 

preparations that have intact neuronal architecture allowing the simultaneous 

investigation of cellular and subcellular neuronal responses with physiological and 

behavioural responses without anaesthetic. 
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In this thesis I describe the generation of comas by environmental stressors in locust and 

make the case that they are equivalent to the mechanisms of cortical SD (CSD).  In 

addition I show that the onset and severity of locust SD can be modulated both by pre-

treatments and pharmacologically, suggesting that CSD may be similarly modifiable.  

Finally I speculate about the future use of this model and suggest experimental steps to 

substantiate it.  

 

1.2 Effects of anoxia on neural function and post-anoxic recovery  

Insects are a highly successful class of invertebrates and this is due in part to their 

capacity to very efficiently utilize oxygen and ATP for intense activities such as flight.  

Insect flight muscles have the highest metabolic rates of all muscles and bring about 

wing-beat frequencies of several hundred Hertz (sec-1) (Wegener, 1993).  Land-living 

insects, like mammals, have evolved aerobic and physiologically active lifestyles due to 

ample oxygen in the atmosphere (Wegener, 1993).  Natural environmental stressors such 

as low oxygen, therefore, can profoundly affect neural properties and thus have dramatic 

consequences for insects.  In their normal habitat, locusts are subjected to high 

temperature extremes of up to 60°C at the surface of the substrate (Wehner et al. 1992) 

and rely on behavioural responses such as postural adjustments (Waloff, 1963) and 

moving to the shade-cast side of a leaf or branch to survive.  In addition to scorching 

temperatures, flash floods and monsoons are also common occurrences in the habitat of 

locusts and leave little time for behavioural responses.  Development from near-aquatic 

eggs to first instar hoppers and population transformations from solitary hoppers to 

gregarious locusts requires high rainfall and thus anoxia by water immersion is a natural 
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hazard for locusts (Rainey, 1951; Pedgley, 1979; Stige et al. 2007).  Young hoppers that 

cannot escape by flying can experience long periods of submersion under water.  Salt-

marsh inhabiting spiders (Arctosa fulvolineata and Pardosa purbeckenis) held under 

water for up to 36 hours recovered completely after removal, whereas a forest species 

(Pardosa lugubris) had a much reduced tolerance to submersion (Pétillon et al. 2009).  

Thus arthropods are able to develop tolerance to flooding conditions in their natural 

habitat by entering a coma state (Pétillon et al. 2009).  Mammals are highly vulnerable to 

lack of oxygen and the ischemia is a common and serious and clinical problem (Krnjević, 

2008).  Despite their highly aerobic metabolism insects are much more tolerant of oxygen 

lack than mammals.  The ability to tolerate anoxia may be due to differences in the 

complexity of tissues, especially crucial neural tissues, in insects compared to mammals.   

 

Neither terrestrial insects nor mammals are adapted to survive prolonged periods of 

anoxia, but mammals are much more vulnerable to anoxia than insects.  Insects can fully 

recover from many hours of anoxia and mammals are irreversibly damaged after only a 

few minutes of anoxia.  This shows that the high metabolic rate of insects is not 

necessarily connected with a low tolerance of anoxia.  The superior ability of insects to 

tolerate low oxygen may reflect the ease with which oxygen can reach tissues.  The insect 

respiratory system is very efficient due to an elaborate network of tracheae that carry 

oxygen directly to tissues and even cells (Wegener, 1993).  Insect brains and flight 

muscles have a highly aerobic metabolism and tracheae conveniently supply oxygen to 

the nervous system and flight muscles independently, avoiding competition (Wegener, 

1993).  Insect ganglia are solid masses of neural tissue that are isolated and protected by 
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tissue sheaths forming a “blood-brain barrier”, but are not innervated by capillaries.  In 

contrast, health of the mammalian CNS is directly related to vascular supply of oxygen 

and nutrients to cells.  Even in fully oxygenated tissue high energy demand can be 

detrimental to tissue that is not in close proximity to capillaries (Takano et al. 2007).  In 

mammals, the response to anoxia involves directing blood flow to preserve CNS and 

brain function at the expense of other vital organs (Krnjević, 2008).  Vascular occlusion 

quickly results in oxygen/glucose deprivation (OGD), cerebral ischemia, and cell death.  

Neuronal death due to ischemia reflects both necrosis and apoptosis that have some 

shared mechanisms but are distinguishable by morphological changes such as cell 

swelling and loss of cytoplasmic membrane integrity (Snider et al. 1999; Love, 2003).  

Thus, the necessity of a circulatory system and vascular delivery of oxygen and nutrients 

to the nervous system in mammals may result in greater vulnerability to low oxygen 

conditions compared to insects.   

 

Metabolic rate depression via molecular and biochemical mechanisms enables long-term 

survival in the absence of oxygen in several anoxia-tolerant vertebrates and invertebrates 

(Storey and Storey, 2004).  Metabolic depression reduces heat production and the cellular 

energy state is stabilized at a much lower level than during normoxia in both anoxia-

tolerant vertebrates and invertebrates (Bickler and Buck, 2007).  Much research has 

focused on the freshwater turtle Trachemys scripta, a true facultative anaerobe able to 

survive months in the total absence of oxygen (Milton and Prentice, 2007).  Mechanisms 

permitting neuronal survival in vertebrates adapted to tolerate prolonged full anoxia 

include decreased K+ efflux, KATP channel opening, decreased extracellular glutamate 
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and dopamine levels, upregulation of heat shock proteins (Hsps), and modulation of MAP 

kinase pathways (Milton and Prentice, 2007).  Similar mechanisms in anoxic insects have 

not been reported however insects adapted to hypoxic habitats survive by inhibiting key 

aerobic pathways and switching to anaerobic metabolic pathways (Hoback and Stanley, 

2001).  Insect larvae seem to be more anoxia-tolerant than adults and can survive 

prolonged periods of anoxia by drawing on haemoglobin oxygen stores and mechanisms 

such as alcoholic fermentation and changes in hemolymph solutes (Hoback and Stanley, 

2001).  Unlike such anoxia-tolerant vertebrates and invertebrates, the functions of all 

terrestrial insect and mammalian organs are suspended during anoxia exposure.  Similarly 

in terrestrial insects and mammals CNS function is rapidly lost during exposure to 

anoxia.  Both suffer a rapid loss of brain function and body posture, followed by whole-

body muscular convulsions (Wegener, 1993).  Induction of anoxia in locusts by exposure 

to pure nitrogen gas, for example, results in elevated escape movements followed by 

hyperventilation and loss of body coordination within one minute (Wegener, 1993).  The 

locust then falls on its side and the legs twitch, stretch, and tremble, leading to total 

immobility after one to two minutes of anoxia (Wegener, 1993).  Anoxic conditions 

eventually result in cessation of hemolymph circulation, nerve cell activity, and 

metabolic flux and a decreased metabolic rate.  Decreased metabolic activity during 

anoxia in locusts is reflected by an abrupt loss in heat production (Wegener, 1993).  

During anoxia-induced loss of neuronal function ATP decreases to very low levels in 

insect tissues (the rate of decrease differs in different insect species) and ATP breakdown 

results in increased ADP, AMP, and IMP (Wegener, 1993; Hoback and Stanley, 2001).  

The main end-products of anaerobic metabolism in insects are lactate and alanine 
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(Hoback and Stanley, 2001), although inhibition of glycolysis during anoxia results in 

only minute increases in these metabolites in the insect brain (Wegener, 1993).     

 

Differences between insects and mammals lie in the capacity to recover from anoxia.  

Mammals cannot last more than a few minutes in anoxia, whereas insects can be kept in 

pure nitrogen for many hours and yet recover fully and spontaneously when air is 

readmitted (Wegener, 1993).  Anoxic insect tissues resemble ischemic vertebrate tissues 

in that there is a lack of hemolymph circulation.  Thus, both have to rely on carbohydrate 

substrates that are readily available in tissues of close proximity in response to anoxia 

(Wegener, 1993).  In contrast to insects, glycolytic flux dramatically increases in the 

ischemic mammalian brain and the build-up of lactate and acidosis in mammalian tissues 

may complicate recovery from anoxia (Wegener, 1993).  Post-anoxic recovery in 

mammals is directly related to the capacity to stabilize cellular energy status and the ATP 

loss that occurs in anoxic insects would result in cell death (Wegener, 1993).  When 

insects are returned to air after 60 minutes of anoxia, ATP is rapidly resynthesized and 

the energy state of the brain is almost normal after only 5 minutes of recovery (Wegener, 

1993).  ATP by-products are retained in the tissues of anoxic insects and hence ATP can 

readily be resynthesized when oxygen is readmitted.  This is due to the presence of 

adenylates, especially AMP, in insect tissues despite dramatic ATP loss in insect organs 

during prolonged anoxia (Wegener, 1993).  Rapid loss of adenylates in capillarized 

mammalian tissues could be due to wash out of ATP biproducts during reperfusion thus 

preventing metabolism and anaerobic catabolism of AMP (Wegener, 1993).  Postanoxic 

recovery in insects is largely dependent on respiration through tracheae that allow easy 
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access of oxygen to tissues independent of circulation (Wegener, 1993).  In vertebrates, 

postanoxic recovery depends on reperfusion which can be insufficient when there is lack 

of circulation (Wegener, 1993).   

 

Thus, insects provide interesting experimental animals for investigating the physiological 

mechanisms of stress tolerance, especially the properties that enable tissue survival 

during anoxia.  In my thesis I investigated the cellular events during stress-induced comas 

in the African migratory locust (Locusta migratoria) and the nature of neural circuit 

recovery following severe stresses such as anoxia.             

 

1.3 Environmental stress-induced comas in locust 

In response to anoxic conditions locusts experience a silencing of activity in the nervous 

and muscular systems that we interpret as a stress-induced coma.  After return to 

normoxia, locusts completely recover from up to at least 6 hours of anoxia-induced coma 

(Wu et al. 2002; Armstrong et al. 2009).  Given the reversibility of locust comas it is 

likely that locusts enter this state as a protective strategy to cope with environmental 

stressors.  Ambient temperature is a major stress for insects inhabiting highly variable 

thermal environments and environmental temperature fluctuation can strongly influence 

neuronal circuit function and the behaviour of animals.  Our locust research has largely 

focused on the effects of high temperature stress on a locust model of CNS function, the 

operation of the ventilatory central pattern generator (vCPG) (Newman et al. 2003; 

Robertson, 2004b; Armstrong and Robertson, 2006; Rodgers et al. 2006).  
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The vCPG is a robust neuronal circuit that controls ventilation, a crucial motor activity to 

locusts.  Ventilation is a continuous rhythm that expands and contracts the abdomen of 

the locust and is responsible for circulation of respiratory gases through the tracheal 

system as well as heat dissipation with increased ventilatory frequency (Albrecht, 1953; 

Prange, 1990, 1996).  The vCPG is located in the metathoracic ganglion (MTG) and the 

rhythm is generated within the first three fused abdominal neuromeres (Hustert, 1975; 

Burrows, 1996; Bustami and Hustert, 2000).  Using a semi-intact preparation (Newman 

et al. 2003) we are able to obtain extracellular recordings from both nerves and muscles, 

as well as intracellular recordings from ventilatory neurons within the ganglion.  Locusts 

ventilate discontinuously while at rest and at room temperature and ventilate 

continuously when exposed to stressful conditions which allows easy determination of 

vCPG arrest and recovery.  In our experimental protocols standard locust saline at room 

temperature is bath-applied over the MTG in semi-intact preparations for 10 to 20 

minutes prior to experimental treatments.  At this stage, the frequency of the ventilatory 

motor pattern is around 1Hz (Newman et al. 2003).  An increase in ventilatory frequency 

occurs during increased activity, heat stress, and octopamine neuromodulation (Newman 

et al. 2003; Rodgers et al. 2006; Armstrong and Robertson, 2006).  Ventilation is 

thermosensitive and a ramped increase in the saline temperature increases the frequency 

of ventilatory bursts and decreases the duration of ventilatory bursts.  At higher 

temperatures arrhythmias occur prior to vCPG arrest and electrical silence at ~40°C.  A 

subsequent return to room temperature permits recovery of pattern generation within 2 to 

3 minutes (Newman et al. 2003; Armstrong and Robertson, 2006).  Given the importance 

of ionic gradients in neuronal signaling it is not surprising that hyperthermia-induced 
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failure of ventilation and the associated neural activity silence is associated with an 

extracellular K+ concentration ([K+]o) disturbance within the MTG.   

 

To measure changes in [K+]o associated with vCPG arrest a K+-sensitive microelectrode 

can be inserted through the sheath of the MTG into the extracellular space surrounding 

the vCPG and referenced to an adjacent voltage electrode.  There are likely ionic 

gradients across the MTG sheath, or blood-brain-barrier, in the locust as in cockroaches 

(Treherne and Schofield, 1981) however we only place electrodes within the extracellular 

space of the MTG.  To monitor vCPG output from a ventilatory muscle an 

electromyographic (EMG) electrode can be placed on ventilatory muscle 176 in the 

abdomen of the locust.  To determine the extent of neuronal depolarization associated 

with vCPG arrest, sharp intracellular microelectrodes are used to record neuronal activity 

in the MTG concurrently with recordings of the ventilatory motor pattern and [K+]o.  

Measurements of [K+]o made in the MTG revealed a tight correlation between heat-

induced arrest of ventilatory motor pattern generation and a surge in [K+]o surrounding 

the vCPG.  The rapid rise in [K+]o at the moment of heat-induced CNS failure increased 

from a baseline level of 10 mM to a plateau of around 50 mM (Robertson, 2004b).  When 

the heater was switched off and the superfusing saline was allowed to return to room 

temperature, [K+]o returned to pre-surge levels and ventilatory motor pattern generation 

recovered.  This ionic disturbance in the locust MTG is very similar to disturbances 

associated with spreading depression (SD) in mammalian cortex (Somjen, 2001, 2002).  

In this thesis I examined [K+]o changes during stress-induced comas in response to 
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multiple different stressors in the locust MTG to characterize these events and determine 

their similarity to SD-like events that occur in mammalian cortical tissue.   

 

1.4 Characteristics of spreading depression (SD) 

SD can be defined as a major redistribution of ions and nearly complete depolarization of 

neurons that propagates across cortical gray matter (Somjen, 2001).  SD was first 

discovered in 1944 by Aristides Leão (Leão, 1944), and therefore is often referred to as 

Leão’s SD.  SD has been widely studied in mammals ranging from mouse to human 

(Leão, 1944; Van Harreveld et al. 1956a; Van Harreveld and Khattab, 1967; Aitken et al. 

1991; Gorji et al. 2001), and the characteristic depression of electrical activity and 

associated [K+]o changes have also been observed in insects (Hoyle, 1952; Chapman, 

1958; Rounds, 1967).  When SD occurs in cortex it is referred to as cortical SD (CSD) 

and constitutes the neurological basis of migraine with aura (Hadjikhani et al. 2001), and 

is also associated with other pathologies including stroke and seizures.   

 

During SD, spike inactivation and silencing of electrical activity reflects a massive 

redistribution of ions across neuronal membranes (Somjen, 2001).  SD provokes large 

increases in [K+]o (Vyskočil et al. 1972; Müller and Somjen, 2000) and decreases in the 

extracellular concentrations of chloride ([Cl-]o), sodium ([Na+]o), and calcium [Ca2+]o 

(Müller and Somjen, 2000; Jiang et al. 1992; Basarasky et al. 1998).  This disordered 

regulation of ionic homeostasis results in neuronal hyperexcitation followed by 

suppression of electrical activity.  Neuronal hyperexcitation and spontaneous bursting of 

action potentials known as ‘prodromal spikes’ at the onset of the SD wave front is due to 
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increased [K+]o, which depolarizes neurons (Huxley and Stämpfli, 1951; Snow et al. 

1983; Czéh et al. 1993; Müller and Somjen, 2000).  A substantial neuronal depolarization 

and strong DC field potential shift are important characteristics of SD (Müller and 

Somjen, 2000).  The membrane potential of CA1 pyramidal neurons depolarized 

completely, to zero or close to zero, during SD (Snow et al. 1983; Czéh et al. 1993).  This 

depolarization and the associated synaptic activity cessation propagate across cortical 

gray matter at a rate of 2-5mm/min and propagation is resistant to areas of the CNS that 

contain white matter such as the spinal cord (Grafstein, 1956; Van Harreveld et al. 1956b; 

Hull and Van Harreveld, 1964; Nicholson et al. 1978; Czéh and Somjen, 1990).   

 

SD can be induced by means that affect ionic homeostasis such as contusions, chemicals, 

and high frequency stimulation (Leão, 1944; Leão and Morrison, 1945; Balestrino, 1999; 

Müller and Ballanyi, 2003).  SD can be evoked by anoxia, ouabain, simulated ischemia, 

and increased [K+]o at normal temperature as well as hyperthermia (Wu and Fisher, 

2000).  Targeting of the Na/K pump using ouabain has been widely used to induce SD 

(Haglund and Schwartzkroin, 1990; Balestrino et al. 1999; Menna et al. 2000; Xiong and 

Stringer, 2000; Leis et al. 2005).  SD has generally been considered benign when 

coursing through normoxic tissue, however a recent paper provided evidence that SD is 

linked to hypoxia and neuronal swelling even when oxygen supply is sufficient (Takano 

et al. 2007).  Oxygen/glucose deprivation (OGD) results in anoxic depolarization (AD), a 

situation during ischemia or stroke when the depolarization occurs in response to oxygen 

deprivation and there is insufficient energy available for recovery.  During ischemia, 

OGD results in cell damage such as dendritic beading and cell death, forming an 
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ischemic infarct.  AD is often termed “terminal depolarization” due to the severity of 

tissue damage, which is highly dependent on vasculature (Obeidat and Andrew, 1998; 

Joshi and Andrew, 2001; Somjen, 2001).  Peri-infarct depolarization’s (PIDs) are 

spontaneous SDs that expand the ischemic infarct, further contributing to cell damage 

and death during OGD (Fabricius et al. 2005).  

 

Several compounds have been shown to block the initiation of CSD, including NMDA 

receptor antagonists and gap junction inhibitors, but once a wave of CSD is evoked its 

propagation is insensitive to a number of NMDA receptor antagonists and channel 

inhibitors.  Increased [K+]o in combination with low energy allows [K+]o to diffuse 

forward along its concentration gradient and propagate across cortex (due to the inability 

to clear [K+]o) (Takano, 2007).  The inability to identify a transmitter system responsible 

for propagation of CSD does indirectly support the notion that K+ and hypoxia drive the 

forward movement of CSD (Takano, 2007).  Studies suggest opening of intercellular gap 

junctions as a mechanism of SD propagation in vertebrates (Nedergaard et al. 1995; 

Largo et al. 1997; Thompson et al. 2006).  Involvement of gap junction hemichannels 

may be a mechanism of propagation in the insect CNS as well in which glia are involved 

in ion homeostasis, function, and development of the insect brain (Kretzschmar and 

Pflugfelder, 2002). 

 

In this thesis I monitored [K+]o increases and propagation within the locust CNS as an 

indicator of SD in the locust.  An interesting question is whether or not SD-like events 

can be interpreted as being adaptive.  Susceptibility to migraine is determined by genetic 
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factors and given that recurrent, severe headache is prevalent among humans it is possible 

that this disorder could confer a reproductive or survival advantage (Loder, 2002).  An 

interesting evolutionary explanation for migraine is that migraine may represent a trade-

off between the benefits and costs of the disorder, i.e. the benefit of enhanced CNS 

excitability in migraine-prone individuals outweighs the cost of severe headache and 

disability (Loder, 2002).  Ofcourse, heterozygotes or individuals who inherit some of the 

genes associated with migraine would have several survival advantages that outweigh the 

disadvantages experienced by homozygotes who inherit too many or too few of these 

genes (Loder, 2002).  Throughout my thesis I provide evidence for an adaptive role for 

SD-like events in the locust. 

 

1.5 Preconditioning of neural circuits in locust 

In the natural habitat of locusts ambient temperature can fluctuate daily by 45°C (Uvarov, 

1977) and during extremes in temperature neuronal function can be impaired.  Locusts 

are routinely exposed to ambient temperatures >40°C, and during vigorous activity such 

as flight the temperature in the thorax can be as much as 10°C above ambient (Weis-

Fogh, 1956).  Since locusts are poikilothermic, their internal temperature is vulnerable to 

temperature fluctuations in their environment.  Adaptations exist that allow continued 

neural functions of locusts and other insect species during acute heat stress and it is well 

established that locusts can be preconditioned to better tolerate such stresses.  Exposure 

to a heat shock pre-treatment (HS: 3 hours, 45°C) protects several important neural 

properties in locusts such that neural function is improved during exposure to subsequent 

high temperature stress (Robertson, 2004a).  Extensions in the operating range of crucial 
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neural circuits in the locust occur within hours following HS pre-treatment and can last 

for several weeks (Robertson et al. 1996), indicating that induction of a heat shock 

response (HSR) involves long-term physiological changes.  Locusta migratoria adults 

exposed to 45°C for 3 hours experienced coincident enhanced heat shock protein (Hsp) 

expression and improved thermotolerance during a subsequent, normally lethal 

temperature stress (Whyard et al. 1986).  Expression of Hsps is a universal response to 

several forms of cellular stress, including high temperature, oxidative, and anoxic stresses 

(Parsell et al. 1993; Kiang and Tsokos, 1998; Feder and Hofmann, 1999; Sharp et al. 

1999; Dalle-Donne et al. 2001; Wu et al. 2002).  Hsps have a number of roles in 

mitigating cellular damage in the nervous system, including protein chaperoning, 

refolding proteins to their native states, and stabilization of the cytoskeleton (Feder, 1996; 

Liang and MacRae, 1997; Feder and Hofmann, 1999; Sharp et al. 1999; Klose et al. 

2004).  The mechanisms by which environmental variables induce adaptive phenotypic 

changes of crucial neural circuits are also believed to involve induction of 

neuromodulators such as serotonin and octopamine (Armstrong and Robertson, 2006; 

Armstrong et al. 2006).  A short bout of full anoxia protects neural function against 

subsequent high temperature stress in the locust, possibly via activation of similar cellular 

responses (Wu et al. 2002).  It is not yet known how prior energetic stress affects 

subsequent tolerance to low energy stress, and this poses an interesting question for 

future research. 

 

The protective effects of HS preconditioning have been well established in locust 

preparations.  For example, following HS treatment the operating range of the flight CPG 
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was extended by 6-7 °C (Robertson et al. 1996).  Exposure to HS pre-treatment induced 

protection of the hindleg neuromuscular system at high temperatures by increasing the 

temperature at which neuromuscular transmission failed by ~8°C, reducing the time to 

recovery following heat-induced failure, and decreasing the thermosensitivity of muscle 

contraction (Barclay and Robertson, 2000).  There is evidence that HS-induced synaptic 

thermoprotection in Locusta migratoria extensor tibiae muscle is conferred through 

cytoskeletal stabilization (Klose et al. 2004).  The locust descending contralateral 

movement detector (DCMD) relays vital information about the looming approach of 

predators from the brain to the thorax.  Following HS preconditioning, peak firing 

frequency was increased and axonal action potential properties of DCMD such as half-

width duration, amplitude, and membrane potential, were maintained with increased 

temperature (Money et al. 2005; Money et al. 2006).  Given the essential nature of the 

vCPG, it is not surprising that HS pre-treatment also protects this neuronal circuit against 

high temperature stress.  HS-mediated thermoprotection of the vCPG results in sustained 

operation at higher temperatures than control preparations and a decrease in the length of 

time taken to recover from heat-induced coma (Armstrong et al. 2006).   

 

The increased ability for the vCPG of heat shocked locusts to function during high 

temperature stress may reflect an adaptive effect of HS in maintaining ion flow across 

membranes and ionic gradients necessary for proper functioning.  In the locust there is 

evidence that the HS protective mechanism may induce adaptive modification of ion 

channel properties.  It has been shown that prior stress reduced whole cell K+ currents 

from neuronal somata in locust metathoracic ganglion slices (Ramirez et al. 1999; Wu et 
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al. 2002).  Also, pharmacological block of K+ channels with tetraethylammonium 

chloride (TEA) mimics the thermoprotective effects of a prior HS and prior anoxic stress 

on action potentials in locust flight motoneurons (Wu et al. 2001, 2002).  Downregulation 

of K+ currents would be protective by increasing the duration of action potentials and 

preventing the accumulation of [K+]o.  Given all of this evidence it is reasonable to 

suspect that HS preconditioning acts by stabilizing K+ homeostasis. 

 

1.6 Energy status 

At extremes, abiotic stressors such as high temperature and low oxygen induce failure of 

neuronal function, an abrupt rise in [K+]o, and neuronal depolarization.  A subsequent 

period of electrical activity silence ensues that we have defined as a stress-induced coma.  

Removal of the stressor shortly following coma onset results in recovery of neuronal 

function.  vCPG operation fully recovers, i.e. the animal generates rhythmic ventilatory 

movements, following failure induced by high temperature and anoxic stressors.  It is not 

clear whether irreparable neuronal damage occurs as a consequence of anoxia in locusts 

as is the case with ischemic mammalian cortical tissue.  The fact that locusts behave 

normally following hours of whole animal exposure to N2 gas suggests that the metabolic 

response to anoxia involves mechanisms that prevent complete energy depletion and 

irreversible cellular damage.  A well-known pathway involved in detecting and 

prioritizing cellular energy resources is the AMP-activated protein kinase (AMPK) 

pathway.  It was of interest to determine if stress-induced comas in the locust coincide 

with AMPK activation and if this activation alters energy utilization at the expense of 

neuronal performance.   
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Possession of AMPK complexes is a universal feature of eukaryotes (Hardie et al. 2003) 

and we thus reasoned that AMPK may be involved in the stress response of the locust.  

The energy available to drive anabolic processes is due to the maintenance of 

intracellular ATP:ADP within tight limits and it is believed that the AMPK cascade is 

involved in this process (Hardie et al. 2003).  This enzyme is activated both by 

phosphorylation by an upstream kinase and allosterically by AMP (Lindsley and Rutter, 

2004).  When ATP is depleted by cellular stresses such as glucose deprivation, ischemia, 

hypoxia, oxidative stress, and hyperosmotic stress, rising AMP coupled with falling ATP 

results in an increased AMP:ATP ratio and AMPK activation (Hardie et al. 2003).  Upon 

activation AMPK increases cellular energy levels by arresting nonessential ATP-utilizing 

functions and stimulating available ATP-generating pathways (Lindsley and Rutter, 

2004).  In the locust, the AMPK pathway could be triggered well before ATP levels are 

depleted, signaling metabolic stress before complete energy deprivation.  Activation of 

AMPK and conservation of energy in response to stress may trigger changes in energy 

usage upon recovery from stress-induced comas that affect vCPG output.  Clearly energy 

is available upon recovery from stress-induced comas, but an important question is what 

effect energy rationing has on the function of neurons in the vCPG circuit.  An important 

question is whether or not trade-offs exist between energy conservation and neuronal 

performance.  vCPG function is vital to survival, however the vCPG circuit is highly 

energetically costly.  Action potential generation and maintenance of ionic homeostasis 

by the Na+/K+-ATPase to which 50-60% of neuronal ATP levels are devoted (Erecinska 

and Silver, 1994).  I ended off my PhD thesis by investigating the potential role of the 
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AMPK in stress-induced comas in the locust, and if changed performance of the vCPG 

could be linked to induction of AMPK.   

 

1.7 Thesis overview 

The locust presents an interesting model for studying the effects of heat and anoxia on the 

nervous system.  Locusts are extremely tolerant of both high temperature and low oxygen 

conditions and their nervous system is easily accessible while the animal is intact and 

behaving.  This has allowed me to use a variety of electrophysiological and 

pharmacological techniques to manipulate the vCPG and assess tolerance to cellular 

stressors.  The underlying theme of my PhD thesis is the description of SD in the locust 

ventilatory neuropile and the mechanisms that suppress or attenuate locust SD-like 

events.  This thesis consists of three data chapters presented in chronological order. 

 

I simultaneously monitored the ventilatory motor pattern and [K+]o changes within the 

metathoracic neuropile of the vCPG during hyperthermia, anoxia, and treatments that 

disturb the K+ equilibrium (ouabain, neuropile injections of KCl).  In the first data 

chapter I used the above treatments to induce vCPG arrest and coincident [K+]o changes 

within the MTG and made the case that these [K+]o events and associated electrical 

activity silence resemble SD in mammalian cortical tissue.  I concluded that stress-

induced [K+]o events in the locust are “SD-like” and further investigated their similarity 

to SD in mammalian cortical tissue using Na+ and K+ channel inhibitors, more complex 

heat and anoxia manipulations, and measurements of ATP levels and total Na+/K+-

ATPase activity within the MTG.  It was of interest to determine if HS preconditioning 
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affects SD-like events in the locust.  I examined [K+]o properties during hyperthermia-

induced SD-like events before and after HS pre-treatment to determine if HS acts by 

stabilizing K+ homeostasis.  In the second data chapter I further investigated the role of 

the Na+/K+-ATPase and voltage-gated K+ channels in locust SD-like events.  SD-like 

events induced by ouabain presented an interesting paradigm and it was of interest to 

more thoroughly characterize SD-like events induced by Na+/K+-ATPase inhibition.  In 

the first two data chapters I suggested that SD-like events in the locust may be an 

adaptive response to conserve energy and prevent neuronal excitotoxicity before 

complete energy loss.  In the final data chapter I was interested in further substantiating 

this idea and whether the energy sensor AMPK is activated during SD-like events in the 

locust.  I pharmacologically manipulated AMPK to test the involvement of AMPK in 

vCPG recovery following chemical anoxia using sodium azide (NaN3).  I also 

manipulated AMPK to determine if AMPK activation and inhibition had modulatory 

effects on ouabain-induced SD-like events in the locust. 

 

Together, these three chapters describe the occurrence of SD-like events in the locust, 

modulation of these events by HS preconditioning, and the role of the Na+/K+-ATPase, 

ion channels, and AMPK in the locust stress response.   
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Stress preconditioning of spreading depression in the locust CNS. 
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2.1 Abstract 

Cortical spreading depression (CSD) is closely associated with important pathologies 

including stroke, seizures and migraine.  The mechanisms underlying SD in its various 

forms are still incompletely understood.  Here we describe SD-like events in an 

invertebrate model, the ventilatory central pattern generator (CPG) of locusts.  Using K+ -

sensitive microelectrodes, we measured extracellular K+ concentration ([K+]o) in the 

metathoracic neuropile of the CPG while monitoring CPG output electromyographically 

from muscle 161 in the second abdominal segment to investigate the role K+ in failure of 

neural circuit operation induced by various stressors.  Failure of ventilation in response to 

different stressors (hyperthermia, anoxia, ATP depletion, Na+/K+ ATPase impairment, K+ 

injection) was associated with a disturbance of CNS ion homeostasis that shares the 

characteristics of CSD and SD-like events in vertebrates.  Hyperthermic failure was 

preconditioned by prior heat shock (3h, 45°C) and induced-thermotolerance was 

associated with an increase in the rate of clearance of extracellular K+ that was not linked 

to changes in ATP levels or total Na+/K+ ATPase activity.  Our findings suggest that SD-

like events in locusts are adaptive to terminate neural network operation and conserve 

energy during stress and that they can be preconditioned by experience. We propose that 

they share mechanisms with CSD in mammals suggesting a common evolutionary origin. 
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2.2 Introduction 

Neural function under stressful conditions is contingent upon maintaining ion gradients 

across cell membranes, which are essential for neuronal signaling.  Hyperthermic failure 

of neural operation is associated with a loss of ion homeostasis and a major redistribution 

of ions, including K+ (Wu and Fisher, 2000; Robertson, 2004a).  This pattern of ionic 

disturbance, monitored by an abrupt rise in extracellular potassium ([K+]o) and depression 

of electrical activity, shares many characteristics of cortical spreading depression (CSD 

(Leão, 1944)).  In mammalian tissue CSD has been associated with several important 

pathologies including stroke, seizures and migraine (Somjen, 2001; Somjen, 2002; Smith 

et al. 2006).  In an insect model system, the onset of hyperthermic failure can be 

preconditioned by prior stress (Newman et al. 2003).  Preconditioning resulting in 

ischaemic tolerance is considered an evolutionarily conserved phenomenon of cerebral 

plasticity, evident in invertebrates and vertebrates including humans (Gidday, 2006).  

Here we characterize stress-induced neural depression of ventilatory central pattern 

generation in the migratory locust to determine its similarity to CSD and we tested the 

role of the Na+/K+ ATPase in mediating the preconditioning effects of prior heat shock 

(HS) on hyperthermic neural failure. 

 

Ventilation in locusts is under the control of a reliable central pattern generator (CPG) 

located in the metathoracic ganglion (MTG) (Hustert, 1975; Bustami and Hustert, 2000) 

which is sensitive to several forms of stress including changes of internal CO2 (Gulinson 

and Harrison, 1996; Henderson et al. 1998), pH (Snyder et al. 1980) and temperature 

(Banks et al. 1975; Lighton and Lovegrove, 1990; Henderson et al. 1998; Newman et al. 
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2003).  In particular, increased temperature elevates the cycle frequency of the ventilatory 

motor pattern from 1 cycle/s at room temperature to 3 cycles/s just prior to hyperthermic 

failure at 38-40 °C (Newman et al. 2003).  A subsequent return to room temperature 

permits recovery of pattern generation within 2 to 3 minutes.  Several important neural 

properties are protected by prior HS (for review, see Robertson, 2004a; Robertson, 

2004b).  HS-mediated thermoprotection of the ventilatory CPG results in an increase in 

the failure temperature and a decrease in the time taken to recover, and can be mimicked 

by octopamine acting through a cAMP signaling pathway (Armstrong et al. 2006).  Given 

that circulating octopamine increases after heat stress in locusts (Davenport and Evans, 

1984), that octopamine reduces K+ conductances and increases activity of the Na+/K+ 

ATPase (Walther and Zittlau, 1998) and that HS reduces whole cell K+ currents in locust 

metathoracic neurons (Ramirez et al. 1999), we hypothesized that HS preconditioning 

acts by stabilizing K+ homeostasis. 

 

We compared the dynamics of [K+]o during failure of motor pattern generation induced 

by different stressors (hyperthermia, anoxia, ATP depletion, K+ injection) and used 

ouabain (a specific Na+/K+ ATPase toxin) both to induce repetitive, propagating waves of 

ionic disturbance and to test the role of the Na+/K+ ATPase in HS-mediated 

thermoprotection.  We demonstrate that the surges of [K+]o associated with cessation of 

ventilatory motor patterning represent SD-like phenomena whose occurrence can be 

interpreted as an adaptive response to conserve energy in the locust, rather than the 

culmination of cellular collapse.  Using TTX and TEA we show that SD-like behaviour is 

not activity-dependent and that some part of the [K+]o surge is via TEA-sensitive K+ 
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channels. Finally we show that the hyperthermic SD-like event can be preconditioned by 

a prior HS acting to increase the rate of [K+]o clearance, and that the effect of HS is not 

obviously mediated by the Na+/K+ ATPase. 
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2.3 Results 

Stress-induced failure of the ventilatory motor pattern correlates with a sharp rise in 

extracellular potassium  

Ventilatory motor pattern activity and extracellular potassium ion concentrations in the 

MTG were measured during treatment with various cellular stressors in order to establish 

a relationship between stress-induced circuit failure and an extracellular build-up of 

potassium ions (Figures 2.1 and 2.2).  Hyperthermic failure of the ventilatory CPG was 

reliably associated with an abrupt increase in [K+]o, which occurred in 100% of CON 

preparations (Figure 2.1A) and of all preparations irrespective of preconditioning or 

pharmacological treatment (Ntotal = 85).  When the temperature was allowed to return to 

baseline levels, [K+]o remained elevated before gradually decreasing (Figure 2.1A).  Post-

stress recovery of the ventilatory central pattern generator correlated with restoration of 

[K+]o to initial levels (Figure 2.1A).  In addition, abrupt surges in [K+]o were reliably 

triggered by ATP depletion using 10-3M sodium azide (NaN3) and anoxia (100% N2) 

(Figure 2.1B and C).  Peak [K+]o reached during surges induced by hyperthermia (52 ± 2 

mM), NaN3 (85 ± 2 mM) and anoxia (79 ± 3 mM) were different (one-way ANOVA, P < 

0.001, F(2,38) = 43.634).  The peak [K+]o induced by hyperthermia was lower than the 

[K+]o peaks induced by NaN3 and anoxia (post hoc Tukey tests, P < 0.05).  The recovered 

motor pattern was robust but not identical to the pre-stress motor pattern (see e.g. Figure 

2.1Ci and ii). 

 

Abrupt surges in [K+]o were reliably triggered by Na+/K+ ATPase inhibition using 10-4M 

ouabain and by locally increased [K+]o within the ganglion (Figure 2.2).  Continuous bath  
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Figure 2.1.  Stress-induced motor pattern failure is associated with surges of [K+]o.  

Simultaneous recordings of the ventilatory motor pattern (Vent), the temperature of the 

superfusing saline at the MTG (Temp in A) and the extracellular potassium concentration 

([K+]o).  A. An abrupt increase in [K+]o was reliably associated with heat-induced failure 

of the ventilatory motor pattern, which occurred in 100% of preparations (N=17).  [K+]o 

was restored to normal baseline levels if heat was removed and this was associated with 

recovery of ventilatory motor patterning.  B. 10-3M NaN3 was bath-applied until 1 minute 

post-failure (N=6).  [K+]o gradually decreased and the motor pattern recovered upon 

superfusion of standard locust saline.  C. N2 was bubbled into the superfusing saline for 5 

minutes, then blown over the preparation until 1 minute post-failure (N=18).  Re-

oxygenation resulted in [K+]o clearance and recovery of the motor pattern.  i and ii show 

expansions of the motor pattern trace pre- and post-stress to show more clearly the 

ventilatory motor pattern.  In B and C the temperature was constant at room temperature 

(~22ºC). 
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Figure 2.2.  Characteristics of [K+]o surges.  Simultaneous recordings of the ventilatory 

motor pattern (Vent), a monitor of pressure-injection of a bolus of K+ within the MTG 

(Trig in B) and the extracellular potassium concentration ([K+]o).  A. Continuous bath 

application of 10-4M ouabain elicited multiple surges in [K+]o (N=13).  In the experiment 

shown here it took 434 seconds for 10-4M ouabain to penetrate the MTG and induce 

failure of motor pattern generation.  B. A 35nl pressure-injection of locust saline 

containing a 15-fold higher [K+] (150mM compared to 10mM) into the MTG neuropile 

was sufficient to bring [K+]o to threshold and induce an abrupt surge (N=18).  C. Two K+ 

-sensitive microelectrodes were inserted in different regions of the MTG (a and b) to 

illustrate propagation (dotted line).  In this experiment the propagation speed was 1.9 

mm/min.  
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application of 10-4M ouabain elicited multiple surges in [K+]o where the rise and fall of 

[K+]o was associated with failure and recovery of the ventilatory motor pattern, 

respectively (Figure 2.2A).  The time from ouabain application to the midpoint of the 

initial [K+]o increase was 557 ± 43 seconds.  The average [K+]o surge period from the first 

to the second surge was 217 ± 16 seconds.  [K+]o increased to a mean peak of 63 ± 5 mM 

during the initial surge induced by 10-4M ouabain and subsequently returned to a mean 

baseline level of 10 ± 0.2 mM.  [K+]o clearance always coincided with recovery of motor 

pattern generation, however the ventilatory rhythm frequency and duration became more 

variable following each [K+]o surge (Figure 2.2A).  A 35nl injection of locust saline 

containing a 15-fold higher [K+] (150mM compared to 10mM) was sufficient to bring 

[K+]o to threshold for induction of an abrupt surge (Figures 2.2B and 2.S1).  The peak 

[K+]o reached during surges induced by K+ injection was 63 ± 8 mM.  The average 

duration of the [K+]o surge, measured at half the maximum amplitude, was 64 ± 9 

seconds.  It was of interest to determine if the repetitive ionic disturbance is localized to 

one area in the MTG, or if, similar to CSD, there is propagation across different areas of 

the locust nervous system.  To investigate this we measured [K+]o simultaneously at two 

different locations in the MTG ~0.4 to 0.6mm apart (Figure 2.2C).  Abrupt surges in 

[K+]o generated by injection of high [K+] saline into the extracellular space spread locally 

to other areas of the MTG at a speed of 2.4 ± 0.04 mm/min (Figure 2.2C), but did not 

propagate through the connectives to the mesothoracic ganglion and vice versa (N=3; 

data not shown). 
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Figure 2.S1.  Gradual increases in the volume of K+ injected triggered a tissue response.  

Simultaneous recordings of the ventilatory motor pattern (Vent), pressure-injection of a 

bolus of K+ within the MTG (Trig) and the extracellular potassium concentration ([K+]o).  

Injection of very small volumes of high K+ saline triggered a tissue response, however 

ignition of the all-or-none [K+]o event occurred only when a threshold was reached.  
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The hyperthermic [K+]o event does not represent complete collapse of the K+ gradient 

To determine if the peak [K+]o represented complete collapse of the [K+]o gradient during 

hyperthermia, temperature was increased beyond failure of the motor pattern until a 

second [K+]o plateau was reached at ~60ºC (100 ± 7 mM; Figure 2.3A).  The motor 

pattern did not recover upon return to room temperature and [K+]o remained elevated.  

Hyperthermia following anoxic arrest of the motor pattern eliminated the hyperthermic 

[K+]o event and only the second plateau (113 ± 6 mM) was evident without recovery 

(Figure 2.3B) suggesting that these different stressors converge on the same tissue 

response.  There was no difference in the ultimate [K+]o at ~60°C between the two 

treatment groups (hyperthermia alone and anoxia-induced failure of the motor pattern 

prior to hyperthermia) (t-test, t = -1.370, P = 0.185, d.f. = 21). 

   

The hyperthermic [K+]o event is delayed by Na+ channel block and diminished by K+ 

channel block 

We used voltage-gated Na+ and K+ channel blockers (TTX and TEA, respectively) to 

determine if the hyperthermic SD-like event in the locust is dependent on neural activity 

and if K+ efflux is at least in part via TEA-sensitive K+ channels.  Bath application of 10-

6M TTX quickly abolished electrical activity from ventilatory muscle 161 while [K+]o 

remained stable at ~10mM for 15 minutes prior to the temperature ramp (Figure 2.4A).  

However, occurrence of the hyperthermic [K+]o event was TTX-resistant; there was no 

difference in the peak [K+]o level between CON and TTX locusts (52 ± 2 mM and 50 ± 4 

mM respectively; t-test, t = 0.334, P = 0.741, d.f. = 30).  The abrupt rise in [K+]o was 

delayed in TTX-treated locusts, occurring at higher temperatures during the continuous  
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Figure 2.3.  The hyperthermic [K+]o event is not representative of complete collapse of 

the K+ gradient.  A. During a continuous increase of temperature [K+]o increased sharply 

at ~40°C coincident with motor pattern failure and continued to rise until a second 

plateau was reached at ~60°C.  When the heater was turned off [K+]o remained elevated 

and motor pattern generation failed to recover (N=11).  B. Only the second plateau was 

evident during temperature increase to ~60ºC following prior anoxic arrest of motor 

pattern generation.  When the N2 was turned off and internal temperature returned to 

room temperature [K+]o remained elevated and motor pattern generation failed to recover 

(N=12). 
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Figure 2.4.  The hyperthermic [K+]o event is delayed by blocking Na+ channels and 

neural activity using TTX and is diminished by blocking K+ channels using TEA.  A. 10-

6M TTX abolished electrical activity within minutes while [K+]o remained stable.  The 

abrupt rise in [K+]o was not significantly diminished by TTX.  The hyperthermic [K+]o 

event occurred at a significantly higher temperature (measured at dotted line) in the 

absence of electrical activity (46 ± 1°C) compared to CON locusts (39 ± 1°C) (C) (NCON 

= 17; NTTX = 15).  B. 10-1M TEA significantly reduced the hyperthermic [K+]o event 

(NCON = 17; NTEA = 6) (D).  [K+]o increased with continued temperature increase to 

~60°C.   
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ramp increase than in CON locusts (46 ± 1 °C versus 39 ± 1 °C; t-test, t = -4.541, P < 

0.001, d.f. = 30) (Figure 2.4C).  Due to the effectiveness of the sheath enclosing the 

contents of the MTG, bath application of a high concentration of TEA (10-1M) was 

required to successfully abolish motor pattern generation, although electrical activity was 

still detected from muscle 161.  The hyperthermic [K+]o event occurred at 38.9 ± 0.6 °C 

in locusts treated with 10-1M TEA compared to 39.3 ± 0.9 °C (no significant difference) 

in CON locusts (Figure 2.4B) but was reduced in amplitude (30 ± 3 mM versus 52 ± 2 

mM; t-test, t = 5.429, P < 0.001, d.f. = 21) (Figure 2.4D).  With continued temperature 

increase to ~60°C [K+]o reached a higher second plateau in TEA-treated locusts (109 ± 9 

mM) that was not different from the second plateau in CON locusts (t-test, t = -0.755, P = 

0.462, d.f. = 15). 

 

Initiation of [K+]o surges are not correlated with ATP levels within the ganglion  

Cell energetics may play a role in the initiation of, and recovery from, the [K+]o event 

induced by various cellular stressors.  ATP levels in the MTG taken from locusts 

subjected to hyperthermia before and after heat shock preconditioning (CON and HS), 

10-4M ouabain, 10-3M sodium azide, and anoxia (100% N2) were compared prior to 

stress, at failure and at subsequent recovery of the motor pattern (Figure 2.5A).  

Ganglionic ATP levels were depressed at failure induced by anoxia, hyperthermia 

(CON), and NaN3 and at subsequent recovery in NaN3-treated locusts (post hoc 

Dunnett’s test, P < 0.05).  Stress treatment and the state of motor pattern generation, i.e. 

failure vs. recovery, both affected ATP levels (two-way ANOVAs: P < 0.001, F(4,75) = 

17.435; P = 0.002, F(1,75) = 10.193).  At failure of the motor pattern, NaN3-treated locusts  
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Figure 2.5.  Failure and recovery of the CPG are not dependent on MTG ATP and HS 

preconditioning does not confer protection by improving ATP availability.  A. ATP 

levels did not differ from the pre-stress level (Normoxia at room temperature; N=16) in 

locusts treated with 10-4M ouabain or hyperthermia (HS) at failure or recovery, or in all 

other groups at recovery following stress-induced failure with the exception of NaN3-

treated locusts.  There was a main effect of treatment driven by significant differences 

among groups within failure and recovery (not indicated by symbols).  There was no 

effect of HS pre-treatment on ATP levels at failure or recovery of motor pattern 

generation.  Asterisks indicate significant differences from the pre-stress level and 

daggers indicate significantly different ATP levels at failure and recovery in ganglia of 

NaN3-treated locusts.  Sample sizes (failure, recovery): NOuabain=10,11; NHS-

hyperthermia=8,8; NAnoxia=9,8; NCON-hyperthermia=7,7; NSodium azide=8,9.  B. CON and HS locusts 

did not have significantly different ATP levels during anoxia-induced coma or 

subsequent recovery.  ATP levels dropped in both CON and HS locusts after 30 minutes 

of anoxia and remained stable until locusts were removed from the anoxic environment.  

ATP levels increased to around pre-anoxia values after one hour in normally oxygenated 

air.  Sample sizes (CON, HS): N0min=16,16; N15min=12,11; N30min=11,11; N60min=9,9; 

N120min=12,11; N150min=11,12; N180min=10,10.  Asterisks indicate significant differences 

from 0 and 15 minutes and daggers indicate significant differences from 180 minutes (or 

60 minutes recovery) according to post hoc Tukey tests (P < 0.05). 
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had lower ganglionic ATP levels than all other groups.  Locusts subjected to anoxia and 

hyperthermia (CON) had lower ATP levels than locusts treated with 10-4M ouabain (post 

hoc Tukey tests, P < 0.05).  At recovery of the motor pattern NaN3-treated locusts had 

lower ganglionic ATP levels than locusts subjected to 10-4M ouabain and hyperthermia 

(HS) suggesting that recovery was independent of metabolic state (post hoc Tukey tests, 

P < 0.05).  ATP levels in ganglia at failure and recovery of the motor pattern were not 

different except in NaN3-treated locusts (post hoc Tukey tests, P < 0.05).  Notably, HS 

preconditioning did not increase ATP levels at hyperthermic failure or subsequent 

recovery of the motor pattern compared to CON-hyperthermia locusts (Figure 2.5A).  

The lack of effect of HS on MTG ATP levels was also evident during and after two hours 

of whole animal anoxia (Figure 2.5B).  HS pre-treatment did not affect ATP levels prior 

to anoxia, at 15, 30, 60, and 120 minutes of anoxia exposure, and at 30 and 60 minutes 

post-anoxia (two-way ANOVA, P = 0.467, F(1,147) = 0.531).  Anoxia exposure affected 

ganglionic ATP (two-way ANOVA, P < 0.001, F(6,147) = 11.418).  Anoxia (15 minutes) 

did not affect ATP levels in either CON or HS locusts, even though locusts entered 

anoxic coma within 1 minute.  ATP levels dropped after 30 minutes of anoxia and 

remained stable for 90 minutes in CON and HS locusts (post hoc Tukey tests, P < 0.05).  

Following 2 hours in an anoxic environment, ATP increased after 60 minutes of 

normoxia in CON and HS locusts (post hoc Tukey tests, P < 0.05).         

 

HS pre-treatment changed [K+]o homeostasis in the MTG   

We used 10-5M ouabain to test whether increased Na+/K+ ATPase activity could underlie 

the increased thermotolerance conferred by HS pre-treatment (Newman et al. 2003).  10-
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5M ouabain is not normally sufficient to induce the SD-like events of Figure 2.2A but is 

sufficient to inhibit the Na+/K+ ATPase (see below).  HS pre-treatment and 10-5M 

ouabain bath application affected [K+]o before and during a temperature ramp (Figure 

2.6).  Heat shock pre-treatment increased initial [K+]o measured after 10 minutes of bath 

application with standard locust saline (t-test, t = -3.195, P = 0.002, d.f. = 49; Figure 

2.6A).  Changes in extracellular potassium (Δ[K+]o) were examined after 15 minutes of 

ouabain treatment at room temperature and in response to the initial 5°C increase of the 

temperature ramp to determine the effects of HS pre-treatment and 10-5M ouabain 

treatment on K+ homeostasis (Figure 2.6B and C).  HS pre-treatment had no effect on 

Δ[K+]o after 15 minutes of bath application, however there was an effect of 10-5M 

ouabain treatment (two-way ANOVAs: P = 0.407, F(1,43) = 0.703; P < 0.001, F(1,43) = 

42.772) (Figure 2.6B).  CON-OUA and HS-OUA locusts had a greater increase in [K+]o 

than CON and HS locusts after 10-5M ouabain bath application for 15 minutes (post hoc 

Tukey tests, P < 0.05).  HS pre-treatment affected Δ[K+]o after a 5°C increase in 

temperature, however there was no effect of 10-5M ouabain treatment (two-way 

ANOVAs: P < 0.001, F(1,43) = 15.584; P = 0.988, F(1,43) = 0.000223) (Figure 2.6C).  CON 

and CON-OUA locusts had a greater Δ[K+]o than HS and HS-OUA locusts (post hoc 

Tukey tests, P < 0.05).  

 

Time to recovery is correlated with failure temperature in control and HS locusts 

HS preconditioning delayed the onset of the [K+]o event and subsequently hastened 

recovery and re-establishment of normal [K+]o (Figure 2.7).  However HS had no effect 

on the amplitude of the [K+]o event at failure (Figure 2.S2) and there was no correlation  
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Figure 2.6.  HS and ouabain affect [K+]o.  A. Heat shock preconditioning resulted in a 

significantly higher [K+]o in HS locusts compared to CON locusts.  All animals pooled: 

NCON = 25; NHS = 26.  B. CON-OUA and HS-OUA locusts had a significantly greater 

increase in [K+]o after 15 minutes of bath application with 10-5M ouabain compared to 

CON and HS locusts.  HS pre-treatment did not have an effect on Δ[K+]o over this 15 

minute period (NCON = 12; NCON-OUA = 10; NHS = 17; NHS-OUA = 8).  C. CON and HS 

locusts had a markedly different Δ[K+]o in response to a 5ºC increase in temperature.  

Δ[K+]o was positive in CON locusts and negative in HS locusts after only one minute of 

temperature increase.  There was no effect of 10-5M ouabain treatment on Δ[K+]o one 

minute into the temperature ramp (NCON = 12; NCON-OUA = 10; NHS = 17; NHS-OUA = 8).  

Asterisks indicate a significant effect of ouabain and daggers indicate a significant effect 

of pre-treatment according to t-test (A) and post hoc Tukey tests (P < 0.05) (B,C). 
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Figure 2.7.  HS delays the [K+]o event and speeds recovery by increasing the rate of 

[K+]o clearance.  A. Time to recovery was positively correlated with failure temperature 

in CON and HS locusts (NCON = 13; NHS = 15).  Animals whose ventilatory motor pattern 

failed at a higher temperature had a longer time to recovery when temperature returned to 

normal levels.  B. The correlations seen in CON and HS animals were shifted in animals 

treated with 10-5M ouabain (NCON-OUA = 9; NHS-OUA = 8).  The relationship between 

failure temperature and time to recovery in HS-OUA animals resembled CON animals.  

Data points for each group were fitted with exponential curves that rise to a plateau (A, 

B).  C. Ventilatory motor pattern generation in HS locusts failed at a significantly higher 

temperature than in CON locusts with and without 10-5M ouabain treatment.  There was a 

significant effect of ouabain on the ability to withstand high temperature stress in CON 

locusts but not in HS locusts (NCON = 15; NCON-OUA = 9; NHS = 17; NHS-OUA = 8).  D. 

Ventilatory motor pattern generation in HS locusts took significantly less time to recover 

following heat-induced failure than in CON locusts with and without ouabain treatment.  

CON-OUA locusts took significantly more time to recover than CON locusts, however 

there was no significant effect of ouabain treatment on time to recovery in HS locusts 

(NCON = 13; NCON-OUA = 10; NHS = 15; NHS-OUA = 8).  E. Overall there were no main 

effects of HS pre-treatment or ouabain treatment on the rate of [K+]o increase (mM/s) 

associated with failure of the motor pattern (NCON = 15; NCON-OUA = 10; NHS = 18; NHS-

OUA = 7).  F. The rate of [K+]o decrease (mM/s) associated with recovery of the motor 

pattern was significantly greater in HS locusts than in CON locusts and this effect of pre-

treatment was conserved in ouabain-treated locusts.  Ouabain treatment significantly 

decreased the rate of [K+]o clearance in CON locusts but not in HS locusts (NCON = 15; 
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NCON-OUA = 10; NHS = 18; NHS-OUA = 8).  Asterisks indicate a significant effect of ouabain 

and daggers indicate a significant effect of pre-treatment according to post hoc Tukey 

tests (P < 0.05) (C-F). 
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Figure 2.S2.  The degree of the [K+]o disturbance was the same in CON and HS locusts.  

There were no main effects of HS pre-treatment or 10-5M ouabain treatment on the peak 

[K+]o associated with failure of the motor pattern (NCON = 17; NCON-OUA = 10; NHS = 18; 

NHS-OUA = 8). 
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between time to recovery and peak [K+]o in C and HS locusts (data not shown) indicating 

that the effect of HS on rate of recovery was not due to a decrease in the initial ionic 

disturbance.  There was a strong positive correlation between time to recovery and failure 

temperature in control locusts that was shifted by HS and by 10-5M ouabain (Pearson 

Product Moment Correlations: CON, r = 0.91, P < 0.0001; HS, r = 0.90, P < 0.0001; 

CON-OUA, r = 0.88, P = 0.00172; HS-OUA, r = 0.85, P = 0.00785) (Figure 2.7A and 

B).  Thus high failure temperatures were correlated with slower recovery under all 

conditions.  HS improved performance by increasing failure temperatures and speeding 

recovery whereas ouabain impaired performance of both CON and HS preparations. 

 

HS pre-treatment increases failure temperature and decreases time to recovery 

HS pre-treatment increased the upper temperature limit and shortened time to recovery 

when these measures were examined independently (Figure 2.7C and D).  HS pre-

treatment and 10-5M ouabain treatment affected failure temperature though there was no 

interaction between treatments suggesting that the effect of ouabain did not depend on the 

pre-treatment (two-way ANOVAs: P = 0.001, F(1,45) = 11.777; P = 0.007, F(1,45) = 8.140) 

(Figure 2.7C).  HS increased failure temperatures compared with CON, and ouabain 

decreased failure temperatures in CON but not HS preparations (post hoc Tukey tests, P 

< 0.05).  HS pre-treatment and 10-5M ouabain treatment also affected time to recovery of 

the motor pattern with a similar lack of interaction (two-way ANOVAs: P < 0.001, F(1,42) 

= 15.302; P = 0.005, F(1,42) = 8.823) (Figure 2.7D).  HS decreased time to recovery 

compared with CON, and ouabain increased time to recovery in CON but not HS 

preparations (post hoc Tukey tests, P < 0.05).           
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HS pre-treatment increases the rate of [K+]o clearance following hyperthermic failure 

Rates of [K+]o increase and clearance associated with hyperthermic failure and 

subsequent recovery of the ventilatory motor pattern were compared among groups to 

determine if preconditioning improves [K+]o stabilization and to test the role of the 

Na+/K+ ATPase in this preconditioning (Figure 2.7E and F).  Neither HS pre-treatment 

nor 10-5M ouabain treatment affected the rate of [K+]o increase associated with failure of 

the motor pattern (two-way ANOVAs: P = 0.098, F(1,46) = 2.846; P = 0.482, F(1,46) = 

0.502) (Figure 2.7E).  However HS pre-treatment and 10-5M ouabain treatment did affect 

the rate of [K+]o decrease associated with recovery of the motor pattern (two-way 

ANOVAs: P < 0.001, F(1,47) = 14.395; P = 0.024, F(1,47) = 5.478) (Figure 2.7F) though 

there was no interaction between the treatments.  HS increased the [K+]o clearance rate 

compared with CON, and ouabain decreased this measure in CON but not in HS 

preparations (post hoc Tukey tests, P < 0.05).  Thus the proportion of the [K+]o clearance 

rate sensitive to the 10-5M ouabain treatment was halved by HS from ~40% in control 

preparations to ~20% after HS. 

 

HS preconditioning does not increase Na+/K+ ATPase activity in the MTG 

To complement the results obtained by ouabain treatment on [K+]o clearance rates we 

also measured steady-state Na+/K+ ATPase activity within the MTG.  Na+/K+ ATPase 

activity (i.e. the ouabain-sensitive fraction of total MTG ATPase activity) was 144 ± 12 

nmol ATP/min/mg protein in CON ganglia compared to 133 ± 9 nmol ATP/min/mg 

protein in HS ganglia (no significant difference; t-test, t = 0.755, P = 0.468, d.f. = 10; 
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NCON=6, NHS=6).  In the presence of phosphatase inhibitors, Na+/K+ ATPase activity was 

120 ± 7 nmol ATP/min/mg protein in CON ganglia compared to 116 ± 10 nmol 

ATP/min/mg protein in HS ganglia (no significant difference; t-test, t = 0.430, P = 0.672, 

d.f. = 18; NCON=10, NHS=10).  This suggests that total Na+/K+ ATPase activity is not a 

target for protection by HS preconditioning. 
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2.4 Discussion 

In a central pattern generator controlling ventilation in the locust, we have shown that 

hyperthermic failure and recovery of neural function are tightly correlated with an abrupt 

rise in [K+]o and its subsequent restoration when temperature is allowed to return to 

normal.  Anoxia and ATP depletion evoked similar tissue responses, which could also be 

induced when we disturbed the ionic equilibrium by impairing Na+/K+ ATPase activity 

using ouabain or by local neuropile injections of high [K+] saline.  The fact that a prior 

anoxia-induced [K+]o surge occluded the hyperthermic event suggests that these different 

stressors converged on the same mechanism.  In addition, the nature of these events as 

large ionic disturbances propagating throughout the MTG neuropile makes it unlikely 

that different stressors would have additive effects.  The amplitude of the hyperthermic 

[K+]o surge was smaller than those induced by either anoxia or ATP depletion and we 

attribute this partly to the confounding effect of its occurrence at high temperatures 

(>40°C).  This is supported by further analysis that shows a significant negative 

correlation between the failure temperature during hyperthermia (for CON, HS, CON-

OUA, HS-OUA preparations) and [K+]o at its peak (Pearson Product Moment 

Correlation; r = -0.3, P = 0.03; N = 47, one outlier removed), and may be due to the fact 

that at the point of hyperthermic failure [K+]o increased from its room temperature level 

(t-test, t = -5.085, P < 0.001, d.f. = 104) thereby reducing the driving force on K+ ions.  

We conclude that the different stressors converged on a single tissue mechanism. 

 

CSD occurs in vertebrate grey matter and is characterized by a rapid and nearly complete 

depolarization of neurons that propagates at 2-5 mm/min as a wave across the cortex.  
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This propagating wave is due to a disordered regulation of ionic homeostasis evident as a 

massive redistribution of ions across neuronal membranes, including large increases of 

[K+]o (Somjen, 2001).  Each wave results in neuronal hyperexcitation followed by 

suppression of electrical activity because of spike inactivation.  SD events can be evoked 

by hypoxia (Wu and Fisher, 2000; Somjen, 2001; Kager et al. 2002), ouabain (Balestrino 

et al. 1999; Wu and Fisher, 2000; Somjen, 2001), simulated ischemia (Anderson et al. 

2005), and increased [K+]o (Wu and Fisher, 2000; Somjen, 2001; Kager et al. 2002) with 

normal temperature, as well as hyperthermia (Wu and Fisher, 2000).  The locust 

responses: 1) were all-or-none events of similar magnitude (at least with respect to [K+]o), 

2) were induced by the same stimuli, 3) were not activity-dependent, 4) occurred as 

repetitive waves with ouabain, 5) propagated at around 2mm/min, 6) did not cross 

between ganglia through the connectives (equivalent to white matter) and 7) were 

associated with complete depression of neural activity manifest by failure of ventilatory 

pattern generation.  Thus the locust tissue response, reflected in the all-or-none surge of 

[K+]o, shares most, if not all, of the essential characteristics of CSD.   

 

The biophysical mechanism of the extensive redistribution of ions causing CSD is 

incompletely understood.  It nevertheless seems clear that SD-like events in mammals are 

triggered by positive feedback processes involving an initial ionic disturbance reaching a 

threshold and caused by neuronal overexcitation or by treatments or conditions that 

impair ionic homeostasis (e.g. Grafstein, 1956; van Harrevald, 1978; Balestrino et al. 

1999; Somjen, 2001).  In a model hippocampal pyramidal neuron, SD-like events can be 

triggered by manipulating ion clearance mechanisms or levels of excitation, causing the 
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net current in the apical dendrites to turn inward (Kager et al. 2002).  The locust 

responses were triggered by treatments that cause a reduction in energy (i.e. ATP 

depletion and anoxia).  However disruption of energy status was not essential since 

similar events were triggered by impairment of the Na+/K+ ATPase (10-4M ouabain) and 

by local injection of high [K+] saline into the neuropile.  Moreover there was no 

correlation between the occurrence of motor pattern failure and recovery with levels of 

ATP in the MTG.  Energy status of a cell (e.g. phosphorylation potential) can change and 

activate signaling pathways without measureable effects on ATP (Hardie et al. 2006; 

Evans, 2006), but the size of the sample precluded measurement of any adenylate but 

ATP.  Hyperthermia caused a drop in metathoracic ATP but also increased levels of 

neuronal excitation in the ganglion.  There was an interesting trade-off in our measures of 

thermotolerance for ventilatory pattern generation such that early failure (i.e. low failure 

temperature) was associated with shorter times to recovery.  This suggests that the 

triggered event is adaptive and represents a neural off-switch to conserve energy and to 

prevent hyperexcitation during stressful conditions.  In contrast to the insect system, CSD 

in mammals is associated with local tissue hypoxia and neuronal swelling due to energy 

consumption that is not met with adequate oxygen supply (Takano et al. 2007).  The 

recovery of motor function was closely associated with the return of [K+]o to near normal 

levels and thus the time taken to recover was related to the rate of clearance of 

extracellular K+ ions.  Treatment with 10-5M ouabain rendered preparations more 

thermosensitive by decreasing failure temperature and increasing recovery time 

concomitant with a decrease in the rate of extracellular K+ ion clearance during the 

recovery period.  This indicates an important role for the Na+/K+ ATPase pump, as in 
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vertebrate SD-like phenomena.  The [K+]o disturbance induced by injection of high [K+] 

saline propagated within the locust MTG at a similar rate as the depolarizing wave in 

mammalian brain slices during CSD.  Studies suggest opening of intercellular gap 

junctions as a mechanism of SD propagation in vertebrates (Nedergaard et al. 1995; 

Largo et al. 1997).  Similar mechanisms may exist in the insect CNS in which glia are 

involved in ion homeostasis, function, and development of the insect brain (Kretzschmar 

and Pflugfelder, 2002). 

 

Our findings show that the events we recorded in locust ganglia are SD-like ionic 

disturbances similar to CSD and possibly induced by common mechanisms, which in 

theory would suggest that these mechanisms have been evolutionarily conserved.  

Moreover in the locust there is evidence that this is an adaptive event to conserve energy 

and prevent complete cellular collapse.  In the case of hyperthermia this was evident 

when temperature was increased to the point at which [K+]o levels reached a high plateau 

and motor pattern recovery was precluded. 

 

We found that prior HS preconditioned neural function in the metathoracic ganglion, 

allowing the ventilatory pattern generator to operate at higher temperatures and to recover 

more rapidly from hyperthermic failure on return to normal temperatures.  Such 

preconditioning significantly protects neural function and has been well established in 

insect preparations (Robertson, 2004a; Robertson, 2004b).  HS signals a change to more 

extreme environmental conditions and it has pleiotropic effects to prepare cells, tissues 

and organisms for such a change.  The shift to higher temperatures of the neural off-
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switch described here would be appropriate for an organism that has put protective 

mechanisms in place with a robust HS response (Whyard et al. 1986; Qin et al. 2003).  

Here we show that at least part of the beneficial effect of HS was on the rate of clearance 

of extracellular K+ ions with no change in the initial disturbance.  There was no evidence 

that this was due to improvements of energy status or management; ATP levels in the 

MTG after HS were not different from control either at rest, during anoxic stress or 

during hyperthermic stress.  Given the thermoprotective effect of a heat shock protein 

(Hsp70) on mammalian muscle sarco/endoplasmic reticulum Ca2+ ATPase (Tupling et al. 

2004) we suspected that the SD-like event in the locusts might have been shortened by a 

protective effect of HS on the activity of the Na+/K+ ATPase pump.  However 

measurement of ouabain-sensitive ATPase activity in a biochemical assay of the 

metathoracic ganglion was not different after HS, with or without the presence of 

phosphatase inhibitors.  Measurements of Na+/K+ ATPase activity were made on ganglia 

of CON and HS locusts at rest, and it is possible that examination of pump activity when 

stimulated by a rise in [K+]o would yield different results suggesting a role for the pump.  

In addition, this result does not rule out the possibility that HS affected the trafficking of 

Na+/K+ ATPase complexes in neuronal and glial membranes.  Nevertheless an effective 

concentration of ouabain (10-5M) did not prevent the protective effects of HS on K+ 

clearance in the MTG.  Indeed the ouabain-sensitive proportion of extracellular K+ ion 

clearance was reduced by HS suggesting either that HS somehow rendered membrane-

bound Na+/K+ ATPase less sensitive to ouabain or that HS was acting via a different 

mechanism such as glial buffering via inwardly rectifying K+ channels.  This issue is 

currently unresolved. 



71 

 

 

In summary we conclude that in locust CNS different stressors converge on an adaptive 

SD-like event that can be preconditioned by prior HS to delay its occurrence until higher 

temperatures.  We believe that the mechanisms underlying this event are much like those 

underlying CSD and other SD-like phenomena in mammals and a conserved genetic 

component to this thermotolerance pathway in insects has recently been demonstrated 

(Dawson-Scully et al. 2007).  It is therefore an intriguing possibility that this 

phenomenon in the locust and migraine in humans (Lauritzen, 2001; Loder, 2002; van 

den Maagdenberg et al. 2007) have common evolutionary origins. 
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2.5 Materials and Methods 

Animals 

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

imaginal ecdysis, were randomly chosen from a crowded colony maintained in the 

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

the colony under a 12 h:12 h light:dark cycle.  Each cage was individually lit with a 40 W 

fluorescent light bulb.  Room temperature was maintained at 25 ± 1ºC, with a constant 

humidity of 23 ± 1%.  Animals were provided with wheat seedlings and carrot slices once 

daily and an ad libitum mixture of 1 part skim milk powder, 1 part torula yeast, and 13 

parts bran, by volume.  All animals were collected from the colony at the same time each 

morning and were placed in a two litre ventilated plastic container for 4-8 hours prior to 

experimentation.  

 

Heat shock pre-treatment  

Locusts designated for control (CON) and HS pre-treatments were separated into 

different containers.  HS locusts were placed in a humid incubator (45°C) for 3 hours 

followed by 1-5 hours of recovery at room temperature (21 ± 2°C).  CON animals were 

held at room temperature for 4-8 hours. 

 

Preparation of potassium-sensitive microelectrodes 

[K+]o was measured with K+ -sensitive microelectrodes.  The K+ -sensitive 

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

Precision Instruments Inc., Sarasota, FL, USA) that were cleaned with methanol (99.9%) 
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and dried on a hot plate, then pulled to form a low resistance (5-7MΩ) tip.  The 

microelectrodes were silanized by exposure to dichlorodimethylsilane (99%) (Sigma-

Aldrich) vapor while baking on a hot plate (100°C) for one hour.  After cooling, the 

microelectrodes were filled at the tip with Potassium Ionophore I - Cocktail B (5% 

Valinomycin; Sigma-Aldrich) to form an artificial membrane and then back-filled with 

500mM KCl.  The tips of the K+ -sensitive microelectrodes were suspended in distilled 

water until experimentation.  Reference electrodes were made by pulling a filamented 

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

7MΩ) tip and were filled with 3M KCl.   

 

Semi-intact preparation 

Following removal of legs, wings and pronotum, the nervous system and ventilatory 

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

open onto a cork board, dorsal side up.  The gut, air sacs and fat bodies were removed.  A 

Peri-Star peristaltic pump (World Precision Instruments Inc.) was used for perfusion of 

standard locust saline into the thoracic and abdominal cavities which contained (in mM) 

147 NaCl, 10 KCl, 4 CaCl2, 3 NaOH, and 10 HEPES buffer (pH 7.2) (all chemicals were 

from Sigma-Aldrich).  The saline flow was directed onto the MTG where the ventilatory 

CPG is located and exited through an incision in the posterior abdominal wall.  The tissue 

covering the MTG was removed as well as the cuticle and attached muscle tissue situated 

between the connectives.  A metal plate was inserted below the MTG to stabilize it.  

Nerves five and seven of the MTG were cut on both sides to allow saline and 
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pharmacological agents to permeate the ganglion.  The preparation was grounded by 

placing a silver wire in the posterior tip of the abdomen.   

 

Electromyographic recording of the motor pattern 

An extracellular recording of the ventilatory motor pattern was obtained by placing a 

0.1mm diameter copper wire, insulated except at the tip, onto abdominal muscle 161.  

The recording was digitized using a DigiData 1200 Series Interface (Axon Instruments 

Inc., Union City, CA, USA) and displayed using AxoScope 9.0 software (Axon 

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

in the abdominal muscles (e.g. Figure 2.1D and E).  Failure was characterized as the 

cessation of electrical activity in the extracellular recording and the lack of visible 

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

rhythmical abdominal contractions coincident with resumption of rhythmic electrical 

activity. 

 

Extracellular potassium recording 

K+ -sensitive microelectrodes were connected to a pH/Ion amplifier (Model 2000; A-M 

Systems Inc., Carlsborg, WA, USA) by an electrode holder with a chloride-coated silver 

wire.  Preceding each experiment, a K+ -sensitive and a reference electrode were 

calibrated at room temperature (~21°C) using 15mM and 150mM KCl solutions to 

determine the voltage change, or ‘slope’, which was needed for determination of [K+]o 

(mM) using the Nernst equation.  Electrode sensitivities ranged from 54 to 58mV for a 

10-fold change in [K+].  A reference and K+ -sensitive electrode pair were discarded if the 
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slope did not fall within this range or if the voltage reading exhibited atypical 

sensitivities.  The K+ -sensitive microelectrode was inserted through the sheath of the 

MTG adjacent to the reference electrode in the area of the ventilatory CPG. 

 

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

concentration which was obtained by transforming the [K+]o trace in mV to mM using the 

Nernst equation:  

EK = RT / zF · ln[K+]o / [K+]i. 

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

the gas constant (8.315 J · K-1 · mol-1), T is the temperature in ° Kelvin (TKelvin = 273.16 + 

TCelsius), 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), substituting the appropriate 

numbers and converting natural log (ln) into log base 10 (log10) results in the equation: 

EK = 58.2 log10[K+]o / [K+]i. 

The K+-sensitive electrode voltage recording was set to zero in a stock solution of 15mM 

KCl and the following conversion of the above equation was used for determination of 

extracellular potassium concentrations (corrections for temperature differences were 

made when appropriate): 

[K+]o = 15 · 10 voltage / slope(~58.2). 
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Hyperthermia 

Preparations were bathed for 25 minutes with saline before starting the temperature ramp 

to allow the ventilatory rhythm to stabilize and the [K+]o to settle at around 10mM.  

Saline passed through a glass pipette wrapped in NichromeTM wire, and the temperature 

of the saline was controlled by varying the amount of current passed through the wire.  

Temperature at the ganglion was monitored using a thermocouple connected to a digital 

thermometer (BAT-12; Physitemp Instruments Inc., Clifton, NJ, USA).  Internal 

temperature was raised in a ramped manner 5ºC per minute from room temperature 

(~20ºC) until failure of the motor pattern (Figure 2.1A, Figure 2.6C, and Figure 2.7), 

until the abrupt rise in [K+]o was observed (Figure 2.4A), or raised beyond the first [K+]o 

plateau (not necessarily in a ramped manner) until a second plateau was reached (Figure 

2.3 and Figure 2.4B).  At this time, the heater was switched off allowing the saline 

temperature to return to ambient levels and the motor pattern to recover.   

 

Anoxia 

The locust preparation was enclosed in a sealed chamber.  Nitrogen gas (N2) was first 

bubbled into the superfusing saline for 5 minutes then blown over the preparation within 

the chamber.  100% N2 was maintained until 1 minute post-failure of the motor pattern at 

which point the preparation was re-oxygenated. 

 

Pharmacological treatments 

All drugs were dissolved in standard locust saline and bath-applied in semi-intact 

preparations as described above (all drugs were obtained from Sigma-Aldrich).  
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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 with the exception of 10-3M sodium azide (NaN3), an 

electron transport chain inhibitor that prevents cells from using oxygen, which was bath-

applied until 1 minute post-failure.  10-4M ouabain, a Na+/K+ ATPase toxin, was bath-

applied continuously for 1 hour.  10-6M tetrodotoxin (TTX), a Na+ channel blocker, and 

10-1M tetraethylammonium chloride (TEA), a voltage-gated K+ channel blocker, were 

bath-applied for 15 minutes prior to a ramped increase in temperature (5°C per minute).  

For TTX experiments, the heater was turned off once the [K+]o surge was observed and 

the temperature at the [K+]o surge was taken as the temperature at half the maximum 

amplitude of the [K+]o increase.  For TEA experiments, the temperature ramp was 

continued beyond the first [K+]o plateau until a second plateau was reached, at which 

point the heater was turned off.   

 

CON and HS locusts were treated with 10-5M ouabain to determine the role of ouabain-

sensitive Na+/K+ ATPase activity in thermotolerance and [K+]o homeostasis.  Animals 

were divided into four groups: 1) CON, N = 17; 2) HS, N = 18; 3) CON locusts treated 

with 10-5M ouabain (CON-OUA), N = 10; 4) HS locusts treated with 10-5M ouabain (HS-

OUA), N = 8.  Experiments on animals receiving different (pre-) treatments were 

interspersed over time with each other.  All preparations were bathed for 25 minutes with 

saline before starting the temperature ramp.  For 10-5M ouabain treatment, the ganglion 

was bathed with standard locust saline for 10 minutes, and then with 10-5M ouabain for 

15 minutes prior to the temperature ramp.  At 25 minutes, internal temperature was raised 
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in a ramped manner 5ºC per minute until failure of the motor pattern.  Failure 

temperature (ºC) and time to recovery (s) were scored as the temperature at which 

rhythmical ventilator activity ceased and the length of time taken to recover motor pattern 

function, respectively.  In order to determine the nature of the relationships between time 

to recovery and failure temperature for each group, values were log-transformed to make 

the relationships linear, which allowed accurate statistical analyses of the data.  The 

correlations are shown in Figure 2.7 as scatterplots of the untransformed data fit with 

exponential curves that rise to a plateau.  Rates of [K+]o increase and decrease associated 

with hyperthermic failure and recovery of the motor pattern were also determined.  Rate 

of [K+]o increase (mM/s) was calculated as the slope between the baseline at the 

inflection point of the [K+]o increase and the maximum peak [K+]o.  Rate of [K+]o 

decrease (mM/s) was calculated as the slope between the maximum peak [K+]o and the 

baseline [K+]o inflection point.  The sample sizes for each analysis varied depending on 

the ability to measure parameters in some or all locusts within each group.  

 

To locally increase [K+] in the MTG neuropile we pressure-injected using a PicoSpritzer 

III (INTRACEL, Shepreth, UK) a small volume (35nl) of locust saline containing a 15-

fold higher [K+] (147mM NaCl, 150mM KCl, 4mM CaCl2, 3mM NaOH, 10mM HEPES 

buffer, pH 7.2).  Two K+ -sensitive microelectrodes were inserted into the MTG, one next 

to the injection point and another in a different region of the ganglion.  The distance 

between the recording electrodes (~0.4 to 0.6mm) was determined as well as the time to 

onset of the [K+]o surge measured by each electrode.  Using these values the speed of 
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propagation (mm/s) of the [K+]o disturbance between the two recording electrodes was 

calculated.   

 

ATP extraction and assay for locust ganglia 

Metathoracic ganglia were removed from locust preparations prior to stress, at stress-

induced failure, and at recovery of the motor pattern for ATP measurement.  ATP levels 

in the ventilatory neuropile of HS locusts at hyperthermic failure and subsequent 

recovery of the motor pattern were also measured in order to determine if preconditioning 

confers protection by increasing energy availability.  In addition, metathoracic ganglia 

were removed from CON and HS locusts at normal oxygen levels (pre-anoxia) and at 15, 

30, 60, and 120 minutes of anoxia exposure.  Locusts were then removed from the anoxic 

environment and ganglia were removed at 30 and 60 minutes post-anoxia for ATP 

measurement.   

 

Immediately after removal, each ganglion was added to 220μl of ice-cold 3.5% perchloric 

acid in a 1.5ml centrifuge tube.  The ganglion was homogenized thoroughly with a pestle 

and the solution was centrifuged for 5 minutes at maximum speed.  Then, 200μl of the 

supernatant were transferred to a new centrifuge tube on ice containing 20μl Tris 

(saturated), 20μl KCl (2M), 10μl phenol red (0.005%), and 120μl KOH (1M) to 

neutralize the sample.  The neutralized sample was stored at -80°C until the ATP assays 

were performed.  At that time, samples were thawed and centrifuged for five minutes at 

maximum speed.  A volume of 2.5μl of supernatant was used for the ATP assay.  
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ATP was quantified using a luciferin-luciferase reaction in which ATP is consumed and 

light is emitted when firefly luciferase catalyzes the oxidation of D-luciferin.  Since ATP 

is the limiting reagent, the light emitted is proportional to the ATP present, measured by 

an Lmax luminometer (Molecular Devices, Sunnyvale, CA, USA).  A reaction mix was 

prepared by diluting one volume of luciferin-luciferase ATP Assay Mix (lyophilized 

powder containing luciferin, luciferase, MgSO4, DTT, EDTA Na4, BSA, and tricine 

buffer salts dissolved in 5ml of sterile water) with 100 volumes of ATP Assay Mix 

Dilution Buffer (250ml: 300mg MgSO4, 4mg DTT, 100mg EDTA Na4, 250mg BSA, 

2.25g tricine buffer salts, pH 7.5).  The diluted luciferin-luciferase reaction mix was 

added by auto injector in 200μl aliquots to 2.5μl of sample, pre-dispensed in a 96-well 

microplate.  Light was collected for 20 seconds.  Measures of light intensity were 

compared to a standard curve generated using known quantities of ATP prepared in 

water, acidified and neutralized as were samples.   

 

Assay of Na+/K+ ATPase activity in locust MTG 

The Na+/K+ ATPase activity was assessed using a pyruvate kinase/lactate dehydrogenase 

assay in the presence or absence of ouabain.  Single metathoracic ganglia from control 

and HS locusts were homogenized on ice in 300μL of lysis buffer (150mM sucrose, 

10mM EDTA, 50mM imidazole and 0.1% deoxycholate, pH 7.3).  In one experiment, 

inhibitors of phosphorylation and dephosphorylation were also added to the lysis buffer 

to prevent changes in the phosphorylation status of the ATPase.  The additional 

compounds included (in mM) 10 EGTA, 50 NaF, 10 tetrasodium pyrophosphate, 1 

phospho-serine, 1 phospho-threonine, and 1 phospho-tyrosine.  After homogenization, 
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0.01 volumes of 100mM PMSF (dissolved in isopropanol) were added to the 

homogenate. 

 

The measurement of ATPase activity was measured as the production of NADH 

spectrophotometrically for 10 minutes at 340 nm.  Each sample was assayed in six wells 

on the 96 well plate, three containing ouabain.  Each well contained a 300μL reaction 

mixture consisting of the following solutions (in order):  228μL of assay buffer (50mM 

imidazole, 100mM NaCl, 20mM KCl, and 5mM MgCl2), 3μL each of 0.2mM NADH, 

0.5mM PEP, 10U/mL LDH, and 10U/mL PK, 15μL of either ouabain (0.5mM) or assay 

buffer, and 30μL sample homogenate.  The reaction was started with the addition of 15 

μL ATP (3mM).   The slope of absorbance over 10 minutes was compared between 

samples with and without ouabain to give a value for activity of only Na+/K+ ATPase.  

This value was normalized to total protein within the sample, which was measured from 

each homogenate using a standard protocol based on the Bradford method (Bradford, 

1976).   

 

Statistical analyses 

Data were plotted using SigmaPlot 8.0 (SPSS Inc., Chicago, IL, USA) and results are 

reported as the mean ± standard error (s.e.m.).  Data were analyzed using SigmaStat 3.0 

statistical analysis software (SPSS Inc.) and statistical differences were determined using 

appropriate parametric tests as indicated in the text.  A 95% confidence interval was used 

to determine significance among means. 
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Chapter 3 
 
 
 

K+ homeostasis and central pattern generation in the metathoracic 
ganglion of the locust. 
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3.1 Abstract 

Stress-induced arrest of ventilatory motor pattern generation is tightly correlated with an 

abrupt increase in extracellular potassium concentration ([K+]o) within the metathoracic 

neuropil of the locust, Locusta migratoria.  Na+/K+-ATPase inhibition with ouabain 

elicits repetitive surges of [K+]o that coincide with arrest and recovery of motor activity.  

Here we show that ouabain induces repetitive [K+]o events in a concentration-dependent 

manner.  10-5M, 10-4M, and 10-3M ouabain was bath-applied in semi-intact locust 

preparations.  10-4M and 10-3M ouabain reliably induced repetitive [K+]o events whereas 

10-5M ouabain had no significant effect.  In comparison to 10-4M ouabain, 10-3M ouabain 

increased the number and hastened the time to onset of repetitive [K+]o waves, prolonged 

[K+]o event duration, increased resting [K+]o, and diminished the absolute value of [K+]o 

waves.  Recovery of motor patterning following [K+]o events was less likely in 10-3M 

ouabain.  In addition, we show that K+ channel inhibition using TEA suppressed the onset 

and decreased the amplitude of ouabain-induced repetitive [K+]o waves.  Our results 

demonstrate that ventilatory circuit function in the locust CNS is dependent on the 

balance between mechanisms of [K+] accumulation and [K+] clearance.  We suggest that 

with an imbalance in favour of accumulation the system tends towards a bistable state 

with transitions mediated by positive feedback involving voltage-dependent K+ channels. 
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3.2 Introduction 

Potassium (K+) plays an important role in the nervous system and therefore disruption of 

K+ homeostasis can have important consequences for neuronal function.  Prior research 

using both invertebrate and vertebrate models has demonstrated that stress-induced 

failure of neural function coincides with a loss in K+ homeostasis (Rounds, 1967; Erulkar 

and Weight, 1977; Balestrino et al., 1999; Wu and Fisher, 2000; Xiong and Stringer, 

2000; Rodgers et al., 2007).  In the locust (Locusta migratoria) stress-induced arrest of 

ventilation is tightly correlated with an abrupt increase in extracellular potassium 

concentration ([K+]o) within the ventilatory neuropil (Rodgers et al., 2007), however the 

cellular mechanisms involved in the initiation of and recovery from stress-induced 

ventilatory arrest and the associated increases in [K+]o in the locust are not known.  We 

investigated the role of the Na+/K+ pump and K+ channel conductances in ventilatory 

arrest and recovery.  

 

The migratory locust provides an exceptional model system for characterizing the 

relationship between neural circuit function and K+ ion homeostasis.  This invertebrate 

provides a rare opportunity as its vital neural circuitry is experimentally accessible for 

simultaneous, comprehensive studies at both cellular and systemic levels (Robertson, 

2004).  We are able to monitor potassium ion disturbances within the neuropil while 

simultaneously monitoring failure and recovery of an intact neural circuit.  Ventilation is 

a key motor behaviour necessary for the circulation, supply, and removal of respiratory 

gases.  Due to its important nature it is imperative that functioning remains intact, as 

prolonged loss of function could lead to oxygen starvation and ultimately death.  
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Ventilation, defined as the contraction and expansion of the thoracic and abdominal 

cavities, is represented by two different forms in the locust: discontinuous and continuous 

(Harrison, 1997; Bustami and Hustert, 2000).  Whereas discontinuous ventilation 

commonly occurs during undisturbed states or rest (Harrison, 1997), stress causes the 

ventilatory pattern to become continuous, making ventilatory muscles contract in a more 

constant and predictable fashion (Bustami and Hustert, 2000).  Control of ventilatory 

motor activity in locusts is accomplished by a central pattern generator (CPG) situated in 

the metathoracic ganglion (MTG) (Ramirez and Pearson, 1989; Bustami and Hustert, 

2000).  Although incomplete, current knowledge indicates that the ventilatory CPG 

(“vCPG”) is composed primarily of a network of interneurons (Ramirez and Pearson, 

1989), which are connected to the motor neurons relaying neuronal signals to the thoracic 

and abdominal muscles responsible for ventilation (Bustami and Hustert, 2000).  

  

Neuronal membranes become depolarized when [K+]o increases (Huxley and Stämpfli, 

1951; Somjen, 2002).  Initially, a neuron can become hyperexcitable as its firing 

threshold is approached during minor depolarization (Balestrino et al., 1999; Somjen, 

2002).  Further depolarization however can depress excitability as some voltage-gated 

Na+ and Ca2+ channels inactivate, which increases firing threshold, decreases action 

potential amplitude, and can also limit neurotransmitter release (Erulkar and Weight, 

1977; Somjen, 2002).  [K+]o levels are largely regulated by glial cells which form the 

superficial layer of the insect CNS, also referred to as the sheath of the ganglion 

(Kretzschmar and Pflugfelder, 2002).  Glial cells utilize multiple different ion channels 

that are capable of K+ uptake from the interstitial space.  The Na+/K+/2Cl- co-transporter, 
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for instance, picks up a K+ ion from the extracellular space in exchange for a Na+ ion and 

two Cl- ions (Walz, 1987), while inwardly rectifying potassium channels have been 

shown to display an increase in conduction during rises in [K+]o (Newman, 1993; Leis et 

al., 2005).  In addition, gap junctions between glial cells provide a network that acts as a 

“spatial buffer” for K+ (Orkand et al. 1966; Leis et al., 2005).  The Na+/K+-ATPase is 

essential for cellular function due to its role in maintenance of ionic concentration 

gradients across the membrane.  The Na+/K+-ATPase has a hyperpolarizing effect in cells 

by pumping three Na+ ions out of the cell for every two K+ ions into the cell and this 

requires the expenditure of energy (ATP hydrolysis).  50-60% of neuronal ATP levels are 

devoted to driving the Na+/K+ pump (Erecinska and Silver, 1994) indicating its important 

role in the maintenance of ion homeostasis. 

   

Previously we have shown that in the locust abrupt increases in [K+]o are reliably 

triggered in response to multiple cellular stressors, namely hyperthermia, anoxia (N2), 

ATP depletion (NaN3), and Na+/K+-ATPase impairment (ouabain) (Rodgers et al., 2007).  

The increase in [K+]o associated with arrest of the ventilatory motor pattern occurs within 

the locust MTG surrounding the vCPG and is not modest, increasing by approximately 

40-60mM at arrest induced by anoxia, ATP depletion, and Na+/K+-ATPase inhibition 

(Rodgers et al., 2007).  [K+]o gradually decreases when the stress is removed and this 

coincides with recovery of ventilatory motor pattern generation (Rodgers et al., 2007).  

Interestingly, inhibition of the Na+/K+ pump induces repetitive arrest of the vCPG 

(Rodgers et al., 2007).  Continuous bath application of 10-4M ouabain elicits multiple 

surges in [K+]o where the rise and fall of [K+]o are associated with arrest and recovery of 
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the ventilatory motor pattern, respectively (Rodgers et al., 2007).  One explanation for the 

repetitive nature of the arrest induced by 10-4M ouabain is that it critically depends on the 

balance between the processes of [K+]o accumulation and clearance.  If this hypothesis is 

true then manipulation of these processes should affect the occurrence and characteristics 

of repetitive ventilatory arrest. 

 

In this paper we characterize ouabain-induced repetitive [K+]o events in the locust 

ventilatory neuropil and the associated vCPG arrest in detail.  We show that the time to 

initiation as well as the severity of this phenomenon, i.e. number of [K+]o events, [K+]o 

event duration, pre- and post-surge resting [K+]o levels, slope of [K+]o increase, and 

likelihood of vCPG recovery following [K+]o surges, is dependent on the magnitude of 

ouabain-induced inhibition of [K+]o clearance (varying ouabain concentration).  We also 

show that the onset and severity of repetitive [K+]o events induced by ouabain is 

dependent on the level of [K+]o accumulation through K+ channels (inhibition of voltage-

dependent K+ channels with tetraethylammonium chloride). 
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3.3 Materials and Methods 

Animals 

Adult male locusts, L. migratoria migratorioides (R. and F.), aged approximately 3-5 

weeks past imaginal ecdysis, were randomly selected from a crowded colony located in 

the Animal Care Facility of the Biosciences Complex at Queen’s University.  The colony 

was reared under a 12h:12h light:dark photoperiod at a room temperature of 30 ± 1°C 

during light hours and 26 ± 1°C during dark hours.  Humidity was maintained at 23 ± 

1%.  Animals were provided with carrots, wheat seedlings and an ad libitum mixture of 1 

part skim milk powder, 1 part torula yeast, and 13 parts bran, by volume.  

 

Preparation of potassium-sensitive microelectrodes 

K+ -sensitive microelectrodes were made from 1 mm diameter unfilamented capillary 

tubes (World Precision Instruments Inc., Sarasota, FL, USA) that were cleaned with 

methanol (99.9%) and dried on a hot plate before being pulled to form a low resistance 

(5-7 MΩ) tip.  The inner glass surface of the microelectrodes was made hydrophobic by 

exposure to dichlorodimethylsilane (99%) (Sigma-Aldrich) vapor while baking on a hot 

plate (100°C) for 1 h.  The microelectrodes were allowed to cool, then filled at the tip 

with Potassium Ionophore I-Cocktail B (5% valinomycin; Sigma-Aldrich) and back-filled 

with 500mM KCl.  Reference microelectrodes were made from 1 mm diameter 

filamented capillary tubes (World Precision Instruments Inc., Sarasota, FL, USA) that 

were pulled to form a low resistance (5-7 MΩ) tip, then filled with 3M KCl.  

Microelectrode tips were suspended in distilled water until experimentation. 
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Semi-intact preparation 

Appendages and pronotum were removed and a dorsal midline incision was made.  A 

corkboard was used to pin open the locust dorsal side up, allowing the gut, fatty tissue 

and air sacs to be removed, exposing the metathoracic ganglion (MTG) and ventilatory 

muscle 161 (M161) found in the second abdominal segment (A2).  This provided a semi-

intact preparation as utilized by Newman et al. (2003). 

 

Standard locust saline containing (in mM): 147 NaCl, 10 KCl, 4 CaCl2, 3 NaOH, and 10 

HEPES buffer (pH 7.2) was perfused into the thoracic cavity through a glass pipette 

using a Peri-Star peristaltic pump (World Precision Instruments Inc., Sarasota, FL, USA).  

The saline flow was directed onto the MTG where the vCPG is located with overflow 

draining out of the posterior abdomen.  The tissue covering the MTG was removed, 

followed by the cuticle and attached muscle tissue situated between the connectives, 

rostral to the metathoracic ganglion.  A metal plate was placed beneath the MTG to 

stabilize it, and a silver wire was inserted into the caudal portion of the abdomen to 

ground the preparation.   

 

Electromyographic recording of the motor pattern 

An electromyographical (EMG) recording of the ventilatory motor pattern was obtained 

by resting the non-insulated tip of a 0.1 mm diameter insulated copper wire onto the 

ventilatory muscle 161 located in the second abdominal segment (A2).  A DigiData 1200 

Series Interface (Axon Instruments Inc., Union City, CA, USA) was used to digitize the 
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ventilation recordings which were then displayed and recorded using AxoScope 9.0 

software (Axon Instruments Inc.).    

 

Extracellular potassium recording 

K+ -sensitive and reference microelectrodes were connected to a pH/ion amplifier (Model 

2000; A-M Systems Inc., Carlsborg, WA, USA).  A K+ -sensitive and reference 

microelectrode pair was calibrated at room temperature (~21°C) using 15mM and 

150mM KCl solutions to obtain the voltage change, or ‘slope’, which was required for 

determination of [K+]o (mM).  A 10-fold change in [K+] resulted in a voltage change of 

~58 mV and only electrode pairs with slope values very close to 58 mV (± 4 mV) were 

accepted for experimental use.  Following calibration, the K+ -sensitive and reference 

microelectrodes were inserted through the sheath of the MTG side-by-side in the region 

of the vCPG (Burrows, 1996).  Specifically, the microelectrodes were placed centrally in 

the region of the first three abdominal neuromeres, which are fused to the metathoracic 

neuromere, forming the MTG.  [K+]o changes spread to other regions of the MTG (but 

not through the connectives), therefore placement of microelectrodes precisely at the 

vCPG was important to accurately measure the timing of [K+]o disturbances surrounding 

the vCPG relative to arrest of the ventilatory  motor pattern. 

 

The [K+]o was obtained by transforming the recorded [K+]o trace in mV to mM using the 

Nernst equation: 

EK = RT / zF · ln[K+]o / [K+]i. 
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The following conversion of the above equation was used for determination of [K+]o 

(mM): 

[K+]o = 15 · 10voltage / slope(~58).   

 

Pharmacological treatments 

Drugs (Sigma-Aldrich) were dissolved in standard locust saline and bath-applied in semi-

intact preparations as described above.  Ouabain solutions were kept in opaque coverings 

to prevent exposure to light.  All preparations were bathed in standard locust saline for a 

10 min stabilization period prior to bath application of drugs.  To examine the effects of 

different concentrations of ouabain 10-5M, 10-4M, and 10-3M ouabain solutions were 

bath-applied in preparations for a minimum of 30 min.  To examine the effects of 

potassium channel block 10-3M TEA was bath-applied alone for 5 min followed by bath 

application of 10-3M TEA in combination with 10-4M ouabain for a minimum of 30 min. 

 

The time to the initial [K+]o event was calculated as the time from ouabain or 

TEA/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 and period was measured 

as the time from the upward inflection point of one [K+]o event to the upward inflection 

point of the subsequent event.  [K+]o was calculated prior to the upward inflection point 

of the first surge as well as every 5 min 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 



98 

 

subtracting pre-surge [K+]o from peak [K+]o.  The change in extracellular [K+] during 

[K+]o events is characterized by three distinct phases (Fig. 3.2D).  The increase in [K+]o 

from non-surge to peak values consists of one positive [K+]o change referred to as the 

“up-slope”.  Once peak [K+]o is reached there is a slow [K+]o decrease referred to as the 

“top-slope”.  Finally, there is a switch from the slow top-slope phase to a steeper [K+]o 

decrease termed the “down-slope”.  The up-, top-, and down-slopes for the first [K+]o 

event were calculated at the point of greatest change during these phases.  The probability 

of ventilatory motor pattern recovery following [K+]o events was determined for 

preparations treated with 10-3M and 10-4M ouabain. 

 

Statistical analyses 

Data were plotted using SigmaPlot 9.0 (SPSS Inc., Chicago, IL, USA) and presented as 

the mean and standard error (S.E.).  Statistical analyses were performed using SigmaStat 

3.0 statistical analysis software (SPSS Inc.).  t-Tests were used to determine if there were 

statistically significant differences in overall means between treatment groups (10-4M vs. 

10-3M ouabain and 10-4M ouabain alone vs. 10-4M ouabain in combination with 10-3M 

TEA).  Two-way repeated measures (RM) ANOVAs were used to determine if there 

were statistically significant differences in mean measurements repeatedly taken over the 

duration of experiments between treatment groups.  A two-way ANOVA was used to 

determine if there were significantly different mean slopes of [K+]o increase and decrease 

during the first [K+]o surge between treatment groups (two subject factors: 10-4M vs. 10-

3M ouabain and up-, top-, or down-slope).  Post hoc Tukey tests were performed to 

determine which groups drove the main effects.  A Kaplan-Meier Survival Analysis was 
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conducted in order to determine if there were significant differences in the ability of the 

vCPG to recover following [K+]o surges induced by 10-4M vs. 10-3M ouabain.  A z-test 

was used to compare the proportion of preparations treated with 10-4M ouabain alone vs. 

10-4M ouabain in combination with 10-3M TEA that had at least one [K+]o event.  A 95% 

confidence interval was used to determine significance. 
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3.4 Results 

Ouabain-induced inhibition of the Na+/K+-ATPase elicits repetitive [K+]o events 

Ventilatory motor pattern activity and extracellular potassium ion concentration 

surrounding the vCPG were measured during treatment with different doses of the 

Na+/K+-ATPase inhibitor ouabain (Fig. 3.1).  It was shown previously that continuous 

bath application of 10-4M ouabain elicits multiple surges in [K+]o where the rise and fall 

of [K+]o are associated with arrest and recovery of the vCPG, respectively (Rodgers et al., 

2007).  It was of interest to further explore this phenomenon and characterize the 

concentration-dependence of the effect of ouabain.  A relationship between repetitive 

[K+]o surges in the locust MTG and the concentration of ouabain in the bathing saline 

would indicate that the level of inhibition of Na+/K+ transporters and thus the rate of 

clearance of [K+]o plays a role in vCPG arrest and the associated [K+]o surge.  We found 

that continuous bath application of two different concentrations of ouabain,  10-4M and 

10-3M, elicited multiple abrupt surges in [K+]o (Fig. 3.1A and B).  10-5M ouabain was 

bath-applied in a total of four preparations and induced a single [K+]o event in only one of 

these preparations (data not shown).  During 10-4M ouabain application the arrest and 

recovery of the ventilatory motor pattern were associated with the rise and fall of [K+]o, 

respectively (Fig. 3.1A).  [K+]o clearance always coincided with recovery of motor 

pattern generation, however the ventilatory rhythm frequency and duration became more 

variable following each [K+]o surge (Fig. 3.1A).  During 10-3M ouabain application 

complete loss of the ventilatory motor pattern was eventually seen (Fig. 3.1B).  [K+]o 

events were reliably induced during both 10-4M (N = 8) and 10-3M (N = 9) ouabain 

treatment, with 100% of preparations (Ntotal = 17) having at least one [K+]o event,  
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Figure 3.1.  Simultaneous recordings of electrical activity from muscle 161 (M161) in 

the second abdominal segment and the extracellular potassium concentration ([K+]o) 

surrounding the ventilatory CPG.  Continuous bath application of both 10-4M (N = 8) and 

10-3M (N = 9) ouabain induced multiple all-or-none increases in [K+]o.  (A) During 10-4M 

ouabain treatment each [K+]o event was associated with arrest of the ventilatory motor 

pattern and a period of depression of electrical activity from M161.  Recovery of motor 

pattern generation was associated with return of [K+]o to near pre-surge levels.  (B) 

During 10-3M ouabain treatment non-surge [K+]o levels progressively increased.  An 

inability to recover motor pattern generation was common during 10-3M ouabain 

treatment.  (A and B) There was often a burst of unpatterned electrical activity following 

arrest of the ventilatory motor pattern during [K+]o events.  Expanded regions of EMG 

recordings from ventilatory muscle 161 show increased variability of the motor pattern 

following multiple [K+]o events.  Diagonal arrows above M161 recordings indicate 

anomalies in the motor pattern due to readjustment of the EMG electrode.  (C) All 

preparations treated with ouabain generated repetitive [K+]o events, but a significantly 

greater number of [K+]o events were elicited by 10-3M ouabain compared to 10-4M 

ouabain.  (D) Time to onset of the initial [K+]o event (seconds) in response to 10-4M (N = 

8) and 10-3M (N = 9) ouabain bath application.  10-3M ouabain hastened the onset of the 

first [K+]o event in comparison to 10-4M ouabain.  (E) Mean duration (seconds) of the 

first [K+]o event during 10-3M (N = 9) ouabain application was significantly longer than 

during 10-4M (N = 8) ouabain application.  [K+]o event durations were calculated using 

the duration at half the maximum amplitude of each [K+]o event.  (F) There was no 

significant difference in the period (seconds) from the first to the second [K+]o event 
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during 10-4M (N = 8) and 10-3M (N = 9) ouabain application.  [K+]o event periods were 

calculated as the time from the inflection point of the [K+]o increase of the first event to 

the inflection point of the [K+]o increase of the second event.  Data are means ± S.E. and 

the asterisks indicate significant differences between 10-4M and 10-3M ouabain 

treatments. 
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however preparations treated with 10-3M ouabain had a significantly greater number of 

[K+]o events (t-test, t = -2.955, P = 0.010, d.f. = 15) (Fig. 3.1C). 

 

Timing of repetitive [K+]o events during 10-4M and 10-3M ouabain treatment 

We examined various parameters related to the timing of [K+]o events induced by 10-4M 

and 10-3M ouabain.  Latency to onset of ouabain-induced [K+]o surging was measured to 

determine how the degree of Na+/K+-ATPase inhibition by ouabain affects initiation of 

repetitive [K+]o events, if at all.  The time from ouabain application to the initial [K+]o 

event was significantly shorter in preparations treated with 10-3M ouabain compared to 

10-4M ouabain (t-test, t = -5.949, P < 0.001, d.f. = 15) (Fig. 3.1D).  Duration, measured at 

half the maximum amplitude of each [K+]o event, was analyzed in preparations treated 

with 10-4M and 10-3M ouabain to characterize the difference in the ability of neuronal 

tissue to recover from the [K+]o disturbance.  There was a main effect of ouabain 

concentration on the duration of the first five [K+]o events (two-way RM-ANOVA, P = 

0.008, F(1,19) = 14.620), however [K+]o event duration did not change over time (two-way 

RM-ANOVA, P = 0.181, F(4,19) = 1.699) (data not shown).  The mean duration at half the 

maximum amplitude of the first [K+]o event was significantly longer in preparations 

treated with 10-3M ouabain compared to those treated with 10-4M ouabain (t-test, t = -

2.352, P = 0.033, d.f. = 15) (Fig. 3.1E).  [K+]o event period, i.e. the time from the upward 

inflection point of one surge to the upward inflection point of the next surge, was 

measured to determine if a higher concentration of ouabain increased the frequency of 

respective [K+]o events.  There was no main effect of ouabain concentration on the period 

of the first five [K+]o events (two-way RM-ANOVA, P = 0.705, F(1,18) = 0.157) and [K+]o 
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event period did not change over time (two-way RM-ANOVA, P = 0.222, F(4,18) = 1.529) 

(data not shown).  There was no significant difference between the two concentrations in 

the mean period from the first to the second [K+]o event (t-test, t = 1.691, P = 0.111, d.f. 

= 15) (Fig. 3.1F).  These results show that there is a shorter latency between the first two 

[K+]o events elicited during 10-3M ouabain application compared to during 10-4M ouabain 

application. 

 

Characteristics of [K+]o surrounding the vCPG during 10-4M and 10-3M ouabain 

treatment  

We measured non-surge [K+]o prior to the initial [K+]o event and every 5 min thereafter in 

order to determine if the degree of pump inhibition affects the ability to recover [K+]o to 

initial levels over the 30 min duration of ouabain application.  There was a main effect of 

ouabain concentration on pre- and post-surge [K+]o during a 30 min bath application 

(two-way RM-ANOVA, P < 0.001, F(1,24) = 33.179) (Fig. 3.2A).  Preparations treated 

with 10-3M ouabain had significantly higher non-surge [K+]o levels measured at 25 and 

30 min following initial ouabain application compared to preparations treated with 10-4M 

ouabain (post hoc Tukey tests, P < 0.05) (Fig. 3.2A).  In addition, the non-surge [K+]o in 

preparations treated with 10-4M and 10-3M ouabain responded differently to increased 

time of exposure (significant interaction between ouabain concentration and time: two-

way RM-ANOVA, P = 0.003, F(6,24) = 4.560) (Fig. 3.2A).  There was a main effect of 

ouabain concentration on the peak [K+]o of the first five [K+]o events (two-way RM-

ANOVA, P = 0.003, F(1,23) = 5.019), however peak [K+]o did not change over time (two-

way RM-ANOVA, P = 0.134, F(4,23) = 2.863) (data not shown).  The average peak [K+]o,  
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Figure 3.2.  (A) Mean non-surge [K+]o levels (mM) during continuous bath application 

of 10-4M and 10-3M ouabain.  Non-surge [K+]o was measured prior to the first [K+]o event 

(time = 0) and every 5 min thereafter (where possible).  [K+]o returned to initial levels 

following each [K+]o event during 10-4M ouabain application, whereas non-surge [K+]o 

progressively increased during treatment with 10-3M ouabain.  (B) Mean peak [K+]o 

(mM) of the first [K+]o event during 10-4M and 10-3M ouabain bath application.  Peak 

[K+]o of the first [K+]o event elicited by 10-3M (N = 9) ouabain treatment was 

significantly decreased compared to peak values in preparations treated with 10-4M (N = 

8) ouabain.  (C) The amplitude of [K+]o increase (mM) was calculated as the difference 

between the peak [K+]o during an [K+]o event and the preceding non-surge [K+]o.  The 

mean amplitude [K+]o of the first [K+]o event during 10-3M (N = 9) ouabain application 

was significantly lower compared to the amplitude of the first [K+]o event elicited by 10-

4M (N = 8) ouabain application.  (D) Three distinct slopes could be detected during [K+]o 

events, as displayed in the inset: “Up” slope from pre-surge to maximum peak [K+]o, 

“Top” slope from maximum peak [K+]o to the first downward inflection point, and 

“Down” slope from the first downward inflection point to post-surge [K+]o.  Up-slopes 

generated by 10-4M and 10-3M ouabain were significantly different, however ouabain 

concentration did not have an effect on top- and down-slopes.  Top- and down-slopes 

were significantly different irrespective of ouabain dose (indicated by daggers).  Sample 

sizes (10-4M, 10-3M): NUp = 8,9; NTop = 8,9; NDown = 8,9.  Data are means ± S.E. and the 

asterisks indicate significant differences between 10-4M and 10-3M ouabain treatments. 
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calculated from the peak values of the first [K+]o event, was significantly lower in 

preparations treated with 10-3M ouabain compared to 10-4M ouabain (t-test, t = 2.292, P = 

0.037, d.f. = 15) (Fig. 3.2B).  There was a main effect of ouabain concentration on the 

amplitude of [K+]o increase during the first five [K+]o events (two-way RM-ANOVA, P < 

0.001, F(1,23) = 6.960), however amplitude of [K+]o events did not change over time (two-

way ANOVA, P = 0.073, F(1,23) = 4.396 (data not shown).  The mean amplitude of the 

[K+]o increase of the first [K+]o event was significantly lower in preparations treated with 

10-3M ouabain compared to 10-4M ouabain (t-test, t = 2.319, P < 0.035, d.f. = 15) (Fig. 

3.2C).  There was no main effect of ouabain concentration on the slopes of the [K+]o 

increase and decrease of the first [K+]o event elicited by 10-4M and 10-3M ouabain 

treatment (two-way ANOVA, P = 0.813, F(1,45) = 0.0565), however there was a 

significant interaction between ouabain concentration and the location of slopes (two-way 

ANOVA, P = 0.008, F(2,45) = 5.456) (Fig. 3.2D).  The up-slopes of the first surges elicited 

during 10-4M and 10-3M ouabain application were significantly different (post hoc Tukey 

test, P < 0.05) (Fig. 3.2D).  A trend occurred during the downward phase of every first 

[K+]o event, as two seemingly different slopes were present.  The rate of [K+]o decrease 

was significantly smaller during the top-slope phase compared to the down-slope phase 

and this difference occurred irrespective of ouabain concentration (post hoc Tukey tests, 

P < 0.05) (Fig. 3.2D).  When examining top-slopes and down-slopes individually, there 

was no effect of ouabain concentration on the magnitude of these slopes (post hoc Tukey 

tests, P > 0.05) (Fig. 3.2D).   
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Arrest and recovery of the ventilatory motor pattern 

All preparations had a robust ventilatory motor pattern during the initial stages of both 

10-3M and 10-4M ouabain application.  As time of exposure to ouabain increased and 

following each [K+]o event there was a concentration-dependent difference in the ability 

of preparations to recover generation of a motor pattern (data not shown).  Overall the 

probability of motor pattern recovery following [K+]o events during 10-3M ouabain 

application was significantly lower than during 10-4M ouabain application (Kaplan-Meier 

Survival Analysis, Gehan-Breslow test statistic = 12.077, P < 0.001, d.f. = 1).  In one 

preparation treated with 10-3M ouabain motor pattern recovery did not occur following 

the first [K+]o event or subsequent [K+]o events.  The motor pattern did not recover 

following the fourth [K+]o event in any preparation treated with 10-3M ouabain.  During 

10-3M ouabain treatment, the average time to complete ventilatory motor pattern failure 

was 10.4 ± 1.3 min from initial ouabain application.  During 10-4M ouabain application 

only one preparation exhibited complete ventilatory motor pattern failure which occurred 

following the fourth [K+]o event.   

 

Effect of potassium channel block on ouabain-induced repetitive ventilatory arrest 

10-3M TEA, a nonselective voltage-gated K+ channel inhibitor, was bath-applied in 

combination with 10-4M ouabain in order to determine if ouabain-induced [K+]o events 

are modulated by K+ conductances (Fig. 3.3A).  Bath application of 10-3M TEA in 

combination with 10-4M ouabain (“OUA/TEA”) significantly reduced the likelihood of 

producing ouabain-induced [K+]o events compared to preparations treated with 10-4M 

ouabain alone (“OUA”; Fig. 3.1A) (z-test, z = 2.028, P = 0.043) (Fig. 3.3B).  The  
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Figure 3.3.  (A) Simultaneous recording of electrical activity from muscle 161 (M161) 

and the extracellular potassium concentration ([K+]o) surrounding the vCPG.  10-3M TEA 

was bath-applied for 5 min alone, then in combination with 10-4M ouabain for 40 min.  In 

the experiment shown here 10-3M TEA delayed the onset of ouabain-induced [K+]o 

events, thereby reducing the number of events that occurred compared to preparations 

treated with 10-4M ouabain alone.  Note that reduction in amplitude of the EMG 

recording is attributable to the effect of TEA at the neuromuscular junction.  (B-D) 

Preparations treated with 10-4M ouabain alone are termed “OUA” (Fig. 3.1A) and 

preparations treated with 10-3M TEA in combination with 10-4M ouabain are termed 

“OUA/TEA”.  (B) Block of voltage-gated potassium channels with TEA significantly 

reduced the proportion of preparations that had at least one [K+]o event (NOUA = 8; 

NOUA/TEA = 10).  (C) TEA reduced the severity of ouabain-induced [K+]o events by 

significantly decreasing the number of [K+]o events (NOUA = 8; NOUA/TEA = 6).  (D) The 

time from initial ouabain application to the initial [K+]o event was increased in 

preparations that had simultaneous TEA treatment (NOUA = 8; NOUA/TEA = 6).  (E) The 

amplitude of [K+]o events in preparations treated with TEA was reduced compared to 

preparations treated with ouabain alone (NOUA = 8; NOUA/TEA = 6).  Data are means ± S.E. 

and the asterisks indicate significant differences between OUA and OUA/TEA 

treatments. 
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proportions of OUA and OUA/TEA preparations that had at least one [K+]o event were 1 

(8/8) and 0.6 (6/10), respectively (Fig. 3.3B).  Of the preparations that had at least one 

[K+]o event, TEA treatment significantly reduced the number of events (t-test, t = 3.079, 

P = 0.010, d.f. = 12) (Fig. 3.3C).  In addition, TEA significantly increased the time to 

onset of ouabain-induced [K+]o events (t-test, t = -2.555, P = 0.025, d.f. = 12) (Fig. 3.3D), 

and K+ channel block significantly reduced the absolute value of [K+]o increases during 

the first three [K+]o events compared to preparations treated with ouabain alone (two-way 

RM-ANOVA, P = 0.001, F(1,7) = 23.659) (Fig. 3.3E). 
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3.5 Discussion 

We found that ouabain-induced Na+/K+-ATPase inhibition elicits repetitive arrest of 

ventilatory motor pattern generation in the locust.  Each period of electrical activity 

depression occurred simultaneously with abrupt increases in [K+]o, where the rise and fall 

of [K+]o coincided with arrest and recovery of the ventilatory motor pattern, respectively.  

It is intriguing that Na+/K+-ATPase dysfunction induced repetitive waves of [K+]o 

increase and decrease as opposed to a gradual increase in [K+]o.  [K+]o remained fairly 

stable during the time from initial ouabain bath application to the initial abrupt increase in 

[K+]o, indicating that there is a threshold for the [K+]o disturbance.  The Na+/K+-ATPase 

is under the control of a wide range of regulatory mechanisms and pathways and can be 

regulated by changes in ions such as Na+ (Kaplan, 2002).  Pump inhibition causes an 

increase in the intracellular sodium concentration ([Na+]i) which in turn stimulates 

Na+/K+-ATPase complexes free of ouabain block to work more rapidly to expel the 

excess Na+ (Kaplan, 2002).  We suggest that the threshold for the abrupt [K+]o increase 

occurs at a point when functioning Na+/K+ pumps fail to cope with changing 

concentration gradients as a result of ouabain.  At this point the system enters a positive 

feedback cycle in which increasing [K+]o causes cellular depolarization that opens 

voltage-dependent channels and the flux of K+ ions into the extracellular space.  Our 

model for ouabain-induced cyclic K+ increases is depicted in Figure 3.4.  We hypothesize 

that spreading depression (SD)-like events in the locust (Rodgers et al., 2007) are 

triggered by positive feedback processes involving an initial ionic disturbance reaching a 

threshold and caused by neuronal overexcitation or by treatments or conditions that 

impair ionic homeostasis (Grafstein, 1956; van Harrevald, 1978; Balestrino et al., 1999;  
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Figure 3.4.  A model describing a possible mechanism for the abrupt [K+]o increase and 

subsequent [K+]o recovery in response to cellular stressors in the locust metathoracic 

ganglion.  [K+]o accumulation surrounding the vCPG occurs due to impaired clearance 

mechanisms (Na+/K+-ATPase dysfunction using ouabain) or increased neuronal activity 

in an extracellular compartment with small volume.  With low concentrations of ouabain 

or low activity levels pump regulation can accommodate the change in [K+]o and 

maintain concentration gradients (e.g. 10-5M ouabain).  High concentrations of ouabain 

impair [K+]o clearance sufficiently to change the equilibrium potential for K+ and 

depolarize membranes.  Depolarization of EK initiates a positive feedback cycle where 

depolarization leads to opening of voltage-dependent channels, increased activity, further 

increases in [K+]o, leading again to further depolarization.  At the peak of the [K+]o surge 

activity ceases due to inactivation of Na+ channels, allowing remaining [K+]o clearance 

mechanisms to counteract [K+]o accumulation.  This process leads into another positive 

feedback cycle at the point at which restoration of the ion gradient begins to 

hyperpolarize membranes, which in turn closes voltage-dependent K+ channels and 

reduces the process of [K+]o accumulation.  Thus, the repetitive nature of [K+]o surges 

induced by 10-4M ouabain depends on the balance of [K+]o clearance and accumulation. 
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Somjen, 2001).  We believe that the positive feedback cycle is initiated when processes 

of [K+]o accumulation overwhelm the ability to clear [K+]o from a restricted interstitium 

with limited glial buffering capacity (Somjen and Müller, 2000; Kager et al., 2000, 2002; 

Somjen, 2002), changing the equilibrium potential for K+ and depolarizing membranes.  

The conductances involved in the repetitive [K+]o events in the locust are not known, but 

could be due to opening of voltage-dependent or ATP-sensitive K+ channels of neurons 

or glia.  Nonselective conductances could also explain the intense outflow of K+.  In 

vertebrate pyramidal neurons pannexin 1 (Px1) hemichannels, or half gap junctions, open 

during ischemic-like conditions (oxygen/glucose deprivation) (Thompson et al., 2006).  

Interestingly, invertebrate neuronal gap junctions are composed of Px1 proteins (Panchin, 

2005), and these nonselective cation channels could be a conduit of K+ efflux during 

ouabain-induced repetitive [K+]o events in the locust.  The mechanisms underlying the 

repetitive nature of ouabain-induced [K+]o events remain to be precisely defined, however 

we suggest that when activity ceases as a result of a [K+]o event, the remaining K+ 

clearance mechanisms are sufficient to cause the system to enter another positive 

feedback cycle whereby decreasing [K+]o causes membrane hyperpolarization that closes 

voltage-dependent K+ channels and reduces the flux of K+ across the membrane (Fig. 

3.4).  Our results demonstrate that the balance of [K+]o accumulation and clearance is 

biased by the degree of Na+/K+-ATPase inhibition by ouabain.   

 

Consistent with this model 10-3M ouabain bath application hastened the time to onset of 

the initial [K+]o event and elicited a greater number of [K+]o events compared to 10-4M 

ouabain treatment.  Following initial ouabain application it took approximately 4 min 
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(261 ± 27s) for 10-3M ouabain to generate the initial [K+]o event compared to 

approximately 9 min (557 ± 43s) in response to 10-4M ouabain application.  Differences 

in latency to onset suggest that the threshold for the initial [K+]o disturbance is dependent 

on the degree of Na+/K+-ATPase saturation by ouabain.  Duration, measured at half the 

maximum amplitude of each [K+]o event, was analyzed to determine how fast the 

neuronal tissue was able to recover from the [K+]o disturbance.  We found that the [K+]o 

event durations during 10-3M ouabain application were significantly longer than during 

10-4M ouabain application.  If blocking more Na+/K+-ATPase pumps using a higher 

concentration of ouabain (10-3M) causes longer duration [K+]o events, then it could be 

suggested that Na+/K+-ATPase transporters play a key role in recovery from this state of 

homeostatic disruption (Leis et al., 2005).  Analysis of the [K+]o event period revealed no 

significant difference between 10-4M and 10-3M ouabain treatments.  Thus duration and 

period data demonstrate that there is a shorter latency between [K+]o events elicited 

during 10-3M ouabain application compared to during 10-4M ouabain application. 

   

During 10-4M ouabain application non-surge extracellular [K+] levels remained relatively 

stable, with [K+]o returning to near initial levels following each abrupt increase.  

Application of 10-3M ouabain resulted in a gradual increase in non-surge [K+]o following 

each [K+]o event until the mean [K+]o at 25 min and 30 min of treatment was significantly 

higher than the corresponding 10-4M value.  In the dentate gyrus of adult rat hippocampal 

slices application of a relatively high concentration of ouabain prevents the return of 

[K+]o to baseline levels following a surge (Xiong and Stringer, 2000).  We suggest that 
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the gradual rise in [K+]o during 10-3M ouabain application is indicative of Na+/K+ pumps 

becoming progressively inhibited as more become blocked, causing [K+]o to accumulate.  

  

If [K+]o clearance mechanisms are impaired, then it would be logical to assume that the 

rate of [K+]o clearance, or down-slope, during [K+]o events would be negatively affected 

(McCarren and Alger, 1987; Xiong and Stringer, 2000).  The up-slopes of the first [K+]o 

event during 10-4M and 10-3M ouabain treatment were significantly different, however 

there was no significant difference in the down-slopes associated with motor pattern 

recovery.  An interesting characteristic of the initial [K+]o event is the two seemingly 

different slopes during the return of [K+]o to baseline values.  Although there was no 

significant difference between the top- or down-slopes of the first [K+]o event across 

ouabain concentrations, the top- and down- slopes were significantly different 

irrespective of ouabain dose which indicates an abrupt change in [K+]o clearance 

mechanisms.  Following an abrupt increase in [K+]o and arrest of the ventilatory motor 

pattern [K+]o accumulation will necessarily decrease once neural activity has ceased 

allowing remaining mechanisms of clearance to predominate until the threshold for rapid 

recovery is reached.  The change in the trajectory of recovery may simply reflect the 

accelerating nature of a positive feedback mechanism.   

 

In addition to Na+/K+-ATPase impairment other cellular stressors, including 

hyperthermia, ATP depletion, and anoxia, cause arrest of the ventilatory motor pattern 

that is associated with abrupt all-or-none type increases in [K+]o in the vCPG region of 

the MTG (Rodgers et al., 2007).  These stress-induced [K+]o events share many 
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characteristics with cortical spreading depression (CSD), characterized as a massive 

redistribution of ions, notably [K+]o and [Na+]i, accompanied by a rapid and nearly 

complete depolarization of neurons in vertebrate cortical tissue (Leao, 1944; Hansen and 

Zeuthen, 1981; Gorji, 2001; Somjen, 2001).  What is quite intriguing is that the ionic 

changes during SD trigger surrounding neuronal cells to follow suit (Hansen and 

Zeuthen, 1981; Somjen, 2001).  The end result is a depression of neural activity that 

arises from a focal point, and spreads throughout the cerebral cortex at a rate of 

approximately 2-5 mm/min (Leao, 1944).  SD events propagate within the locust MTG at 

a rate similar to that in cortical tissue (2.4 ± 0.04 mm/min) (Rodgers et al., 2007) and the 

ouabain-induced repetitive SD-like events in our study could represent propagating 

waves of [K+]o increase and decrease passing by the K+-sensitive electrode tip.  We 

suggest that arrest of the ventilatory CPG coincides with an abrupt [K+]o increase 

surrounding the CPG that spreads locally to other regions of the neuropil via diffusion 

across the extracellular space and possibly through gap junctions.  Given that [K+]o 

events spread within the locust MTG at a rate of ~2 mm/min we conclude that the entire 

ganglion is affected during the ~1 min duration of [K+]o events.  Several studies have 

exploited the ability of ouabain in blocking the Na+/K+-ATPase in order to study SD in 

mammalian brain tissue (Haglund and Schwartzkroin, 1990; Balestrino et al., 1999; 

Menna et al., 2000; Xiong and Stringer, 2000).  It is possible that Na+/K+-ATPase 

inhibition is primarily responsible for the neural circuitry impairment that occurs in 

response to cellular stressors in the locust.   
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We found that block of voltage-gated K+ channels with TEA suppressed ouabain-induced 

repetitive ventilatory arrest and the associated [K+]o events.  TEA blocks voltage-gated 

K+ channels in a nonselective manner and it is not known which subtypes of K+ channels 

are blocked by TEA at a given concentration in the locust CNS.  It has been shown that 

TEA diminishes the amplitude of hyperthermia-induced [K+]o events in the locust 

(Rodgers et al., 2007), suggesting that at least part of the K+ leaving cells during the 

abrupt stress-induced [K+]o increase flows through TEA-sensitive channels (Somjen, 

2001).  TEA also diminished the amplitude [K+]o of ouabain-induced [K+]o events 

compared to preparations treated with 10-4M ouabain alone.  TEA both reduced neuronal 

K+ release and prolonged the circling time of self-sustaining circling SD in the chicken 

retina (RSD) (Scheller et al., 1998).  Scheller et al. (1998) concluded that TEA reduced 

the RSD-mediated neuronal K+ release, thereby reducing K+ re-uptake and buffering by 

glial cells, which resulted in decreased re-initiation of RSD and consequently decreased 

propagation velocity.  We suggest that the TEA-induced reduction of K+ conductances in 

our study resulted in reduced [K+]o clearance requirements of un-inhibited Na+/K+ 

pumps, allowing these pumps to better maintain K+ homeostasis (Fig. 3.4). 

 

In conclusion we show that ouabain-induced Na+/K+-ATPase dysfunction elicits 

repetitive SD-like events that are concentration-dependent.  In addition, we provide 

evidence for a role for K+ channels in modulation of ouabain-induced repetitive SD-like 

events in the locust CNS.  We propose that our manipulations acted on either side of a 

balance between processes of accumulation and clearance of extracellular [K+] and that 

ventilatory arrest occurs when the balance is such that [K+]o is able to accumulate 
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sufficiently to change the potassium equilibrium potential and cause cellular 

depolarization. 
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Chapter 4 
 
 
 

Central pattern generation is modulated by AMP-activated protein 
kinase (AMPK) in response to energy compromise. 
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4.1 Abstract 

The AMP-activated protein kinase (AMPK) senses cellular energy status and signals 

metabolic stress.  In the locust (Locusta migratoria) anoxia-induced arrest of ventilation 

is tightly correlated with an abrupt increase in extracellular potassium concentration 

([K+]o) within the ventilatory neuropile.  This [K+]o increase resembles cortical spreading 

depression (CSD), although neuronal depolarization is not complete as with CSD.  Using 

suction electrode recordings from a ventilatory nerve and bath-application of AICAR 

(AMPK activator) and compound-C (AMPK inhibitor) we addressed whether AMPK is 

associated with stress-induced ventilatory arrest and SD-like events in the locust.  

Ventilatory rate gradually decreased following recovery from chemical anoxia using 

sodium azide (NaN3) and the associated SD-like event.  We tested the hypothesis that 

AMPK activation using AICAR would mimic the motor pattern changes induced by 

NaN3.  Treatment with either 10-3M or 10-2M AICAR caused an immediate increase in 

ventilatory rate, however 10-2M AICAR had multiple effects on the ventilatory rhythm, 

some resembling the recovered motor pattern following NaN3-induced arrest.  

Application of 10-4M compound-C during recovery from NaN3-induced arrest and during 

AICAR-induced disruption of the motor pattern gradually returned burst durations and 

periods to Control values.  Ouabain-induced SD-like events in the locust CNS were 

suppressed by inhibition of AMPK and exacerbated by its activation.  Application of 

compound-C following initiation of ouabain-induced SD-like events aborted subsequent 

[K+]o surges, suggesting that AMPK inhibition may be involved in [K+]o propagation.  

These results indicate that activation of the AMPK pathway is involved in the onset of 

and recovery from a stress-induced SD-like shutdown in the locust CNS. 
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4.2 Introduction 

Variation in ambient temperature and oxygen levels can impair vital neuronal circuits and 

have drastic consequences for an organism’s survival.  At the cellular level, lack of 

adequate O2 results in disruption of protein synthesis, depletion of intracellular energy 

stores, opening of voltage-gated Ca2+ channels, and loss of ionic gradients leading to 

excitotoxicity and oxidative damage (Snider et al. 1999; Love, 2003).  Regulatory 

mechanisms such as the AMP-activated protein kinase (AMPK) cascade exist to monitor 

energy and protect against the damaging effects of metabolic stress (Hardie et al. 2003; 

McCullough et al. 2005) though little is known of how prior energetic stress or AMPK 

modulate neural circuit operation.  We examined the effects of energetic stress on a 

locust model of CNS function, the operation of the ventilatory central pattern generator 

(vCPG).  We aimed to characterize the stress-induced changes in the activity of the vCPG 

in response to chemical anoxia using sodium azide (NaN3) and we tested the role of 

AMPK in mediating these effects.  

 

Locusts are extremely tolerant of oxygen deprivation and can withstand hours of 

submersion under water (Armstrong et al. 2009).  During this time, they enter a reversible 

state of electrical silence in the nervous and muscular systems that we interpret as a 

stress-induced coma.  Upon removal from anoxic conditions, neural and muscular 

systems completely recover and locusts behave normally.  Stress-induced coma and arrest 

of vCPG operation is associated with spreading depression (SD)-like events that share 

properties of SD in cortical tissue (cortical SD; CSD) (Rodgers et al. 2007; Rodgers et al. 

2009; Armstrong et al. 2009).  These are characterized by abrupt increases in [K+]o 50-
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80mM in amplitude within the ventilatory neuropile that coincide with a shutdown of 

vCPG activity.  The role of SD-like events in the locust CNS remains unclear.  Our 

hypothesis is that stress-induced comas and associated SD-like events in the locust 

represent a protective strategy to cope with environmental stress by preventing neuronal 

hyperexcitation and energy collapse that, if allowed to occur, can be detrimental to 

survival (Rodgers et al. 2010).  Conceivably, energy levels would be maintained by 

entering a state of coma during which energy-utilizing mechanisms to restore ion 

gradients are suspended (Rodgers et al. 2007).  There was no correlation between 

ganglionic ATP levels and the occurrence of stress-induced motor pattern arrest and 

subsequent recovery in the locust (Rodgers et al. 2007), however metabolic stresses can 

trigger the activation of signaling pathways before changes in ATP can be detected 

(Evans, 2006; Hardie et al. 2006).   

 

AMPK is an evolutionarily conserved homeostatic regulator that senses cellular energy 

status before ATP levels are depleted (Hardie et al. 2003).  AMPK activation in response 

to stress in the locust may initiate a switch in energy usage that fosters improvement in 

energy status, thereby affecting any number of energy-intensive neuronal systems.  Given 

that ventilation is both an energy-requiring process and involved in providing oxygen to 

tissues, it is conceivable that vCPG output would be altered by AMPK activation during 

stress.  We examined the effects of AMPK activation and inhibition using AICAR and 

compound-C, respectively, on the ventilatory motor pattern to establish a role for AMPK 

in stress-induced motor pattern changes.  We pharmacologically manipulated AMPK 

activation during SD-like events induced by ouabain to determine whether AMPK 
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activation and inhibition had modulatory effects on SD-like events.  Our results support 

the hypothesis that SD-like events in the locust represent an adaptive shutdown to 

conserve energy and suggest a role for the AMPK pathway. 
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4.3 Materials and Methods 

Animals 

All experiments were performed on adult male locusts, Locusta migratoria 

migratorioides (R. and F.), aged approximately 3-5 weeks past imaginal ecdysis.  Locusts 

were randomly selected from a crowded colony located in the Animal Care Facility of the 

Biosciences Complex at Queen’s University.  The colony was reared under a 12h:12h 

light:dark photoperiod at a room temperature of 30 ± 1°C during light hours and 26 ± 1°C 

during dark hours.  Humidity was maintained at 23 ± 1%.  Animals were provided with 

carrots, wheat seedlings and an ad libitum mixture of 1 part skim milk powder, 1 part 

torula yeast, and 13 parts bran, by volume.  

 

Semi-intact preparation 

Appendages and pronotum were removed and a dorsal midline incision was made.  A 

corkboard was used to pin open the locust dorsal side up, allowing the gut, fatty tissue 

and air sacs to be removed, exposing the ventral nerve cord, metathoracic ganglion 

(MTG) and ventilatory nerves.  The preparation was set up to prevent leakage and thus 

maximize the use of very small quantities of drugs.  A metal plate was placed beneath the 

MTG to stabilize it, and nerves 2-5 on both sides of the ganglion were severed at the root 

to allow saline and drug entry.  The MTG was bathed in standard locust saline containing 

(in mM): 147 NaCl, 10 KCl, 4 CaCl2, 3 NaOH, and 10 HEPES buffer (pH 7.2), which 

was applied manually by pipetting into the preparation above the MTG where the 

ventilatory CPG (vCPG) is located.  A silver wire was inserted in the anterior portion of 

the thorax to ground the preparation. 
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Motor patterns 

A suction electrode (World Precision Instruments) was used to obtain extracellular 

neurographic recordings of the ventilatory motor pattern.  The suction electrode pipette 

was pulled to form a high resistance tip, then broken to the appropriate size and smoothed 

to suction onto the median ventilatory nerve originating at the A3 neuromere of the 

MTG.  Signals were amplified using a Model 1600 neuroprobe amplifier (A-M Systems) 

and digitized using a DigiData 1322A (Molecular Devices).  Ventilation recordings were 

then displayed and recorded using AxoScope 9.0 software (Axon Instruments), and data 

were analyzed using Clampfit 9.0 (Molecular Devices).  Expiratory burst duration and 

period were measured every 5 minutes over the course of each experiment and averaged 

to obtain means ± S.E.    

 

Preparation of potassium-sensitive microelectrodes 

K+ -sensitive microelectrodes were made from 1 mm diameter unfilamented capillary 

tubes (World Precision Instruments) that were cleaned with methanol (99.9%) and dried 

on a hot plate before being pulled to form a low resistance (5-7 MΩ) tip.  The inner glass 

surface of the microelectrodes were made hydrophobic by exposure to 

dichlorodimethylsilane (99%) (Sigma-Aldrich) vapor while baking on a hot plate (100°C) 

for one hour.  The microelectrodes were allowed to cool, then filled at the tip with 

Potassium Ionophore I-Cocktail B (5% Valinomycin; Sigma-Aldrich) and back-filled 

with 500mM KCl.  Reference microelectrodes were made from 1 mm diameter 

filamented capillary tubes (World Precision Instruments) that were pulled to form a low 
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resistance (5-7 MΩ) tip, then filled with 3M KCl.  Microelectrode tips were suspended in 

distilled water until experimentation. 

 

Extracellular potassium recording 

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

intracellular/extracellular amplifier (World Precision Instruments).  A K+ -sensitive and 

reference microelectrode pair were calibrated at room temperature (~21°C) using 15mM 

and 150mM KCl solutions to obtain the voltage change, ‘or slope’, which was required 

for determination of [K+]o (mM).  A 10-fold change in [K+] resulted in a voltage change 

of 54 to 58 mV and only electrode pairs with slope values falling within this range were 

accepted for experimental use.  Following calibration the K+ -sensitive and reference 

microelectrodes were inserted through the sheath of the MTG side-by-side in the region 

of the vCPG.  Specifically, the microelectrodes were placed centrally in the region of the 

first three abdominal neuromeres, which are fused to the metathoracic neuromere, 

forming the MTG.  [K+]o changes spread to other regions of the MTG (but not through 

the connectives), therefore placement of microelectrodes precisely at the vCPG was 

important to accurately measure the timing of [K+]o disturbances surrounding the vCPG 

relative to arrest of the ventilatory  motor pattern. 

 

The [K+]o was obtained by transforming the recorded [K+]o trace in mV to mM using the 

Nernst equation: 

EK = RT / zF · ln[K+]o / [K+]i. 
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The following conversion of the above equation was used for determination of [K+]o 

(mM): 

[K+]o = 15 · 10voltage / slope(~58.2).   

 

Pharmacological treatments 

All chemicals were obtained from Sigma-Aldrich and dissolved in standard locust saline 

using a minimum amount of DMSO (0.5 ml/100 ml of saline) and bath-applied to the 

semi-intact preparation.  Each experiment was 1 hour in duration.  In all preparations the 

MTG was bathed in standard locust saline for 20 minutes prior to pharmacological 

treatment.  To examine the effects of chemical anoxia on ventilatory motor pattern 

generation, 10-3M and 5x10-4M sodium azide (NaN3) were bath-applied until 1 minute 

post-arrest of the ventilatory motor pattern and were washed out with standard locust 

saline.  Lower doses of NaN3 (10-4M and 10-5M) were bath-applied for 40 minutes.  10-

3M 5-aminoimidazole-4-carboxamide ribonucleoside (AICAR), an AMP-activated 

protein kinase (AMPK) activator, and 10-4M compound-C, an AMPK inhibitor, were 

bath-applied for 40 minutes.  A higher dose of AICAR (10-2M) was bath-applied for 20 

minutes, followed by 10-4M compound-C application for 20 minutes.  To investigate the 

effects of compound-C and glucose on the post-stress motor pattern, 10-4M compound-C 

and 10-3M glucose were bath-applied 10-12 minutes following recovery from NaN3-

induced arrest for ~15 minutes.  To examine the effects of AMPK activation and 

inhibition on ouabain-induced repetitive SD-like events, we bath-applied either 10-2M 

AICAR or 10-4M compound-C alone for 15 minutes followed by either 10-2M AICAR or 

10-4M compound-C in combination with 10-4M ouabain, respectively, for 35 minutes.  10-
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4M compound-C in combination with 10-4M ouabain was also bath-applied following the 

initial ouabain-induced SD-like event.  The time to the initial [K+]o event was calculated 

as the time from ouabain, AICAR/ouabain or compound-C /ouabain application to the 

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

 

Statistical analyses 

Data were plotted using SigmaPlot 9.0 and presented as the mean and standard error 

(S.E.).  Statistical analyses were performed using SigmaStat 3.0 statistical analysis 

software and significant differences among means were determined using appropriate 

parametric tests as indicated in the text.  A 95% confidence interval was used to 

determine significance. 
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4.4 Results 

Altered ventilatory motor pattern behaviour post-recovery from NaN3-induced coma is 

not the result of damage to the vCPG 

The ventilatory motor pattern following recovery from NaN3-induced vCPG arrest is 

robust but not identical to the pre-stress motor pattern (Rodgers et al. 2007).  As in 

cortical SD we presume that the likelihood and quality of recovery depends on the 

severity of anoxia and energy deprivation, and this has yet to be investigated in the 

locust.  Here we examined ventilatory burst durations and periods following recovery 

from a NaN3-induced vCPG shutdown to determine if this stress results in an altered 

ventilatory pattern or long-term damage to the vCPG (Figs. 4.1 – 4.3).  Application of 10-

3M NaN3 after 20 minutes of standard saline application induced vCPG arrest within 5 

minutes and this coincided with an abrupt surge in [K+]o (Fig. 4.1A, B).  Control animals 

had consistent (unchanging) burst durations and periods over one hour of standard saline 

bath application (Fig. 4.1C, D).  Following recovery from NaN3-induced arrest burst 

durations and periods gradually increased over time, i.e. the ventilatory motor pattern 

gradually slowed and deviated from the pre-stress motor pattern (Fig. 4.1B, C, D).  There 

was a main effect of 10-3M NaN3 treatment on normalized burst durations compared to 

Control (two-way RM-ANOVA, P<0.001, F(1,81)=72.938), and burst durations of Control 

and NaN3-treated preparations responded differently over time (statistically significant 

interaction: two-way RM-ANOVA, P<0.001, F(11,81)=25.313) (Fig. 4.1C).  There was 

also a main effect of 10-3M NaN3 treatment on normalized burst periods compared to 

Control (two-way RM-ANOVA, P<0.001, F(1,82)=24.445), and burst periods of Control 

and NaN3-treated preparations also responded differently over time (statistically 
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Figure 4.1.  The duration and period of expiratory bursts post-recovery from anoxia-

induced vCPG arrest progressively increased over time.  A. Simultaneous recording of 

electrical activity from the median ventilatory nerve originating at the A3 neuromere of 

the MTG (“Suct. Elec.”) and the extracellular potassium concentration ([K+]o) 

surrounding the vCPG.  An abrupt rise in [K+]o was reliably triggered by ATP depletion 

using sodium azide (10-3M NaN3; N=10).  Following 20 minutes of standard locust saline 

bath-application, 10-3M NaN3 was bath-applied until 1 minute post-arrest of the motor 

pattern.  [K+]o reached a plateau of 77 ± 3 mM on average.  [K+]o gradually decreased and 

the motor pattern recovered upon superfusion of standard locust saline.  B. The motor 

pattern post-recovery from NaN3-induced arrest was not identical to the pre-stress motor 

pattern.  In the experiment shown here, burst duration and period increased by 0.9 and 1.7 

seconds, respectively, at 2 minutes post-recovery (“recovery (2 min)”) and burst duration 

and period increased by 2.1 and 3.5 seconds, respectively, at 30 minutes post-recovery 

from NaN3-induced arrest (“recovery (30 min)”).  Relative duration (C) and relative 

period (D) over 1 hour in Control preparations and those treated with 10-3M NaN3.  C. 

There was a main effect of 10-3M NaN3 on relative burst duration over time following 

vCPG recovery.  D. There was also a main effect of 10-3M NaN3 on relative burst period 

following vCPG recovery.  The data points at a relative duration and relative period of 0 

represent vCPG arrest coinciding with the [K+]o event.  Error bars represent SEM. 
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Figure 4.2.  There was a concentration-dependent effect of NaN3 treatment both initially, 

during the first 5 minutes of NaN3 application, and post-recovery from NaN3-induced 

arrest.  A. The motor pattern post-recovery from arrest induced by 5x10-4M NaN3 was not 

identical to the pre-stress motor pattern, however there was not a complete switch to the 

long duration and long period motor pattern as with 10-3M NaN3.  B. Preparations treated 

with 5x10-4M NaN3 had a significantly longer time to vCPG arrest compared to 

preparations treated with 10-3M NaN3, however there was not a significant difference in 

the time taken to recover motor pattern generation between treatments.  Letters in 

histogram bars represent statistical groupings whereby bars with different letters (A, B) 

are significantly different using a post hoc Tukey test (P<0.05).  C. Time to vCPG arrest 

in response to NaN3 treatment was significantly correlated to the time taken for motor 

pattern generation to recover.  Preparations that had a longer time to arrest also took 

longer to recover vCPG operation following arrest and the associated [K+]o event.  Di, Ei. 

10-5M NaN3 did not induce vCPG arrest, and continuous application for 40 min did not 

alter the motor pattern compared to Control preparations.  10-4M NaN3 application also 

did not induce vCPG arrest, but there was an initial increase in ventilatory frequency that 

stabilized and burst durations and periods returned to the Control motor pattern by 40 

minutes of application.  Dii, Eii.  The first 10 minutes of NaN3 application were 

expanded to show the concentration-dependent effect of NaN3 treatment on the initial 

increase in ventilatory rate.  Ventilatory burst durations and periods shortened 

(ventilatory frequency increased) in response to 10-4M NaN3, and there was a stronger 

increase in ventilatory frequency in response to 5x10-4M NaN3 within the first 5 minutes 

of treatment.  Asterisks indicate a significant difference from Control and 10-5M NaN3-
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treated preparations and daggers indicate a significant difference from 10-4M NaN3-

treated preparations (post hoc Tukey tests, P<0.05).  Error bars represent SEM.   
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Figure 4.3.  Increased burst duration and period over time following recovery from 

NaN3-induced arrest does not appear to be a consequence of permanent damage to vCPG 

function.  A, B. Ventilatory burst durations and periods returned to the Control motor 

pattern when internal temperature was raised 5°C 10-15 minutes following recovery from 

NaN3-induced vCPG arrest (black box).  Asterisks indicate significantly different relative 

burst durations and periods compared to NaN3-treated preparations without an increase in 

internal temperature following recovery (post hoc Tukey tests, P<0.05).  Error bars 

represent SEM. 
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significant interaction: two-way RM-ANOVA, P<0.001, F(11,82)=11.737) (Fig. 4.1D).  

vCPG arrest and the associated abrupt increase in [K+]o induced by artificially increasing 

[K+]o within the MTG (Rodgers et al. 2007) also resulted in decreased ventilatory 

frequency, increased burst durations and increased burst periods following vCPG 

recovery as seen following recovery from NaN3-induced arrest (N=10, data not shown).  

 

There was a concentration-dependence to the effect of NaN3 treatment on ventilatory 

motor pattern generation (Fig. 4.2).  Application of 10-3M and 5x10-4M NaN3 (as opposed 

to10-4M and 10-5M NaN3) induced shutdown of vCPG operation and an associated surge 

in [K+]o (Figs. 4.1 and 4.2).  5x10-4M NaN3 induced arrest of the vCPG, but time to arrest 

was longer and there was not a complete switch to the long duration and period motor 

pattern post-recovery from NaN3-induced arrest as with 10-3M NaN3 (Fig. 4.2A, B).  

There was a main effect of NaN3 concentration (10-3M vs. 5x10-4M NaN3) on time to 

vCPG arrest and time to subsequent recovery (two-way ANOVA, P<0.001, 

F(1,36)=14.352) (Fig. 4.2B).  Time to vCPG arrest was significantly longer in preparations 

treated with 5x10-4M NaN3 compared to preparations treated with 10-3M NaN3, however 

there was not a significant difference in time to subsequent recovery between 

preparations treated with the two NaN3 doses (post hoc Tukey tests, P<0.05) (Fig. 4.2B).  

During hyperthermia, time to recovery was positively correlated with failure temperature 

in Control and heat shocked (HS) locusts, i.e. animals whose ventilatory motor pattern 

failed at a higher temperature had a longer time to recovery when temperature returned to 

normal levels and HS pre-conditioning shifted this relationship (Rodgers et al. 2007).  

There was a similar response to NaN3 application in that a longer time to arrest meant a 
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longer time to recovery (Fig. 4.2B, C).  There was a strong and significant positive 

correlation between time to arrest of ventilatory motor pattern generation during NaN3 

application and time to subsequent recovery (Pearson Product Moment Correlation, 

r=0.85, P<0.0001) (Fig. 4.2C).  This suggests that the triggered event is adaptive and 

represents a neural off-switch to conserve energy and to prevent hyperexcitation during 

stressful conditions.  We also bath-applied two lower concentrations of NaN3, 10-4M and 

10-5M NaN3, and neither of these doses induced vCPG arrest (Fig. 4.2D, E).  There was 

no main effect of NaN3 dose (10-4M, 10-5M) on normalized burst durations (two-way 

RM-ANOVA, P=0.340, F(2,104)=1.205), however burst durations of Control, 10-5M and 

10-4M NaN3-treated preparations responded differently over time (statistically significant 

interaction: two-way RM-ANOVA, P<0.001, F(22,104)=4.418) (Fig. 4.2D).  There was a 

main effect of NaN3 dose (10-4M, 10-5M) on normalized burst periods (two-way RM-

ANOVA, P=0.021, F(2,104)=5.824), and burst periods of Control, 10-5M and 10-4M NaN3-

treated preparations responded differently over time (statistically significant interaction: 

two-way RM-ANOVA, P<0.001, F(22,104)=6.099) (Fig. 4.2E).  A separate analysis was 

conducted to compare the initial response of the ventilatory motor pattern during 10-5M, 

10-4M and 5x10-4M NaN3 application, and we found that there was a concentration-

dependent increase in ventilatory frequency during the first 5 minutes of treatment (Fig 

4.2D, E).   

 

Locusts ventilate continuously when stressed and discontinuously while at rest, and 

therefore discontinuous ventilation arguably represents a non-stressed state.  Burst 

durations and periods following recovery from NaN3-induced arrest gradually increased 
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over time, and it was of interest to determine if this deviance from the Control rhythm 

represented a switch to discontinuous ventilation or permanent damage from NaN3 

reflected in an eventual inability to maintain a pattern (Fig. 4.3).  To determine if the 

vCPG was capable of generating the pre-stress motor pattern following recovery from 

NaN3-induced arrest we increased the internal temperature of the preparation, a treatment 

that usually results in increased ventilatory frequency.  Turning the heater on 10-15 

minutes following recovery from NaN3-induced arrest and increasing internal 

temperature 5°C resulted in an increased ventilatory rate to the point where the motor 

pattern resembled Control values (Fig. 4.3).  There was a main effect of NaN3 treatment 

and NaN3 treatment followed by heat on normalized burst durations (two-way RM-

ANOVA, P<0.001, F(2,94)=26.091) and normalized burst periods (two-way RM-ANOVA, 

P=0.013, F(2,95)=7.878) compared to Control preparations (Fig. 4.3).  Normalized burst 

durations (Fig. 4.3A) and periods (Fig. 4.3B) of NaN3-treated preparations were not 

significantly different than in Control preparations after a temperature increase of 5°C 

from room temperature applied post-recovery of motor pattern generation (post hoc 

Tukey tests, P<0.05).  When the heater was turned off, ventilatory burst durations and 

periods deviated from the Control motor pattern and there was a gradual decrease in 

ventilatory rate (Fig. 4.3A, B). 

   

AMPK activation induces a switch in motor pattern behavior resembling that post-

recovery from NaN3-induced vCPG arrest  

AMPK is activated by cell stress, i.e. decreased energy status triggers an increase in 

AMPK.  When AMPK is activated in cells, this signals metabolic stress and ATP-
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utilizing processes shut down and ATP-generating processes turn on.  It was our goal to 

determine if AMPK activation using the AMPK activator AICAR would mimic the motor 

pattern changes induced by a NaN3-induced shutdown.  10-3M AICAR was bath-applied 

in the absence of NaN3, artificially signaling decreased energy status, and 10-4M 

compound-C was also bath-applied in non-stressed (Control) preparations (Fig. 4.4).  

There were significant treatment effects on both normalized burst durations (two-way 

RM-ANOVA, P=0.003, F(2,198)=8.496) and periods (two-way RM-ANOVA, P=0.001, 

F(2,198)=10.182) (Fig. 4.4).  Activation of AMPK using 10-3M AICAR did not induce 

vCPG shutdown or an abrupt surge in [K+]o, but caused an immediate increase in 

ventilatory rate and shortened burst durations and periods by ~0.7 and ~0.5 seconds, 

respectively, within 5 minutes relative to pre-AICAR values (Fig. 4.4).  Inhibition of 

AMPK using 10-4M compound-C had no effect on ventilatory burst durations or periods 

when induced in non-stressed preparations, possibly because there was no stress signal 

and thus nothing to inhibit (Fig. 4.4).  Normalized burst durations (Fig. 4.4A) and periods 

(Fig. 4.4B) in preparations treated with 10-3M AICAR were significantly different than in 

Control preparations and those treated with 10-4M compound-C after 5 minutes of 

application (post hoc Tukey tests, P<0.05). 

 

The result that AMPK activation using 10-3M AICAR caused the ventilatory rhythm to 

speed up is interesting, however we speculated whether a higher dose of AICAR would 

have effects on the motor pattern that resemble the marked change in burst durations and 

periods following recovery from NaN3-induced arrest.  Ventilatory burst durations and 

periods shortened, i.e. ventilatory frequency increased, by 2 minutes of 10-2M AICAR  
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Figure 4.4.  Activation of AMP-activated protein kinase (AMPK) increased ventilatory 

frequency and inhibition of AMPK had no effect when induced in non-stressed (Control) 

preparations.  A, B. Relative to the start of the experiment, AMPK activation using 10-3M 

AICAR significantly shortened burst durations and periods by proportions of ~0.7 and 

~0.5, respectively, within 5 minutes compared to Control and 10-4M compound-C-treated 

preparations.  Inhibition of AMPK using 10-4M compound-C had no effect on normalized 

burst durations and periods compared to Control.  Error bars represent SEM. 
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application (Fig. 4.5, Fig. 4.6C, D).  Following the initial increase in ventilatory rate 

AMPK activation using AICAR had multiple effects on the rhythm that can be divided 

into four distinct categories: A) the pre-AICAR motor pattern was replaced with 

continuous tonic buzzing, B) the pre-AICAR motor pattern was replaced with 

unpatterned “gasps” or large amplitude bursts, C) another long duration/long period 

rhythm was interspersed with the pre-AICAR motor pattern, and D) the second long 

duration/long period rhythm replaced the pre-AICAR rhythm, which became completely 

phased out (Fig. 4.5).   

 

AMPK inhibition reverses the AICAR- and NaN3-induced switch in ventilatory motor 

pattern behaviour and glucose mimicked the effects of AMPK inhibition 

Following 20 minutes of AICAR bath-application, 10-4M compound-C was bath-applied 

for 20 minutes (Fig. 4.5).  Regardless of the effect of AICAR, 10-4M compound-C 

recovered the ventilatory motor pattern to near pre-AICAR duration and period values 

(Fig. 4.5, Fig. 4.6C, D).  Bath-application of 10-4M compound-C in combination with 10-

2M AICAR had similar effects as when applied alone in standard locust saline, and saline 

washout following 20 minutes of 10-2M AICAR reversed the effects of AICAR on the 

motor pattern (data not shown).  There was a main effect of AMPK activation and 

inhibition on normalized burst durations (one-way ANOVA, P=0.004, F(4,42)=4.590) and 

periods (one-way ANOVA, P<0.001, F(4,44)=16.521) compared to pre-treatment (Control) 

values (Fig. 4.6C, D).  10-2M AICAR significantly shortened burst durations and periods 

within 5 minutes compared to pre-AICAR values and 10-4M compound-C subsequently 

significantly increased burst durations and periods to near Control values (post hoc Tukey 
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Figure 4.5 
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Figure 4.5.  AMPK inhibition using compound-C reversed the effects of a high dose of 

AICAR on the ventilatory motor pattern.  A-D.  10-2M AICAR was bath-applied in 

preparations for 20 min, followed by bath-application of 10-4M compound-C for 20 min.  

Control (5 min) = 5 minutes following standard locust saline application; AICAR (2 

min), (10 min), and (20 min) = 2, 10, and 20 minutes following 10-2M AICAR bath-

application, respectively; CmpdC (20 min) = 20 minutes following 10-4M compound-C 

bath-application.  10-2M AICAR caused an immediate increase in ventilatory rate within 

1-2 minutes post-entry into the preparation and this was followed by multiple effects on 

the ventilatory rhythm, some resembling the recovered motor pattern following NaN3-

induced arrest: A. Continuous tonic buzzing, B. Loss of the pre-AICAR motor pattern 

and unpatterned, high amplitude “gasping”, C. Another long duration/long period rhythm 

interspersed with the initial motor pattern, and D. The second long duration/long period 

rhythm replaced the initial rhythm, which became completely phased out.  Regardless of 

the effect of AICAR, 10-4M compound-C recovered the rhythm to pre-AICAR duration 

and period values. 
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Figure 4.6 
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Figure 4.6.  AMPK inhibition using compound-C “reversed” the effects of NaN3 and 

AICAR on the ventilatory motor pattern by returning burst durations and periods to 

Control values, and glucose mimicked the effects of compound-C.  A, B. 10-3M NaN3 

was bath-applied in preparations until 1 minute post-arrest of ventilatory motor pattern 

generation, at which point preparations were allowed to recover in standard locust saline.  

10-4M compound-C or 10-3M glucose were bath-applied 10-15 minutes following 

recovery from NaN3-induced vCPG arrest.  There was a significant effect of both 

compound-C and glucose on normalized burst durations (A) and normalized burst periods 

(B) which resembled Control values by 20 minutes of application.  Normalized durations 

and normalized periods in preparations treated with 10-4M compound-C or 10-3M glucose 

following recovery from NaN3-induced vCPG arrest were not significantly different than 

in Control preparations at 50-60 minutes into the experiment.  Asterisks indicate 

significantly different burst durations and periods compared to preparations that were 

allowed to recover from NaN3-induced vCPG arrest in standard locust saline.  C, D. 

AMPK inhibition using compound-C reversed the effects of AICAR on the ventilatory 

motor pattern.  “con5”, “con10”, and “con15” represent 5, 10, and 15 minutes after 

standard locust saline application.  10-2M AICAR was bath-applied after 20 minutes of 

standard locust saline application and after 5 minutes of 10-2M AICAR application 

(“AICAR”) burst durations shortened by ~0.3 seconds on average and burst periods 

shortened by ~0.4 seconds on average relative to initial values.  10-4M compound-C was 

bath-applied in preparations following 20 minutes of AICAR application and after 20 

minutes of compound C application burst durations and periods returned to near Control 
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values.  Asterisks indicate a significant difference from AICAR and daggers indicate a 

significant difference from compound-C.  Error bars represent SEM. 
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tests, P<0.05) (Fig. 4.6C, D).  Since compound-C reversed the effects of AICAR, it was 

of interest to determine if blocking AMPK activation would have a similar effect 

following NaN3-induced arrest.  Following NaN3-induced arrest burst durations and 

periods gradually increased over time (Fig. 4.1B, C, D).  We bath-applied 10-4M 

compound-C as well as 10-3M glucose 10-15 minutes following recovery from NaN3-

induced arrest to determine of the effect of these treatments on the recovered motor 

pattern (Fig. 4.6A, B).  There were significant treatment effects on both normalized burst 

durations (two-way RM-ANOVA, P<0.001, F(3,208)=20.096) and periods (two-way RM-

ANOVA, P<0.001, F(3,274)=8.812) (Fig. 4.6A, B).  Application of 10-4M compound-C 

following recovery from NaN3-induced arrest returned the motor pattern to a faster 

continuous state resembling Control durations and periods by 20 minutes of application 

(Fig. 4.6A, B).  Application of 10-3M glucose mimicked the effect of compound-C on the 

motor pattern and returned ventilatory burst durations and periods to near Control values 

(Fig. 4.6A, B).  In preparations treated with either 10-4M compound-C or 10-3M glucose 

following NaN3-induced vCPG arrest, normalized burst durations and periods were not 

significantly different than Control values after 10 minutes of application (post hoc 

Tukey tests, P<0.05) (Fig. 4.6A, B). 

 

AMPK inhibition suppresses ouabain-induced SD-like events 

Continuous bath-application of 10-4M ouabain induces repetitive vCPG arrest, with each 

period of electrical silence coinciding with an abrupt surge in [K+]o (Rodgers et al. 2007, 

2009) (Fig. 4.7).  In this study, the time to onset of the initial ouabain-induced SD-like 

[K+]o event was ~12 minutes and there were ~3 SD-like events on average within 35 



156 

 

40
m

M

[K+]o

Suct.
Elec.

Ouabain (Control)

10-4M Ouabain

5 min

i

i ii iii

ii

1 s

iii

 

 

Figure 4.7. Ouabain-induced repetitive SD-like events in the locust MTG.  Simultaneous 

recording of electrical activity from the median ventilatory nerve originating at the A3 

neuromere of the MTG (“Suct. Elec.”) and the extracellular potassium concentration 

([K+]o) surrounding the vCPG.  Following 20 minutes of standard locust saline bath-

application, 10-4M ouabain was bath-applied for 35 minutes.  10-4M ouabain induced 

repetitive 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=10).  10-4M 

ouabain initiated repetitive SD-like events at ~12 minutes of application and induced ~3 

SD-like events on average.  100% of preparations had at least one SD-like event within 

35 minutes of application.  The expansions (i, ii, iii) show the motor pattern trace 

following each SD-like event in Control preparations.   
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minutes of application (Fig. 4.7).  Also, all preparations had at least one SD-like event 

over the course of ouabain treatment.  There were striking similarities in this study 

between the ventilatory motor pattern during AMPK activation using AICAR and the 

ventilatory motor pattern post-recovery from NaN3-induced vCPG arrest and associated 

SD-like event.  In addition, compound-C returned ventilatory burst durations and periods 

to Control values in both cases.  Given these results we hypothesized that SD-like events 

in the locust induced by a milder stress such as impairment of ionic homeostasis using 

ouabain may be modulated by AMPK activation.  For this investigation, we pre-treated 

preparations by bath-applying either 10-2M AICAR or 10-4M compound-C for 15 

minutes, followed by bath-application of either 10-2M AICAR or 10-4M compound-C in 

combination with 10-4M ouabain for 35 minutes.  Preparations treated with 10-4M 

ouabain alone represent “Control” preparations.  Ouabain-induced repetitive SD-like 

events were exacerbated by 10-2M AICAR and suppressed by 10-4M compound-C (Fig. 

4.8).  Pre-treatment with 10-2M AICAR caused a modest ~5mM increase in [K+]o and had 

effects on the ventilatory motor pattern as seen in Fig. 4.5 (Fig. 4.8A).  An examination 

of the ventilatory motor pattern following multiple ouabain-induced SD-like events 

revealed a complete switch to a long duration and long period motor pattern when 

AICAR was bath-applied in combination with ouabain (Fig. 4.8A).  10-2M AICAR 

significantly decreased the time to onset of SD-like events and significantly increased the 

number of SD-like events compared to Control preparations and those treated with 10-4M 

compound-C (post hoc Tukey tests, P<0.05) (Fig. 4.8A, D, E).  In the majority of 

preparations, 10-4M compound-C treatment completely abolished ouabain-induced SD-

like events (Fig. 4.8B, C).  Compared to Control preparations and those treated with 10- 
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Figure 4.8.  AMPK inhibition suppresses ouabain-induced spreading depression.  A, B. 

Simultaneous recording of electrical activity from the median ventilatory nerve 

originating at the A3 neuromere of the MTG (“Suct. Elec.”) and the extracellular 

potassium concentration ([K+]o) surrounding the vCPG.  Following 20 minutes of 

standard locust saline bath-application, preparations were pre-treated with either 10-2M 

AICAR or 10-4M compound-C for 15 minutes.  10-2M AICAR or 10-4M compound-C 

were then bath-applied in combination with 10-4M ouabain for 35 minutes.  Expansions 

show the motor pattern trace at different time points: i) prior to pre-treatment, ii) after 15 

minutes of AICAR or compound-C pre-treatment and iii) after 25-35 minutes of bath-

application of ouabain in combination with AICAR or compound-C.  AMPK activation 

increased the propensity for ouabain-induced SD-like events (A) and AMPK inhibition 

suppressed ouabain-induced SD-like events (B).  C. AMPK inhibition resulted in a 70% 

decrease in the number of preparations having at least one ouabain-induced SD-like 

event.  D. Time to onset of ouabain-induced SD-like events was significantly decreased 

by AMPK activation and significantly increased by AMPK inhibition.  Significant 

treatment effects were found (one-way ANOVA, P<0.001, F(2,19)=15.860; Control and 

AICAR, N=10; CmpdC, N=3) where letters (A, B, C) denote significant differences 

using a post hoc test (Tukey, P<0.05).  E. AMPK activation also increased the number of 

SD-like events compared to Control preparations and those treated with 10-4M 

compound-C and significant effects of treatment were found (one-way ANOVA, 

P=0.001, F(2,14)=10.785; Control and AICAR, N=10; CmpdC, N=3).  Control 

preparations and those treated with compound-C were not significantly different, likely 

due to the small sample size as a result of the low proportion of preparations treated with 



160 

 

compound-C that had at least one SD-like event.  Letters in histogram bars represent 

statistical groupings whereby bars with different letters are significantly different using a 

post hoc Tukey test (P<0.05).  Error bars represent SEM. 
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2M AICAR, AMPK inhibition using 10-4M compound-C significantly reduced the 

proportion of preparations having at least one SD-like event (z-test, z=3.027, P=0.002) 

(Fig. 4.8C).  In the 3 out of 10 preparations that had at least one SD-like event, 10-4M 

compound-C significantly delayed the time to onset of ouabain-induced SD-like events 

(post hoc Tukey tests, P<0.05) (Fig. 4.8D; Fig. 4.9A).  Preparations treated with 10-4M 

compound-C also had significantly fewer SD-like events compared to preparations 

treated with 10-2M AICAR, but not compared to Control preparations, likely due to the 

small sample size (post hoc Tukey tests, P<0.05) (Fig. 4.8E). 

 

Following initiation of locust SD, AMPK inhibition aborts subsequent ouabain-induced 

SD-like events 

Although AMPK inhibition resulted in complete suppression of ouabain-induced SD-like 

events in 70% of preparations, delayed SD-like events were elicited in the remaining 30% 

of preparations (Fig. 4.8B-E).  There was an interesting effect of compound-C in these 

preparations in that the abrupt ouabain-induced increases in [K+]o were not accompanied 

by electrical silence or vCPG arrest (Fig. 4.9A).  Surprisingly, when compound-C was 

bath-applied in combination with ouabain, ventilatory motor pattern generation continued 

during ouabain-induced SD-like events, where [K+]o increased to around the same 

amplitude as in Control preparations (compound-c, 55-65mM; Control, 60-70mM).  

Thus, compound-C not only delayed the onset and thus decreased the number of ouabain-

induced SD-like events in these preparations, but also prevented shutdown of neuronal 

activity, an important characteristic of SD-like events in both locust and mammalian 

cortex (Fig. 4.9A).  In a separate set of experiments, we induced SD-like events using 10- 
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Figure 4.9.  Additional effects of AMPK inhibition on ouabain-induced repetitive SD-

like events in the locust MTG.  A, B. Simultaneous recording of electrical activity from 

the median ventilatory nerve originating at the A3 neuromere of the MTG (“Suct. Elec.”) 

and the extracellular potassium concentration ([K+]o) surrounding the vCPG.  A. AMPK 

inhibition resulted in a significant decrease in the number of preparations having at least 

one ouabain-induced SD-like event.  In the few preparations (30%) in which ouabain-

induced SD-like events were generated, vCPG shutdown did not occur during abrupt 

increases in [K+]o.  B. 10-4M ouabain was bath-applied following 20 minutes of standard 

locust saline application, and 10-4M compound-C was bath-applied in combination with 

10-4M ouabain following the initial ouabain-induced SD-like event.  Subsequent [K+]o 

surges were aborted and motor pattern generation continued during these events.  

Expansions (i, ii) show the motor pattern trace coinciding with various SD-like events. 
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4M ouabain in exactly the same fashion as in Control preparations, but we then bath-

applied 10-4M compound-C in combination with 10-4M ouabain directly following the 

initial ouabain-induced SD-like event (Fig. 4.9B).  As a result of compound-C 

introduction into preparations following SD onset, subsequent [K+]o increases were 

substantially decreased in amplitude and duration compared to in Control preparations, 

and these muted [K+]o surges did not coincide with electrical silence or vCPG arrest (Fig. 

4.9B). 
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4.5 Discussion 

This study demonstrates that AMPK activation mimics the effect of an acute energy 

stress on ventilatory motor pattern properties and increases the propensity for and 

severity of ouabain-induced SD-like events in the locust.  Upon initial application of 

NaN3, ventilatory rate increased in a concentration-dependent manner.  10-3M and 5 x 10-

4M NaN3 induced vCPG arrest and an associated SD-like event, and the time from NaN3 

application to vCPG arrest was concentration-dependent.  There was an interesting trade-

off such that early vCPG arrest induced by 10-3M and 5 x 10-4M NaN3 doses was 

associated with shorter times to recovery.  This supports the hypothesis that the triggered 

event is adaptive and represents a neural off-switch to conserve energy.  Following SD-

like events induced by 10-3M NaN3, the motor pattern recovered and deviated from the 

pre-NaN3 motor pattern, and this occurred to a lesser degree following vCPG arrest 

induced by 5 x 10-4M NaN3.  Ventilatory rate gradually slowed and ventilatory burst 

durations and periods increased over time.  AMPK activation using AICAR did not 

induce vCPG arrest and an abrupt rise in [K+]o but caused the ventilatory rhythm to 

initially speed up, then had multidimensional effects at a high dose (10-2M), some 

mimicking the effect of NaN3 in reducing motor pattern frequency.  In some cases there 

appeared to be a complete switch in vCPG output to a slower motor pattern.  This 

indicates that AMPK activation reduces energy use at the expense of neuronal 

performance following an initial increase in O2 uptake.  Application of heat following 

recovery from NaN3-induced vCPG arrest returned burst durations and periods to pre-

NaN3 values.  This demonstrates that complete energy deprivation by chemical anoxia is 

not permanently damaging to the locust vCPG but could alter output in preparation for 
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future stresses.  It is not clear why neural activity recovers in the locust but in cortical 

tissue cells die as a result of low O2 and energy deprivation.  Ganglion architecture and 

tracheal supply of oxygen in the locust have a different type of complexity than a 

vascular supply of blood carrying oxygen and glucose in cortical tissue.  Vascular O2 

supply is very important for recovery from SD and the associated depolarization in 

cortical tissue even in normoxic conditions (Takano et al. 2007).  In locusts NaN3-

induced vCPG arrest does not coincide with complete neuronal depolarization 

(Armstrong et al. 2009).  This may allow for energy-conserving mechanisms, such as 

AMPK, to be activated during SD-like events.  We propose that SD-like events in the 

locust trigger the activation of AMPK to conserve energy. 

 

AMPK activation triggers changes in breathing rhythms in response to metabolic insults 

(Kréneisz et al. 2009).  Carotid body glomus cells sense O2 availability to regulate 

breathing and AMPK activation by NaN3 or hypoxia inhibits background K+ channels 

TREK-1 and TREK-2 in these cells (Kréneisz et al. 2009).  Thus metabolic activity has 

been directly linked to cell excitability by AMPK (Kréneisz et al. 2009).  We have 

provided evidence for a link between AMPK activation and ventilatory central pattern 

generation in an insect model.  The AICAR-induced switch to a long duration and period 

motor pattern was similar to the reduced frequency motor pattern following NaN3-

induced arrest and it is reasonable to suggest that these changes involved AMPK 

activation.  AMPK inhibition using compound-C did not alter the ventilatory rhythm 

when applied in non-stressed preparations but reversed the effects of AICAR and NaN3 

by returning ventilation to the pre-stress condition.     
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AMPK activation caused a modest increase in [K+]o levels (5mM) during pre-treatment 

with AICAR, then exacerbated ouabain-induced SD-like events.  Compared to Control 

preparations, AICAR decreased the time to onset and increased the number of ouabain-

induced SD-like events.  The initial AICAR-induced increase in [K+]o may be due to 

inhibition of Na+/K+-ATPase complexes within the MTG.  The Na+/K+-ATPase is both 

energy-requiring and essential for maintenance of the K+ equilibrium, and we have 

already shown that disruption of the Na+/K+-ATPase using ouabain results in the 

generation of SD-like events in a concentration-dependent manner (Rodgers et al. 2009).  

An AMPK-induced shutdown of Na+/K+-ATPase activity when pumps are already 

subjected to ouabain would explain exacerbated SD-like events.     

 

AMPK is expressed in cortical and hippocampal tissue and is involved in neuroprotection 

following stroke (McCullough et al. 2005) and neuronal plasticity involved in 

epileptogenesis (Potter et al. 2010).  Aside from a major mechanistic role in learning and 

memory, long term potentiation (LTP) is also thought to play a role in epileptogenesis.  

Glycolytic inhibition using 2-deoxy-D-glucose (2DG) suppressed epileptogenesis 

(Garriga-Canut et al. 2006) and AMPK activation using 2DG, metformin, and AICAR 

prevented LTP maintenance by suppressing the mammalian Target of Rapamycin 

(mTOR) pathway in the mouse hippocampus (Potter et al. 2010).  It is likely that AMPK 

activation inhibited the mTOR signaling pathway and induction of LTP because these 

processes are energy intensive.  AMPK inhibition or lack of activation results in 

heightened mTOR activity and inappropriate LTP induction that underlie diseases or 
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conditions such as epilepsy that involve SD.  We presume that AMPK activation 

exacerbated SD-like events in the locust by suppressing energy-requiring processes 

thereby affecting the electrochemical gradient leading to the generation of SD.   

 

Inhibition of AMPK using compound-C suppressed SD in 70% of preparations.  In the 

few preparations where [K+]o events did occur during bath-application of compound-C, 

there was no interruption of vCPG operation despite ~60mM [K+]o increases measured in 

the area of the vCPG.  When compound-C was applied following the initiation of 

repetitive ouabain-induced SD, subsequent [K+]o waves had a shorter duration and 

smaller amplitude.  These small [K+]o increases did not share the same characteristics as 

the abrupt all-or-none type increases that usually occur coinciding with vCPG arrest in 

response to ouabain.  One possibility is that inhibition of AMPK affected [K+]o 

propagation throughout the MTG.  Tapered [K+]o diffusion across tissue would explain 

continued electrical activity and muted [K+]o surges within the MTG upon application of 

compound-C.  Recently it has been suggested that ouabain-induced repetitive SD-like 

events in the locust resemble the spontaneous peri-infarct depolarizations (PIDs) that 

expand the penumbra during stroke in vertebrate cortical tissue (Rodgers et al. 2010).  

PIDs prevent the restoration of energy balance during ischemia that is critical to cell 

survival following stroke and therefore increase the size of the infarct and the volume of 

neuronal damage (Fabricius et al. 2005; Dohmen et al. 2008; Dreier et al. 2009).  A 

similarity between PIDs in cortex and ouabain-induced [K+]o surges in the locust is that 

vCPG recovery is less likely following each [K+]o event and there is a concentration-

dependence to this effect (Rodgers et al. 2009).  Neuronal AMPK is elevated and 
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activated after induction of cerebral ischemia in mice (McCullough et al. 2005).  The 

volume of stroke damage is reduced by pharmacological inhibition of AMPK by either 

C75 (increases ATP levels) or compound-C and exacerbated by AICAR activation of 

AMPK (McCullough et al. 2005).  Thus, AMPK activation following cerebral ischemia is 

detrimental to neuronal survival whereas inactivation of AMPK may be neuroprotective 

(McCullough et al. 2005).  A novel finding in the current study was that AMPK 

inhibition suppresses SD-like events once locust SD has been initiated.   

 

Nitric-oxide synthase (NOS) may play a role in neuronal survival after ischemic stress, as 

mice deficient in neuronal NOS (nNOS) demonstrated a decrease in both stroke damage 

and AMPK activation compared with wild type (McCullough et al. 2005).  During OGD, 

stimulation of NOS by increasing Ca2+ levels causes accumulations of NO, superoxide, 

peroxynitrite (ONOO), and free radicals, contributing to cell damage (Snider et al. 1999; 

Love, 2003).  AMPK can be activated independently of changes in AMP, for example by 

the NO/ONOO pathway (Almeida et al. 2004).  An increase in NO production results in 

formation of ONOO, a potent oxidant by-product and key player in induction of ischemic 

damage.  Production of NO has previously been shown to increase in the locust CNS in 

response to heat and anoxia (Armstrong et al. 2009) and has been shown to affect locust 

CPGs and rhythmic movements (Newland and Yates, 2007).  Activation of the 

NO/cGMP/PKG pathway exacerbates ouabain-induced SD and inhibition of this pathway 

suppresses SD-like events in the locust (Armstrong et al. 2009).  In the absence of AMPK 

inducers or inhibitors, the generation of SD-like events in response to stress in the locust 

could be attributed to increased NO in the nervous system and activation of AMPK.  
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Drops in cellular ATP could also activate AMPK and lead to continued activation 

following recovery from SD-like events, altering the ventilatory motor pattern.  As part 

of the response to ischemia, AMPK activates numerous transcription factors and proteins, 

including endothelial NOS.  Another possibility is that AMPK activation in response to 

stress activates NOS, leading to NO production, increased PKG, and SD in the locust 

MTG.  The ATP-depleting effects of NO/cGMP/PKG activation by AMPK may 

contribute to exacerbated SD-like events.  Thus, AMPK could be mechanistically related 

to NO, ONOO, and nNOS in the locust.   

 

We have shown the locust vCPG responds to acute energy stress by switching motor 

pattern behavior and manipulation of an energy sensing pathway ‘tunes’ the propensity of 

neuronal tissue in the locust to display SD-like events.  The switch in rhythm frequency 

in response to a NaN3-induced shutdown could be mimicked by AMPK activation and 

reversed by AMPK inhibition.  In addition to altering ventilatory motor pattern properties 

AMPK activation exacerbated ouabain-induced SD.  Our results suggest that a shutdown 

of neural function and SD-like events in response to ATP deprivation in the locust do not 

result in neural tissue damage.  Thus we provide evidence that AMPK has a role in stress-

induced comas and SD-like events in the locust and may trigger a switch in motor pattern 

behavior at the expense of neuronal performance. 
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Chapter 5 

 

5.1 General Discussion 

Environmental stressors such as high temperature and low oxygen can have profound 

effects on the neuronal function and behavior of animals and thus are detrimental to 

survival.  Locusts are poikilothermic animals that inhabit hot and arid environments 

where extremely high temperatures pose a challenge to the ability to reproduce and 

survive.  Low oxygen conditions are also a natural hazard for locusts as high rainfall is 

intricately associated with development of individuals (Rainey, 1951; Pedgley, 1979; 

Stige et al. 2007).  The ability of the locust to generate crucial motor patterns in a 

stressful environment depends on the mechanisms that compensate for external 

disturbances.  In my thesis I examined the effects of various stresses on the central 

pattern generator responsible for controlling rhythmic ventilatory movements, the 

ventilatory central pattern generator (vCPG).  The vCPG is crucial to protect as it is 

responsible for circulation of respiratory gases and delivery of oxygen directly to tissues 

and cells through the tracheal system of the locust.  Failure and recovery of vCPG 

operation are unequivocal, which makes it an ideal system to measure and compare 

tolerance to various stresses.  The overall objective of my thesis was to investigate the 

nature of stress-induced vCPG arrest in the context of K+ ion changes surrounding the 

vCPG.   

 

In the second chapter of my thesis I investigated whether or not spreading depression 

(SD)-like increases in extracellular potassium concentration ([K+]o) occurred exclusively 
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at the moment of vCPG arrest induced by high temperature stress (Robertson, 2004b).  

The abrupt all-or-none type rise in [K+]o was not exclusive to hyperthermia-induced 

vCPG arrest in the locust, but could also be generated in response to anoxia (N2 gas), 

ATP depletion (sodium azide, NaN3), Na+/K+-ATPase impairment (ouabain), and 

neuropile nano-injections of K+ (Rodgers et al. 2007).  SD-like [K+]o increases occurred 

in the metathoracic ganglion (MTG) in response to two types of anoxia treatment: the 

semi-intact preparation was contained within a N2-filled chamber, or NaN3 

(mitochondrial blocker) was bath-applied in the same fashion as standard locust saline.  

The [K+]o peaks induced by NaN3 and anoxia were significantly higher than the peak 

[K+]o induced by hyperthermia (NaN3 peak: 85±2mM, Anoxia peak: 79±3mM, compared 

to 52±2mM during hyperthermia).  Subsequent recovery of ventilatory motor patterning 

from the anoxic coma occurred if NaN3 was flushed out with standard locust saline or if 

N2 gas was cut off and air allowed to enter the chamber, and this was associated with 

restoration of [K+]o to normal baseline levels.  Maintenance of the K+ equilibrium is 

largely attributed to Na+/K+-ATPase activity and we tested the effect of Na+/K+-ATPase 

inhibition using ouabain.  Continuous bath application of 10-4M ouabain demonstrated 

recurring [K+]o events where the rise and fall of [K+]o was associated with failure and 

recovery of the ventilatory motor pattern, respectively.  Finally, we could also induce 

coma and associated SD-like increase in [K+]o by delivering nano-injections of saline 

containing high KCl content directly into the ventilatory neuropile, which induced an 

abrupt [K+]o surge once a threshold was reached.  In this manner we were able to directly 

disturb Ek just enough to bring [K+]o to threshold for an abrupt surge.  The stress-induced 

comas described here and the associated abrupt all-or-none increases in [K+]o in the 
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locust MTG share many of the major characteristics of SD in mammalian cortical tissue, 

at least with respect to [K+]o.  The major aim of my second chapter was to describe the 

occurrence of these events in the locust and their resemblance to SD-like events that 

occur in mammalian cortical tissue, termed cortical SD (CSD).  

 

SD is a widely studied phenomenon due to its role in mammalian pathologies such as 

migraine, ischemic injury or stroke, and seizures.  [K+]o changes in the locust MTG are 

strikingly similar to those that occur during SD in mammalian cortical tissue, both in 

terms of the speed of [K+]o increase and the amplitude of [K+]o increase.  There was not a 

gradual increase in [K+]o in response to cellular stressors in the locust, but an abrupt, all-

or-none type increase characteristic of mammalian SD-like events.  SD-like events in the 

locust could be induced by the same stressors that induce SD in cortical gray matter.  The 

hyperthermic SD-like event in the locust is very similar to SD-like events in the rat 

hippocampus during hyperthermia (Wu and Fisher, 2000).  Notably, hyperthermic SDs in 

rat hippocampal slices were associated with an abrupt, reversible rise in [K+]o to a mean 

peak of 43 ± 10.9 mM (from a mean baseline of 6.4 ± 0.2 mM) (Wu and Fisher, 2000).  

In the locust, [K+]o increased from a baseline level of 10 mM to ~50 mM at the moment 

of heat-induced vCPG arrest.  [K+]o recovered to baseline levels when the heater was 

turned off and the temperature was allowed to return to room levels and this was 

associated with vCPG recovery.  SD in the mammalian nervous system can also be 

evoked by mitochondrial blockers, KCl application, and inhibition of Na+/K+-ATPase 

activity (Leão, 1944; Leão and Morrison, 1945; Balestrino et al. 1999; Müller and 

Ballanyi, 2003).  The Na+/K+-ATPase is essential for proper neuronal activity due to its 
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role in maintaining ionic concentration gradients and targeting of the Na+/K+-ATPase 

using ouabain has been widely used to induce SD in cortical tissue (Haglund and 

Schwartzkroin, 1990; Balestrino et al. 1999; Menna et al. 2000; Xiong and Stringer, 

2000; Leis et al. 2005).  In the second chapter of my thesis I showed that continuous bath 

application of ouabain interestingly elicited repetitive SD-like events in the locust MTG.  

Prodromal spikes are also a characteristic feature during mammalian SD-like events 

consisting of a short burst of action potentials or intense synaptic noise at the leading 

edge of SD.  This excitation is likely due to neuron membrane depolarization from 

increased [K+]o.  Unpatterned bursts of spikes frequently occurred at the leading edge of 

SD-like events induced by all of the above cellular stressors in the locust (Rodgers et al. 

2007). 

 

One of the key features of CSD is that neurons completely depolarize, and the 

depolarization and associated synaptic activity cessation propagate across cortical gray 

matter.  The extent of neuronal depolarization during SD-like events in the locust has also 

been investigated using sharp intracellular microelectrodes to record neuronal activity 

within the MTG concurrently with recordings of [K+]o (Armstrong et al. 2009).  During 

SD-like events evoked by NaN3, locust ventilatory neurons depolarized modestly by 

about 13 mV on average coinciding with a surge in [K+]o (Armstrong et al. 2009).  This 

modest depolarization is in contrast to that of neurons in the mammalian CNS that 

depolarize completely resulting in a membrane potential of 0 mV (Collewijn and Van 

Harreveld, 1966).  There was also a significant decrease in input resistance in neurons 

during SD-like events induced by NaN3 in the locust (Armstrong et al. 2009).  The 
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decrease in input resistance is likely caused by opening of voltage-dependent and other 

membrane channels during SD-like events.  In the second chapter of my thesis we were 

also able to show that similar to SD-like events in mammalian cortical tissue, waves of 

[K+]o propagate within the locust nervous system (Rodgers et al. 2007).  In the locust 

there was a mean SD-like propagation speed of 2.4 mm/min within the MTG.  In 

mammalian brain tissue grey matter contains neural cell bodies, whereas white matter 

mostly contains myelinated axon tracts.  In the locust, waves of [K+]o propagated locally 

within the MTG (grey matter) and were unable to propagate through the connectives 

(white matter) to the mesothoracic ganglion and vice versa, an observation that is 

consistent with SD phenomena occurring in mammals (Van Harreveld et al. 1956).  The 

mechanism of SD wave propagation is poorly understood.  The initiation of CSD waves 

can be prevented using NMDA receptor antagonists and gap junction inhibitors, but once 

a propagating wave of CSD is evoked it is insensitive to a number of NMDA receptor 

antagonists and channel inhibitors (Takano et al. 2007).  It is likely that the generation of 

SD-like events in response to these stressors in both mammals and locusts is caused by 

the inability to provide enough energy required to maintain ionic gradients.  The forward 

movement of CSD could be driven by K+ and hypoxia rather than opening of specific 

channels or activation of transmitter systems.  One theory is that the increased [K+]o in 

combination with low energy allows [K+]o to diffuse forward along its concentration 

gradient and propagate across cortex (due to the inability to clear [K+]o) (Takano et al. 

2007).  Studies of SD in vertebrate cortical tissue have revealed the possible involvement 

of intercellular gap junctions as a mechanism of propagation (Nedergaard et al. 1995; 

Largo et al. 1997; Thompson et al. 2006).  Glial cells are involved in ion homeostasis, 
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function, and development of the insect brain (Kretzschmar and Pflugfelder, 2002) and 

thus similar mechanisms of SD propagation may exist in the locust MTG.  The 

mechanism of [K+]o propagation and the role of glia during locust SD are currently being 

investigated. 

 

We were able to manipulate SD-like events in the locust using drugs that act on ion 

channels and cellular signaling pathways.  Tetrodotoxin (TTX), a Na+ channel blocker, 

and tetraethylammonium chloride (TEA), a K+ channel blocker, have been used in studies 

of mammalian CSD and we have seen similar effects during locust SD-like events.  SD-

like events in the locust are delayed by Na+ channel block using TTX and diminished by 

K+ channel block using TEA (Rodgers et al. 2007).  In the third chapter of my thesis I 

also showed that K+ channel inhibition using TEA suppressed the onset and decreased the 

amplitude of ouabain-induced repetitive [K+]o waves (Rodgers et al. 2009).  These results 

further demonstrate the similarity between SD-like events that occur in locust neural 

tissue and mammalian cortical tissue.  The effect of activating and inhibiting the 

NO/cGMP/PKG pathway on the propensity to generate and the severity of SD-like events 

occurring in the locust CNS has been investigated (Armstrong et al. 2009).  Pre-treatment 

with KT5823, a PKG antagonist, decreased the length of SD-like events evoked by 

nanoinjections of KCl, whereas pre-treatment with 8-Br-cGMP, a PKG agonist, 

lengthened the duration of the SD-like event (Armstrong et al. 2009).  In addition, PKG 

inhibition using KT5823 shortened the length of time taken for the vCPG to recover, 

whereas PKG activation resulted in a longer time to recovery of vCPG activity following 
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a KCl-induced SD-like event (Armstrong et al. 2009).  These data show that the duration 

of the SD-like event can be altered by differing levels of PKG activity.   

 

The vCPG displays a robust response to HS preconditioning and I was also interested in 

the effect of HS on [K+]o dynamics during stress.  A HS pre-treatment of 3 hours at 45°C 

resulted in an improved ability of the vCPG to withstand and recover from sustained high 

temperatures (Newman et al. 2003).  These established results provided a foundation for 

an investigation of the effect of HS pre-treatment on the onset and severity of [K+]o 

changes associated with vCPG arrest.  In the second chapter of my thesis I found that SD-

like events in the locust MTG could be preconditioned by prior HS treatment.  

Downregulation of K+ currents has been shown to mimic the thermoprotective effects of 

a prior HS treatment and is protective by prolonging the duration of action potentials and 

reducing [K+]o accumulation (Ramirez et al. 1999; Wu et al. 2001).  I hypothesized that 

HS-induced protection is due to stabilizing [K+]o during stress, possibly via Na+/K+-

ATPase activation.  HS treatment did not abolish or reduce the degree of SD-like 

increases in [K+]o in the locust but delayed the onset of the heat-induced SD-like event.  

The delayed onset of the SD-like event allowed for continued vCPG operation at elevated 

temperature in HS-treated animals.  The rate of [K+]o clearance following hyperthermic 

arrest was examined to determine if preconditioning improved [K+]o stabilization, and the 

role of the Na+/K+-ATPase in this preconditioning was also tested.  HS-treated locusts 

showed an increase in [K+]o clearance rates, which was correlated with a faster vCPG 

recovery.  There were no changes in steady-state Na+/K+-ATPase activity within the 

MTG, i.e. the ouabain-sensitive fraction of total Na+/K+-ATPase activity, following HS 
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pre-treatment.  This suggests that the increased rate of [K+]o clearance was not linked to 

changes in total Na+/K+-ATPase activity within the MTG, however a protective effect of 

HS on the Na+/K+-ATPase has not been ruled out.  Measurements of Na+/K+-ATPase 

activity in the locust MTG did not take into account the possibility of trafficking of 

pumps in neuronal and glial membranes.  The heat shock protein HSP70 has a 

thermoprotective effect on mammalian muscle sarco/endoplasmic reticulum Ca2+-

ATPase (Tupling et al. 2004) and thus HS-induced upregulation of this protein may have 

a protective effect on Na+/K+-ATPase pump activity.  HSP70 is believed to play a critical 

role in recovery and survival after HS (Mayer and Bukau, 1998) and a two-fold increase 

in expression of HSP70 occurs in locust fat body after being exposed to HS (Qin et al. 

2003).  HSP70 is synthesized in all cells following ischemia and heat shock, and has been 

shown to protect the brain against injury produced by ischemia and seizures (Yenari et al. 

1998).  As a result of ischemia, denatured proteins initiate the process of HSP70 

synthesis.  Directly outside of the ischemic core, HSP70 promotes the survival of glia and 

neurons in the area of mild to moderately ischemic tissue where peri-infarct 

depolarizations (PIDs) occur (Sharp et al. 1999).  Thus, HSP70 reduces neuronal damage 

in the wake of CSD and may have similar protective effects when induced by HS in the 

locust.  Currently the nature of the preconditioning mechanism in the locust is 

unresolved. 

 

In cortical tissue compromised by stroke or injury, PIDs are ‘spontaneous’ spreading 

depression waves that propagate through the penumbra region of cortical infarcts into 

normally healthy tissue thereby increasing the final infarct volume (Fabricius et al. 2005).  
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These repeated spreading depolarizations have been shown to occur during ischemic 

stroke in the human brain (Fabricius et al. 2005; Dohmen et al. 2008; Dreier et al. 2009).  

PIDs increase the metabolic requirements for recovery from CSD and lead to an increase 

in final infarct size that is directly related to the number of PIDs (Dohmen et al. 2008).  

We suggest that the ouabain-induced repetitive or ‘spontaneous’ SD-like events in the 

locust MTG represent a good model for investigating PIDs that occur in mammalian 

cortical tissue.  In the second and third chapters of my thesis I showed that 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. 2007, 

2009).  This suggests that 10-4 M ouabain does not cause complete inhibition of Na+/K+-

ATPase and bath-application of higher doses demonstrates a concentration-dependence to 

the effect of ouabain.  In the third chapter I further investigated the spontaneous and 

repetitive nature of ouabain-induced SD-like events in the locust.  In comparison to 10-4 

M ouabain, 10-5 M ouabain had no significant effect, while 10-3 M ouabain magnified its 

effects.  10-3 M ouabain shortened the time to onset of the initial [K+]o surge, gradually 

increased baseline [K+]o following each [K+]o surge, prolonged surge duration, 

diminished [K+]o surge amplitude, and motor pattern recovery was significantly less 

likely following a surge in preparations treated with 10-3 M ouabain compared to 10-4 M 

ouabain (Rodgers et al. 2009).  Use of ouabain doses greater than 10-4 M (10-3 M, 10-2 M) 

result in a gradual increase in the baseline level of [K+] such that a “ceiling” level of 

[K+]o is reached where eventually [K+]o does not return to baseline following surges and 

the motor pattern does not recover.  This may be equivalent to the effect of repeated PIDs 
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expanding the penumbral region of affected cortical tissue, further contributing to energy 

compromise and permanent tissue damage.   

 

Interventional strategies such as NMDA receptor antagonists and hypothermia have been 

shown to decrease the incidence of CSD and PIDs in cortical tissue (Chen et al. 1993).  In 

a study of temperature modulation of cerebral depolarization during focal cerebral 

ischemia in rats, animals subjected to hypothermia exhibited no infarct volume in 

comparison to normothermic and hyperthermic animals that had 10.2 +/- 12.3% and 36.5 

+/- 3.4% infarct volumes, respectively (Chen et al. 1993).  Another interesting result 

worth mentioning but that is not included in my thesis is that sharp SD-like rises in [K+]o 

also occurred in response to hypothermic stress in the locust (Rodgers et al. 2010).  In an 

initial set of experiments the temperature of the superfusing saline was decreased to 5°C, 

which induced cessation of motor pattern generation but was not sufficient to induce an 

abrupt [K+]o surge in the majority of cases (N=10).  This is an interesting result as it 

demonstrates that in this case vCPG arrest is independent of the SD-like event and is not 

the result of the wave in [K+]o.  In contrast to vCPG arrest in response to hyperthermia 

and the metabolic stressors described above, the lack of operation of the vCPG during 

hypothermia may be the result of lower O2 demand rather than a shutdown of neural 

function.  The mean change in [K+]o (Δ[K+]o) from the beginning of the cold ramp to 

arrest of motor pattern generation (the point at which continuous bursting could no longer 

be detected) was 3mM.  This is in comparison to a mean Δ[K+]o of 16mM from the 

beginning of a heat ramp to hyperthermia-induced vCPG arrest and a mean Δ[K+]o of 

44mM from the beginning of a heat ramp to the plateau of the [K+]o increase.  The small 
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increase in [K+]o with decreased internal temperature may be due to disregulation of the 

Na+/K+-ATPase, but not to the point of complete loss of the K+ gradient.  Due to the 

inability to bring the internal temperature of preparations below 5°C, a SD-like surge in 

[K+]o was associated with vCPG cessation during hypothermia in only two out of twelve 

preparations.  In these cooling experiments, the average temperature at vCPG arrest was 

9.4°C and the average temperature at subsequent recovery was 14.7°C.  In a separate 

experiment, the locust thoracic ganglia were removed from the preparation and placed on 

a cooling plate during [K+]o measurement within the MTG, enabling a temperature 

decrease to <5°C which was sufficient to bring [K+]o to threshold for induction of an 

abrupt surge (Armstrong, unpublished).    

 

An interesting hypothesis is that SD-like events in the locust can be considered an 

adaptive strategy to conserve energy and prevent neuronal hyperexcitation (Walter and 

Nelson, 1975; Rodgers et al. 2007, 2009).  I suggested this in the second and third 

chapters of my thesis, but did not provide hard evidence supporting this hypothesis.  

Unlike mammalian neurons during CSD, locust ventilatory neurons only partially 

depolarized during SD-like events (Armstrong et al. 2009) and neuronal operation always 

recovered following removal of the applied stress, even after ATP depletion using NaN3 

(Rodgers et al. 2007).  The frequency and duration of the recovered ventilatory motor 

pattern became more variable following each [K+]o event during ouabain-induced 

repetitive SD (Rodgers et al. 2007).  Although the recovered motor pattern following 

anoxia was robust, it was not identical to the pre-stress motor pattern, and as in CSD the 
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likelihood and quality of recovery may depend on the severity of the O2 and energy 

deprivation, however this has not been investigated in the locust.  vCPG operation post-

recovery from arrest induced by severe cellular stressors such as anoxia and NaN3 that 

result in energy deprivation has not been quantified.  CSD in mammals is associated with 

local tissue hypoxia and neuronal swelling due to energy consumption that is not met 

with adequate oxygen supply and SD is linked with drops in ATP availability even in the 

absence of O2 depletion, resulting in cell death (Thompson et al. 2006; Takano et al. 

2007).  There is much evidence that vCPG arrest and the abrupt SD-like increases in 

[K+]o in the locust MTG occur before irreversible cellular collapse (Rodgers et al. 2007).  

A continued increase in temperature beyond hyperthermic vCPG arrest and the associated 

SD-like event resulted in a second, higher [K+]o plateau of 100mM on average.  When the 

heat stress was removed, [K+]o remained elevated and motor pattern generation failed to 

recover (Rodgers et al. 2007).  Interestingly, there was no correlation between ganglionic 

ATP levels and the occurrence of stress-induced motor pattern arrest and subsequent 

recovery in the locust (Rodgers et al. 2007).  These results suggest that the trigger for SD-

like events in the locust is not a fall in ATP (i.e. energetic stress), but the ATP measure 

by itself does not provide a completely accurate account of cellular metabolic status and 

changes in adenylates such as AMP have not been tested.  The energy status of a cell can 

change and trigger signaling pathways without measurable effects on ATP (Lindsley and 

Rutter, 2004; Hardie et al. 2006).  Thus, the ATP measure by itself may not provide an 

accurate account of cellular metabolic status.  Further evidence for an adaptive role stems 

from the fact that SD-like events in the locust are plastic and can be manipulated in many 

different ways.  As discussed above, SD-like events in the locust were delayed by Na+ 
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channel block using TTX, diminished by K+ channel block using TEA (Rodgers et al. 

2007), suppressed by inhibition of the NO/cGMP/PKG pathway and exacerbated by its 

activation (Armstrong et al. 2009), and HS preconditioning resulted in an increased rate 

of [K+]o clearance associated with recovery of motor pattern generation (Rodgers et al. 

2007).  As suggested above, SD-like events in response to stress in the locust could be 

interpreted as a strategy to conserve energy by entering a state of coma during which 

energy-utilizing mechanisms to restore ion gradients are suspended (Rodgers et al. 2007).  

Regulatory mechanisms that monitor cellular metabolic state such as the AMP-activated 

protein kinase (AMPK) cascade could be triggered well before ATP levels are depleted, 

signaling metabolic stress before complete energy deprivation. 

 

The AMPK is a universal signaling molecule of all eukaryotic cells that reflects cellular 

energy status (Hardie et al. 2003).  AMPK is activated by any stress that negatively 

affects ATP levels such as heat shock, metabolic inhibitors (arsenite or oligomycin), 

hypoxia or ischemia, and glucose deprivation (Hardie et al. 2003).  AMPK is also 

allosterically activated by increased cellular AMP and is involved in a sophisticated 

regulatory system that improves cellular energy levels by stimulating ATP production 

(Hardie et al. 2003).  There was no correlation between ganglionic ATP levels and the 

occurrence of stress-induced motor pattern arrest and subsequent recovery in the locust 

(Rodgers et al. 2007), however metabolic stresses can trigger the activation of signaling 

pathways before changes in ATP can be detected (Evans, 2006; Hardie et al. 2006).  

AMPK activation prior to complete energy depletion would explain the lack of 
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correlation between SD-like events and ATP levels within the locust MTG, and would 

also explain the ability of the vCPG to recover operation following NaN3-induced 

shutdown.  In the fourth chapter of my thesis I tested the hypothesis that stress-induced 

vCPG arrest and subsequent recovery results in changes to the nature of the ventilatory 

motor pattern, and that these changes represent a strategy to conserve energy in a trade-

off with performance.  I examined the potential role of AMPK in this switch using the 

AMPK activator 5-aminoimidazole-4-carboxamide-1-riboside (AICA-riboside, or 

AICAR) and inhibitor compound-C.  AICAR is rapidly transported into cells and 

phosphorylated to form the AMP mimetic AICA-ribotide (ZMP) which allosterically 

activates AMPK.  AICAR has been used in combination with the anti-diabetic drug 

metformin, which does not deplete ATP and activates AMPK by an AMP-independent 

mechanism (Hardie et al. 2003; Lindsley and Rutter, 2004).  Treatment of cells with the 

AMPK activator AICAR causes many of the same phenotypes as exercise, glucose 

deprivation and hypoxia.  I hypothesized that AMPK activation using AICAR would 

mimic the effect of NaN3 on the ventilatory motor pattern. 

 

I found that NaN3 caused an initial increase in ventilatory rate in a concentration-

dependent manner, and there was an interesting correlation such that early vCPG arrest 

induced by higher NaN3 doses (10-3 M, 5 x 10-4 M) was associated with shorter times to 

recovery (Rodgers et al. unpublished).  This supports the hypothesis that the triggered 

event is adaptive and represents a neural off-switch to conserve energy.  Ventilatory rate 

gradually decreased over time following recovery from chemical anoxia using NaN3 and 

the associated SD-like event.  Both 10-3M and 10-2M AICAR doses caused an immediate 
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increase in ventilatory rate, however 10-2M AICAR had subsequent multiple effects on 

the ventilatory rhythm, some resembling the switch to a reduced ventilatory frequency 

following recovery from NaN3-induced arrest.  Application of 10-4M compound-C did 

not alter the ventilatory pattern when applied in the absence of stress.  Interestingly, 

compound-C applied during recovery from NaN3-induced arrest and during AICAR-

induced disruption of the motor pattern gradually returned burst durations and periods to 

Control values, and glucose mimicked the effects of compound-C (Rodgers et al. 

unpublished).  Thus, it is likely that AICAR induced AMPK activation in this study and 

compound-C reversed the effects of AICAR by inhibiting AMPK activation.     

 

If AMPK is activated within the locust MTG during cellular stress it is equally likely that 

this activation would be protective or damaging.  In cases of neuronal energy 

compromise, over-activation of cellular pathways that sense drops in ATP may lead to 

further energy crisis and cell death (McCullough et al. 2005).  Also, treatment with NaN3 

may have many secondary consequences unrelated to AMPK activation, and compound-

C may be blocking these effects rather than directly inhibiting AMPK.  It is also 

important to note that AICAR and compound-C do not specifically target AMPK.  

AICAR is converted to ZMP which allosterically activates AMPK, and ZMP is an 

effector of other enzymes that are regulated by AMP such as phosphorylase and fructose-

1,6-bisphosphatase (Hardie et al. 2003).  AICAR has numerous other effects in cells, 

including induction of adenosine (Gadalla et al. 2004).  AMPK activation with AICAR 

has protective effects in cultured hippocampal neurons (Culmsee et al. 2001) and 

ischemic cardiomyocytes (Kingma et al. 1994) as well as detrimental effects in numerous 
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cell lines, including hepatocytes (Meisse et al. 2002), neuroblastoma cells (Garcia-Gil et 

al. 2003; Jung et al. 2004), and mouse pancreatic β-cells (Kefas et al. 2003), suggesting 

that the effects of AICAR are dependent on both the cell type and model system used 

(McCullough et al. 2005).  Use of AICAR to activate AMPK coincides with a drop in 

mean arterial pressure after ischemic insults in mice, which may explain effects on stroke 

damage independent of the effects of AMPK (McCullough et al. 2005).  In our study 

compound-C reversed the effects of AICAR and thus it is likely that AICAR induced 

AMPK activation. 

 

The AMPK is a heterotrimeric complex with a catalytic α subunit and regulatory β and γ 

subunits (Hardie and Hawley, 2001).  The α subunit contains a serine/threonine kinase 

domain (T172) and a carboxy-terminal regulatory domain.  Activation of AMPK requires 

phosphorylation of T172 that is catalysed by phosphorylation by an upstream kinase 

LKB1, as well as allosteric binding of AMP.  The γ subunit contains four cystathionine-

β-synthase (CBS) domains that play a role in allosterically binding AMP and ATP.  The 

β subunit acts as a scaffold for binding the other two subunits and contains a glycogen-

binding domain.  AMPK activation is repressed by high cellular glycogen in muscle, 

suggesting that AMPK is a glycogen sensor in addition to sensing AMP and ATP (Hardie 

et al. 2003).  The glycogen-binding domain in the β subunits of AMPKs is conserved 

across all eukaryotes and has been implicated in the regulation of AMPK by glycogen 

(Hardie et al. 2003).  In chapter four I showed that glucose mimicked the effects of 

compound-C post-recovery from NaN3-induced arrest by returning ventilatory burst 

durations and periods to Control values (Rodgers et al. unpublished).  The activation of 
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AMPK by reduced energy levels as a result of NaN3 treatment could have been 

suppressed by glucose, and the ultimate effect of increased glucose on AMPK may 

involve the glycogen-binding domain. 

 

Ouabain-induced SD-like events in the locust CNS were suppressed by inhibition of 

AMPK and exacerbated by its activation (Rodgers et al. unpublished).  There was a 

modest (5 mM) increase in [K+]o during pre-treatment with 10-2 M AICAR.  Given that 

AMPK switches off energy-using pathways, it is conceivable that the Na+/K+-ATPase is a 

target of AMPK.  Inhibition of the Na+/K+-ATPase by AMPK would also explain the 

decreased time to onset of ouabain-induced SD-like events when ouabain was applied in 

combination with AICAR.  Nitric oxide synthase (NOS) is also a target protein for 

AMPK (Almeida et al. 2004).  Neuronal NOS (nNOS) is phosphorylated by AMPK and 

activated (Chen et al. 1999) and there is evidence that NOS activity is required for the 

effects of AMPK on glucose uptake in muscle (Fryer et al. 2000).  Our lab has shown that 

activation of the NO/cGMP/PKG pathway exacerbates ouabain-induced SD and 

inhibition of this pathway suppresses SD-like events in the locust (Armstrong et al. 

2009).  An interesting avenue for future research would be to determine if and how the 

AMPK pathway interacts with the NO/cGMP/PKG pathway.  One possibility is that 

stress-induced NO production in the locust nervous system leads to activation of both 

PKG and AMPK and the generation of SD-like events.  In the fourth chapter of my thesis 

I also showed that application of compound-C following an initial ouabain-induced SD-

like event suppressed subsequent [K+]o waves which appeared to be aborted, suggesting 

that AMPK inhibition may be involved in [K+]o propagation throughout the ganglion.   
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Since the initial intriguing discovery that ouabain induces repetitive SD-like events in the 

locust, ouabain-induced SD has become a popular control group for many investigations 

of the mechanisms involved in locust SD.  It seems clear that SD-like events in mammals 

are triggered by positive feedback processes involving an initial ionic disturbance 

reaching a threshold and caused by neuronal overexcitation or by treatments or conditions 

that impair ionic homeostasis (Grafstein, 1956; van Harreveld, 1978; Balestrino et al. 

1999; Somjen, 2001; Rodgers et al. 2007).  A model describing a possible mechanism for 

the abrupt increase and decrease in [K+]o in response to cellular stressors in the locust 

MTG was proposed in the third chapter of my thesis and a subsequent paper from our lab 

(Rodgers et al. 2009; Armstrong et al. 2009).  The rationale behind this model is that the 

repetitive nature of [K+]o surges induced by ouabain depends on the balance of [K+]o 

accumulation and clearance in the restricted space of the locust MTG.  Extracellular K+ 

concentration depends on processes of accumulation (K+ conductances) and 

counteracting processes of clearance (transport processes including the Na/K pump and 

glial buffering/siphoning).  At rest these balance to maintain a constant extracellular 

concentration.  When Na/K pumps are inhibited by ouabain, the ability of neurons and 

glia to remove accumulating [K+]o from the extracellular space is impaired and [K+]o 

accumulation results during neuronal activity.  Eventually, the increase in [K+]o is 

sufficient to decreases the equilibrium potential for potassium (Ek), resulting in 

membrane depolarization (Vm).  Depolarization results in the opening of voltage-gated K+ 

and Na+ channels, further increasing activity and [K+]o resulting in further depolarization.  

This positive feedback cycle could give rise to the explosive rise in [K+]o at the leading 
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edge of the surge without invoking special channels. The surge occurs when the build-up 

in [K+]o is already sufficient to shift the equilibrium potential and depolarize membranes.  

Other factors such as HS pre-treatment, PKG activation or inhibition, and AMPK 

activation or inhibition shift the balance towards [K+]o accumulation or [K+]o clearance.  

Arrest of neuronal activity and electrical activity silence once [K+]o reaches its peak may 

allow uninhibited Na+/K+-ATPases to clear excess K+ from the extracellular space 

thereby restoring Ek and allowing recovery of neuronal function.   

 

The discovery that SD-like events occur in the locust MTG was fortuitous as it has 

allowed an investigation of mechanisms involved in SD-like events while neural circuits 

are intact and functioning.  Given the convenience of the locust preparation and the 

accessibility of an intact, functioning nervous system, experiments can be conducted with 

ease and studies on the role of glia, ion channels, and energy-sensing pathways such as 

the AMP-activated protein kinase (AMPK) pathway in SD-like events are currently 

underway.  It is our hope that our findings will be useful for those investigating the 

treatment of mammalian disorders such as seizures and migraine.  At the very least, much 

knowledge has been gained over the past few years about the mechanisms involved in 

neural circuit arrest in response to stress.  In addition to the many benefits of the locust 

model for studying SD there are limitations to the extent to which we can draw 

comparisons to CSD.  For example, stroke and ischemia in vertebrate brain tissue are 

induced via oxygen/glucose deprivation by occluding blood vessels and arteries thereby 

cutting off blood flow.  The locust nervous system lacks vasculature and thus the effects 
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of oxygen and energy stress have a different type of complexity than in mammalian brain 

tissue.  This could be the reason why locust neurons recover from anoxia-induced SD 

whereas mammalian neurons do not recover from anoxic or terminal depolarization.  

Important questions remain.  First, why is the level of depolarization in locust ventilatory 

interneurons modest compared to that of mammalian cortical neurons during SD and does 

this account for the ability of locusts to survive long periods of anoxic coma?  Second, 

which physiological properties are crucial for preventing tissue damage from 

hypoxia/low sugar in the locust?  Clearly the locust is an appropriate and interesting 

experimental animal for addressing this question.  Third, do locust SD-like events 

represent an adaptive strategy to tolerate severe stresses?  Fourth, given that locusts are 

dangerous pests how can SD be induced more easily to immobilize these animals?  

Lastly, to what extent are the pathways and mechanisms for HS-induced protection in the 

locust shared among other eukaryotes? 
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5.2 Summary 
 
1) Locusts enter comas in response to stress during which neural and muscular 

systems shut down until the stress is removed. 
 
2) Stress-induced arrest of vCPG operation is associated with SD-like events in the 

locust MTG that closely resemble CSD. 
 
3) Locust SD-like events can be induced by ATP depletion, anoxia, Na+/K+-ATPase 

impairment and neuropile injections of high [K+] saline at normal temperature as 
well as hyperthermia.   

 
4) SD-like events in the locust are characterized by larges increases in [K+]o from a 

baseline of ~10 mM to peaks of 52±2 mM (hyperthermia), 85±2 mM (sodium 
azide, NaN3), and 79±3 mM (anoxia) that propagate within the MTG.  

 
5) Following the hyperthermic SD-like event, [K+]o increases to a second higher 

plateau of about 100 mM when temperature is increased to ~60°C and vCPG 
recovery is precluded. 

 
6) The hyperthermic [K+]o event was delayed by Na+ channel block using TTX and 

diminished by K+ channel block using TEA. 
 
7) Stress-induced arrest of the vCPG and subsequent recovery were not linked to 

changes in MTG ATP levels and HS preconditioning did not increase ATP levels. 
 
8) HS pre-treatment and ouabain treatment affected baseline [K+]o in the MTG in the 

absence of additional stress. 
 
9) There was an interesting trade-off in our measures of thermotolerance of 

ventilatory pattern generation such that early failure (i.e. low failure temperature) 
was associated with shorter times to recovery. 

 
10) A prior HS treatment resulted in a delayed hyperthermic [K+]o event and an 

increased rate of [K+]o clearance associated with vCPG recovery.  
 
11) The HS-induced increased rate of [K+]o clearance was not linked to changes in 

ATP levels or total Na+/K+-ATPase activity within the MTG. 
 
12)  Na+/K+-ATPase inhibition using ouabain elicits repetitive [K+]o events in a 

concentration-dependent manner.  
 
13) 10-3 M ouabain progressively increased non-surge [K+]o, decreased peak [K+]o, 

diminished [K+]o surge amplitude, and decreased the probability of motor pattern 
recovery following a [K+]o surge compared to 10-4 M ouabain. 
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14) TEA decreased the proportion of preparations that produced had at least one [K+]o 

event, delayed the onset of [K+]o events, and decreased the amplitude of [K+]o 
events induced by ouabain. 

 
15) I suggest that the repetitive nature of [K+]o surges induced by ouabain depends on 

the balance of [K+]o accumulation and clearance in the restricted space of the 
locust MTG. 

 
16) Ventilatory rate gradually decreased following recovery from chemical anoxia 

using sodium azide (NaN3) and the associated SD-like event. 
 
17) Application of heat following recovery from NaN3-induced arrest returned the 

ventilatory motor pattern to Control values, indicating that chemical anoxia does 
not cause permanent damage to the vCPG. 

 
18) Activation of AMPK in non-stressed preparations using 10-3 M AICAR caused an 

immediate increase in ventilatory rate. 
 
19) Treatment with 10-2 M AICAR had multiple effects on the ventilatory rhythm, 

some resembling the recovered motor pattern following NaN3-induced arrest. 
 
20) AMPK inhibition using 10-4 M compound-C during recovery from NaN3-induced 

arrest and during AICAR-induced disruption of the motor pattern gradually 
returned burst durations and periods to Control values. 

 
21) Glucose application mimicked the effects of compound-C. 
 
22) Ouabain-induced SD-like events in the locust CNS were suppressed by inhibition 

of AMPK and exacerbated by its activation.   
 
23) Application of compound-C following initiation of ouabain-induced SD-like 

events aborted subsequent [K+]o surges, suggesting that AMPK inhibition may be 
involved in [K+]o propagation. 

 
24) We provide evidence that AMPK activation is involved in recovery from SD-like 

events, and we suggest that this may be a mechanism to conserve energy and 
prevent permanent neuronal damage in response to severe stressors.   
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