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Abstract 

Rapid cold hardening (RCH) is a short-term hormesis in which brief chilling (minutes to hours) 

significantly enhances the stress tolerance of an animal. Insects live in varied habitats and thus 

experience different kinds of environmental stresses. To thrive, insects enter a reversible coma, 

or hypo-energetic state when they are under stress. This is associated with a sudden loss of ion 

homeostasis and temporary shutdown in the central nervous system (CNS), which is a hallmark 

of spreading depolarization (SD). Insect stress tolerance is dependent on the sensitivity of their 

nervous systems to unfavourable conditions, which can be modulated by RCH. In my thesis, I 

used pharmacological and electrophysiological approaches to investigate the mechanism of RCH 

and its effect on stress-induced SD in locusts, Locusta migratoria. I show that RCH delays the 

onset of both chill- and anoxia-induced SD. Octopamine (OA) is an insect stress hormone and I 

show that OA mimics, whereas epinastine (EP; octopamine receptor antagonist) blocks, the 

effect of RCH on chill coma (intact locust) and anoxia-induced SD (semi-intact preparation). 

Additionally, I show that RCH affects the K+ sensitivity of the locust blood brain barrier (BBB) 

similarly to the previously described effects of OA. Thus, I conclude that OA mediates the RCH-

induced delay of the onset of anoxia-induced locust coma at least partially by modulating the K+ 

sensitivity of the BBB. Lastly, I investigated whether RCH affects anoxia-induced SD via one or 

more of the following homeostatic mechanisms that are involved in maintaining K+ gradients: 

Na+/K+-ATPase (NKA), Na+/K+/2Cl- co-transporter (NKCC), and voltage-gated K+ (Kv) 

channels. I show that NKA and Kv channels (excluding the Shaker family) are involved in SD 

occurrence and possibly take part in the mechanism of RCH, whereas NKCC is directly involved 

in the mechanism of RCH. These findings suggest that RCH regulates NKA, NKCC, and Kv 

channels through an octopaminergic pathway to modulate stress-induced SD in locusts. 
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Chapter 1 

General Introduction and Literature Review 

1.1 Introduction 

Many organisms, including insects, are exposed to, and challenged by natural 

environmental stresses. Consequently, they have adapted mechanisms of tolerance that 

allow them to thrive. Insects are arguably the most diverse animal group on Earth and can 

be found in various ecosystems. Insects play important ecological and societal roles as 

pollinators, pests, predators, and food. Thus, it is important to understand the effects of 

abiotic stressors and the physiological mechanisms that are protective. Insect growth and 

behaviours could become restricted during extreme conditions, and sustained exposure to 

these conditions can be lethal. It is challenging to maintain physiological homeostasis 

while biochemical and physiological processes are impaired. This leads us to an 

interesting question: how do insects survive in extreme environments?  

Under extreme environmental conditions, many insects enter a reversible coma. 

Behaviourally, stress-induced coma is defined as immobility and loss of responsiveness 

to stimulation due to the shutdown of nervous and muscular system. Although both 

human coma and insect coma are behaviourally similar, the mechanisms involved are 

different. Coma in humans is a deep state of prolonged unconsciousness resulting from 

the shutdown of the brainstem’s reticular activation system (Fazekas and Bessman, 

1953), whereas coma in insects is associated with spreading depolarization (SD), a 

phenomenon that results in the depression of neural activity (e.g., Rodgers et al., 2007; 
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Armstrong et al., 2009; Rodgers et al., 2010; Robertson et al., 2017; Andersen and 

Overgaard, 2019). 

Understanding the capacities of stress tolerance is important for predicting insect 

abundances, distributions, and life histories. To cope with sub-zero temperatures, insects 

are capable of cold hardening on a short time scale, in a process known as rapid cold 

hardening (RCH) (e.g., Lee et al., 1987; Czajka and Lee, 1990; Armstrong et al., 2012; 

Owen et al., 2013; Srithiphaphirom et al., 2019; Gantz et al., 2020a). RCH is a short-term 

physiological mechanism that allows animals to survive normally lethal low temperatures 

following brief exposure to a non-lethal low temperature. Despite advances in 

understanding the ecological relevance of RCH, the mechanisms underlying the process 

are poorly understood, especially the mechanisms that enhance stress-induced tolerances 

in insects.  

This thesis investigates the mechanism(s) of RCH and its effect(s) on the onset of 

stress-induced coma in locusts, Locusta migratoria. How does RCH enhance stress 

tolerances? How does RCH modulate the onset of stress-induced SD in the locust central 

nervous system (CNS)?  In the following review, I describe (1) stresses in insects, 

including environmental stress-induced coma (chill- and anoxia-induced coma), 

spreading depolarization as an indicator of insect stress-induced coma, and octopamine as 

an insect stress hormone, and (2) rapid cold hardening and its suggested mechanisms. 
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1.2 Stresses in insects 

As outlined above, insects occupy various natural habitats, thus environmental 

stress, such as anoxia and extreme temperatures, influences insect survival, population 

dynamics, and distributions. To survive, insects must cope physiologically or compensate 

behaviourally with such environmental changes. Many studies have explored the 

ecological context for insect stress tolerance intending to understand how insects cope 

with extreme environmental conditions. 

 

1.2.1 Chill coma 

Insect species are found in many terrestrial environments, despite large 

differences in environmental temperatures. Temperature plays a crucial role in 

determining insect abundances, distributions, and life histories. Insects are poikilotherms 

(i.e., body temperature varies with the temperature of their surroundings), thus 

temperature could affect insect physiological processes, biophysical structures, and 

metabolic activities, as well as developmental rates and growth (see review Sinclair et al., 

2003). In response to extreme cold, insects have generally been categorized into three 

groups: freeze-avoiding insects, freeze-tolerant insects, and chill-susceptible insects 

(Bale, 1993). Freeze-avoiding insects maintain their body fluids in a liquid state at 

temperatures below their freezing point by removing ice nucleators to prevent ice 

formation, synthesizing anti-freeze proteins to reduce the ice formation potential, and 

accumulating cryoprotectants (e.g., trehalose, glycerol) to stabilize membranes and lower 

the supercooling point (SCP). Freeze-tolerant insects usually have high SCP and can 

survive even if their body fluids freeze, but the formation of ice is controlled so that fluid 
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inside cells remains in a fluid state. However, most insects are chill-susceptible which 

means they cannot tolerate freezing and die at low sub-zero temperatures (see review 

Overgaard and MacMillan, 2017).  

At temperature below their critical thermal minimum (CTmin), chill-susceptible 

insects enter chill coma, a reversible state characterized by complete neuromuscular 

paralysis and arrest of movement (MacMillan and Sinclair, 2011; Findsen et al., 2014; 

MacMillan et al., 2014). Chill coma has been under investigation for many decades 

(Mellanby, 1939). The coma is reversible if the cold exposure is mild or brief and the 

time required for an insect to recover is termed chill coma recovery time (CCRT). If the 

cold exposure is more extreme, the insect will accumulate chilling injuries that ultimately 

lead to death. Thus, chill coma is defined as a reversible loss of responsiveness and must 

be distinguished from chilling injury, where severe damage occurs. CTmin, CCRT, injury, 

and survival are popular measurements of insect chill tolerance, and they vary 

considerably for different species and their geographical ranges. For example, CTmin is 

the best predictor of latitudinal range and coldest annual minimum temperature for 14 

Drosophila species (Andersen et al., 2015a). 

At low temperature, insects gradually decrease activity and subsequently enter 

chill coma, during which they are unresponsive to external stimuli. Cold exposure is 

consistently associated with a substantial depolarization of muscle resting membrane 

potential, resulting in a large reduction in action potential amplitude that leads to a 

complete cessation of muscle activity at the chill coma temperature (e.g., Hosler et al., 

2000; MacMillan et al., 2014; Andersen et al., 2015b). Insect chill coma varies with a 

species’ ability to maintain its muscle resting potential at low temperature, for example, 
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measuring from the flight muscles, the chill coma temperature of Drosophila 

melanogaster is around 7 °C, which is lower than that of honeybees, Apis mellifera (10 

°C) (Hosler et al., 2000). Recovery from chill coma involves both the rapid recovery of 

the depolarization induced by low temperature and the relatively slow re-establishment of 

ion homeostasis (MacMillan et al., 2012; 2014).  

Although muscular dysfunction is a strong candidate mechanism of insect chill 

coma and has been studied extensively, a recent study in L. migratoria, a chill-susceptible 

insect, demonstrated that the impairment of nervous function is also involved (Robertson 

et al., 2017). The cessation of movement at CTmin could be related mainly to muscular 

failure, whereas the complete coma that follows could be related more to impairment of 

CNS function. In L. migratoria and D. melanogaster, entrance into chill coma is 

associated with silencing of the neural activity in relation to an abrupt increase in the 

extracellular potassium ion concentration ([K+]o) in the CNS (Rodgers et al., 2010; 

Armstrong et al., 2012) (see below: Spreading depolarization as an indicator of insect 

stress-induced coma).  

 

1.2.2 Anoxic coma 

Most biological processes in animals are fueled by ATP generated from aerobic 

respiration. Oxygen availability is therefore essential for animals to survive and function 

normally. Most vertebrates can tolerate only minutes of anoxia because of their high 

metabolic demand (Boutilier, 2001; Nilsson and Lutz, 2004; Podrabsky et al., 2007). 

However, anoxia tolerance varies among animal species. Anoxia-tolerant vertebrates, 
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such as painted turtles (Chrysemys picta) and crucian carp (Carassius carassius), survive 

many months in anoxia (see review Bickler and Buck, 2007). These species often have 

large glycogen stores and considerable capacity for sustained anaerobic ATP production. 

Many anoxia-tolerant species are found among the invertebrates that can tolerate 

hours or days of anoxia (see review Hoback and Stanley, 2001). Insects occupy numerous 

terrestrial and aquatic habitats, so they encounter hypoxic/anoxic conditions within their 

natural habitats, such as flooding, ground burrows, high altitudes, and aquatic diving. In 

response to anoxia, the metabolic rate drops markedly from normal resting metabolic 

rates (Wegener, 1993; Weyel and Wegener, 1996). Despite their high resting metabolic 

rates in normoxia, insects can recover from hours to days of exposure to complete anoxia 

(Wegener, 1993). For example, D. melanogaster is anoxia-tolerant and can survive in low 

levels of oxygen for hours (Haddad, 2006). The locust, L. migratoria, has a resting 

metabolic rate in normoxia of approximately 4.7 mL O2 kg-1 min-1 at 20 °C (Wegener and 

Moratzky, 1995), which is slightly higher than the mean resting metabolic rate of humans 

(3.5 mL O2 kg-1 min-1) (Jetté et al., 1990). However, locusts can recover after >4 hours of 

anoxia at 20°C (Wegener and Moratzky, 1995) and can survive at least 6 hours of anoxia 

(Wu et al., 2002).  

To survive, insects enter a neuromuscular coma, or hypo-energetic state by 

shutting down energetically expensive neural and muscular function when exposed to 

anoxia (Wegener, 1993; Rodgers et al., 2010; Campbell et al., 2018; 2019). Longer 

exposure to anoxia reduces survival and increases the time taken for insects to recover 

from anoxia (Wu et al., 2002). Interestingly, similar disruption of [K+]o in the CNS that 

underlies chill coma is also evident in anoxia-induced coma, suggesting a common 
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mechanism for shutting down the CNS during stress (Rodgers et al., 2010; Hou et al., 

2014) (see below: Spreading depolarization as an indicator of insect stress-induced 

coma). Anoxia disrupts the energy supply. Without oxygen, oxidative phosphorylation is 

not achieved, and cells must rely on an anaerobic metabolism for energy expenditure, 

which is much less efficient in the production of ATP. Depletion of energy supply leads 

to reduced activity of ATP-dependent ion pumps, causing disturbance of ion gradients 

needed for proper neural function. The impaired neural function leads to loss of body co-

ordination and posture. 

 

1.2.3 Spreading depolarization as an indicator of insect stress-induced coma 

Neural function is critically important for the survival of most animals as it 

controls and co-ordinates the entire body. The nervous system must work properly to 

maintain normal body function and to behave appropriately in different circumstances. 

Stress impairs neural performance, leading to the shutdown of neural circuit operation via 

a process known as spreading depolarization (SD) (see reviews Dreier and Reiffurth, 

2015; Herreras and Makarova, 2020; Robertson et al., 2020; Andrew et al., submitted). 

The key feature of SD is the inability to maintain ion homeostasis in the CNS, resulting 

in near-complete cellular depolarization. Proper neural function relies on neuronal 

signalling which is highly dependent on the maintenance of ion homeostasis (Rodgers et 

al., 2007). Thus, animals invest much energy into regulatory processes to ensure that ion 

gradients are constantly maintained. SD was first discovered by Leão (1944) as a 

“spreading depression” of activity and has been studied in mammals for many years. 

Although most SD studies have focused on mammalian models, SD also occurs in many 
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non-mammalian species including insects (e.g., Robertson, 2004; Rodgers et al., 2007; 

Armstrong et al., 2009; Rodgers et al., 2010; Armstrong et al., 2012; Robertson et al., 

2017; Robertson et al., 2020). SD has been implicated in several human pathologies such 

as migraine, stroke, and traumatic brain injury (see reviews Dreier, 2011; Dreier and 

Reiffurth, 2015) and is associated with environmental stress-induced coma in the insect 

CNS (see review Rodgers et al., 2010), as mentioned above. Mammalian SD and insect 

SD are notably similar in terms of the triggers, electrophysiological properties, and 

locations (Rodgers et al., 2010; Spong et al., 2016; Robertson et al., 2020). Due to some 

similar characteristics and the relatively simple and accessible nature of the insect CNS, it 

has been suggested that insect SD is a useful model to investigate for better 

understanding mammalian SD.  

In this thesis, I used SD as an indicator of the onset of stress-induced neural 

shutdown that underlies coma in insects. In insects, the SD recordings are made across 

the insect blood-brain barrier (BBB), a tight barrier allowing establishment of a constant 

ion balance in the nervous system. The insect BBB consists of a neural lamella on top of 

layers of perineurial and subperineurial glial cells. The subperineurial glial cells form 

septate junctions which limit paracellular diffusion (Stork et al., 2008; Limmer et al., 

2014). All glial cells are interconnected with gap junctions which allow diffusion 

between glial cells. The insect BBB is responsible for maintaining ion homeostasis 

between the insect haemolymph and the CNS interstitium (Schofield et al., 1984; 

Schofield and Treherne, 1984). It consists of the basolateral membrane facing the 

haemolymph and the adglial membrane facing the CNS interstitium. The difference 

between the basolateral potential and the adglial potential creates a transperineurial 
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potential between the haemolymph and the interstitium. When [K+]o in the CNS 

increases, the adglial membrane depolarizes and the transperineurial potential undergoes 

a negative shift. The hyperpolarization of transperineurial potential generates a negative 

DC potential, an event that can be recorded and used to determine when SD occurs.  

The locust, L. migratoria, is the model organism that our laboratory has used to 

investigate the mechanisms involved in stress-induced coma and SD (e.g., Newman et al., 

2003; Rodgers et al., 2007; Armstrong et al., 2009; Hou et al., 2014; Robertson et al., 

2017; Srithiphaphirom et al., 2019; Van Dusen et al., 2020a; 2020b). SD in locusts can be 

monitored in the metathoracic ganglion (MTG), which is a neural integrating centre 

equivalent to mammalian gray matter. SD in the locust MTG is also associated with 

abrupt surges in [K+]o that can be conveniently monitored by measuring extracellular DC 

potential. The abrupt surges in [K+]o are the results of an imbalance in processes of K+ 

accumulation and K+ clearance within the relatively restricted extracellular space. The 

extracellular environment of the insect CNS is regulated by the BBB. With the tight 

barrier, the development of highly efficient and selective transport systems (e.g., pumps, 

channels, transporters) for ion movement is required. Thus, the mechanism of SD could 

involve these transport mechanisms that maintain K+ homeostasis.  

The insect BBB regulates [K+]o levels by utilizing different transport mechanisms, 

such as Na+/K+-ATPase (NKA) (Treherne and Schofield, 1981; Kocmarek and 

O’Donnell, 2011). NKA uses ATP to pump three Na+ out of the cell in exchange for two 

K+ into the cell, thus NKA aids K+ clearance from the extracellular space. Both study of 

mammalian SD and study of insect SD agree that the impairment of NKA is the unifying 

central feature of SD (see reviews Robertson et al., 2020; Andrew et al., submitted). 
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Inhibiting NKA using ouabain (NKA inhibitor) induces SD in both mammals (e.g., 

Obeidat and Andrew, 1998; Balestrino et al., 1999; Menna et al., 2000) and insects (e.g., 

Rodgers et al., 2009; Spong et al., 2015). The Na+/K+/2Cl- co-transporter (NKCC) is 

another transport mechanism involved in K+ movement. NKCC transports Na+, K+, and 

Cl- across the cell membrane, in most cases with a stoichiometry of 1Na+:1K+:2Cl-. 

NKCC has been shown to transport Na+, K+, and Cl- into the cell when [K+]o is high, thus 

NKCC also aids K+ clearance (Walz and Hertz, 1984). In the locust CNS, blocking 

NKCC using bumetanide (NKCC blocker) disrupts the regulation of [K+]o by impairing 

K+ clearance (Spong et al., 2015). Another type of cation-dependent chloride co-

transporter, besides NKCC, is the K+/Cl- co-transporter (KCC) which, in contrast to 

NKCC, extrudes K+ and Cl- ions from the cell (Adragna et al., 2004). In addition to 

utilizing pumps and transporters, a constant efflux of K+ across the BBB involves passive 

diffusion through K+ channels (Kocmarek and O’Donnell, 2011). This flow of K+ down 

the electrochemical gradients could generate electrical signals in the cell. One of the 

major classes of K+ channels is voltage-gated K+ channels (Kv channels) that open or 

close in response to changes in the transmembrane potential. Kv channels play a role in 

repolarization of the membrane during the action potential by allowing K+ efflux, thus 

open Kv channels promote K+ accumulation. In the locust CNS, blocking Kv channels 

using tetraethylammonium (TEA; Kv channel blocker) reduces the susceptibility to 

ouabain-induced SD and the amplitude of the individual SD events, likely due to reduced 

K+ conductance and thus reduced requirement for K+ clearance in the extracellular space 

(Rodgers et al., 2009). 
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How could chilling and anoxia induce SD, in the context of K+ transport 

mechanisms? NKA activity has been reported to have a temperature coefficient (Q10) 

around 1.5 – 3 (Leong and Manahan, 1997; Nakamura et al., 1999; MacMillan and 

Sinclair, 2011; DiFranco et al., 2015), thus it is temperature-dependent. Low temperature 

reduces NKA activity, consequently reducing K+ clearance and thus leading to excess 

[K+]o (Rodgers et al., 2010). Low temperature could have a similar effect on NKCC and 

KCC if they also have Q10 higher than 1. Although ion currents tend to have Q10 close to 

1, gating of Kv channels can be highly temperature-sensitive (Yang and Zheng, 2014). 

NKA is energetically demanding. Disruption of energy supply caused by anoxia reduces 

the NKA activity, again leading to excess [K+]o. Additionally, the decrease in NKA 

activity, in turn, can affect the NKCC and KCC activity because they use the 

electrochemical gradient established by NKA. Low ATP likely has no direct effect on Kv 

channels because they are not energy-dependent. 

Is SD underlying insect coma considered beneficial during stress? It has been 

proposed that SD may represent a protective mechanism, at least in insects, to cope with 

extreme environmental conditions (Armstrong et al., 2009; Rodgers et al., 2010). Callier 

et al. (2015) showed that adult Drosophila enter a coma within 30 seconds in response to 

anoxia and survive more than 8 hours in anoxia, whereas larval Drosophila continue to 

move for 20 to 30 minutes in anoxia but die after an hour. Shutting down neural activity, 

and thus suspending behaviour, when faced with severe metabolic stress could conserve 

energy. Under harsh environmental conditions, it is likely more important to improve 

survival by reallocating the conserved energy to processes for cell or tissue integrity than 

to use it for information processing. 
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1.2.4 Octopamine as an insect stress hormone 

Octopamine (OA) is one of the most abundant biogenic amines in the nervous 

system of most invertebrate species, including insects (see review Verlinden et al., 2010). 

In insects, OA is multifunctional and thus, its physiological roles, signalling pathways, 

and molecular mechanisms are complicated and it could act on a variety of tissues. OA 

orchestrates several physiological and behavioural processes by function as a 

neurohormone, neurotransmitter, and neuromodulator in the nervous system. As a 

neurohormone, circulating levels of OA are increased during stressful conditions, thus 

OA is considered as an insect stress hormone (e.g., Davenport and Evans, 1984; Orchard 

et al., 1993; Roeder, 1999). OA also seems to play a role in the immune system by 

increasing the circulating hemocyte population in response to bacterial invasion (Baines 

and Downer, 1994). As a neurotransmitter, OA regulates the production of light from the 

firefly’s lantern (light organ) (Copeland and Robertson, 1982). As a neuromodulator, OA 

is involved in regulating insect behaviours, for example, locomotion and grooming in 

fruit flies (e.g., Yellman et al., 1997), dancing in honeybees (e.g., Barron et al., 2007), 

feeding responses in cockroach and honeybees (e.g., Cohen et al., 2002; Scheiner et al., 

2002), visual responses (e.g., Stern, 1999) and egg-laying (e.g., Wong and Lange, 2014) 

in locusts, and appetitive learning in Drosophila (e.g., Schwaerzel et al., 2003). 

The biosynthesis of OA consists of 2 main steps: (1) conversion of tyrosine to 

tyramine (TA) by tyrosine decarboxylase (TDC) and (2) conversion of TA to OA by 

tyramine-β-hydroxylase (TβH) (Livingstone and Tempel, 1983; Monastirioti et al., 1996). 

In insects, OA is released into the extracellular space via exocytosis. Studies using 
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labelled OA show that OA is released in response to changing K+ concentrations or 

electrical stimulation of the nerves containing the axon of octopaminergic neurons 

(Morton and Evans, 1984; Orchard and Lange, 1987). Once OA is released, it binds to its 

receptors to modulate a physiological response. Re-uptake of OA is regulated by 

specialized transporters. The number of octopaminergic neurons in the insect nervous 

system varies among insect species. The best characterized group of neuromodulatory 

neurons in insects constitutes a unique group of unpaired efferent median neurons. Most 

unpaired efferent median neurons are octopaminergic (e.g., Orchard and Lange, 1985; 

Monastirioti, 1999). The somata of the unpaired median cell are located at the 

dorsal/ventral midline of the subesophageal and thoraco-abdominal ganglia; these 

neurons are known as dorsal unpaired median (DUM) and ventral unpaired median 

(VUM) neurons. 

 OA and TA act independently of each other via their specific receptors. The 

octopaminergic receptors (OctR) in the insect have been classified into four main classes 

(i.e., OctαR, OctβR, Tyr1R, and Tyr2R) (Evans, 1981; Evans and Maqueira, 2005; 

Huang et al., 2009). Studying the complete expression pattern of OctRs and TyrRs in 

larvae and adult Drosophila suggests that these receptors show strong expression in the 

CNS, as well as other organs, such as the tracheal system, muscles, and reproductive 

organs (El-Kholy et al., 2015). Like adrenergic receptors in mammals, OctRs and TyrRs 

belong to the seven-transmembrane G-protein-coupled receptor (GPCR) superfamily (see 

review Blenau and Baumann, 2001). Here, I will focus on OA and its pathways. The 

OctαR class has a higher affinity for OA than for TA. The interaction of OA and OctαR 

is coupled with an increase in the intracellular Ca2+ concentration ([Ca2+]i) as well as a 
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small increase in levels of intracellular cyclic adenosine monophosphate (cAMP), 

activating protein kinase C (PKC) and protein kinase A (PKA) (Grohmann et al., 2003; 

Bischof and Enan, 2004; Balfanz et al., 2005). The OctβR class, in response to OA, 

increases levels of intracellular cAMP but not [Ca2+]i (Evans and Maqueira, 2005). The 

different signalling pathways elicit different downstream functions. Oscillations of [Ca2+]i 

are associated with gene expression (Dolmetsch et al., 1998). On the other hand, cAMP, 

PKC, and PKA regulate cellular response (e.g., Ueberschär and Bakker-Grundwald, 

1985; Delpire et al., 1994; Feschenko et al., 2000). 

 

1.3 Rapid cold hardening (RCH) 

The survival of an animal depends on its capacity to cope with different types of 

environmental stress. Cold hardening is a process that prevents stress-induced injury by 

prior exposure to non-lethal low temperatures. According to the duration of pre-exposure 

to mild cold, cold hardening can be divided into cold acclimation (long-term cold 

hardening) and RCH (short-term cold hardening). Cold acclimation is often used to 

imitate seasonal cold hardening as it occurs over a period of days to weeks, whereas RCH 

can be induced within minutes to hours. In this thesis, I will focus on RCH.  

 Teets et al. (2020) defined RCH as a beneficial process in response to brief pre-

exposure to mild chilling that occurs within a time course of less than a day. RCH 

exhibits in many invertebrate species, especially in insects. A study of flesh flies 

(Sarcophaga crassipalpis and Sarcophaga bullata) by Lee et al. (1987), one of the 

earliest studies of RCH, found that 91.1 % of flies survive a 2-hour exposure to -10 °C if 
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they are pre-exposed to 0 °C for 2 hours. Without RCH, up to 90% of larvae and adults of 

flesh flies do not survive at -10 °C. Even a 30-minute period of chilling at 0 °C before 

exposure to -10 °C can double the rate of survival in flies, whereas an hour of chilling 

results in a fourfold increase in survival rate. Within a species, RCH can occur in 

different developmental stages. Czajka and Lee (1990) suggested that the RCH response 

is evident in larval, pupal, and adult stages of D. melanogaster. Although RCH is 

extensively studied in arthropods, RCH-like phenotypic plasticity has been shown in 

other ectotherms, such as the cane toad Rhinella marina (McCann et al., 2014) and 

túngara frog Engystomops pustulosus (Vo and Gridi-Papp, 2017). 

 RCH is induced conventionally by exposing to a non-lethal low temperature. The 

optimal range of temperatures that can induce RCH varies among species, however, RCH 

is often evoked efficiently by temperatures approximately 10 °C above the lower lethal 

temperature (Nyamukondiwa et al., 2011). Although RCH is well-known to enhance cold 

tolerance, it also enhances other stress tolerances, such as anoxic tolerance (Gantz et al., 

2020a) and freezing tolerance (Kawarasaki et al., 2013). Gantz et al. (2020a) found that 

in intact locusts, L. migratoria, RCH enhances anoxic tolerance by increasing the time to 

succumb to the anoxic environment (water submersion). In the Antarctic midge Belgica 

antarctica, when directly exposed to -18 °C for 24 hours, only 36% of larvae survived, 

however, RCH at -5 °C for 2 hours in the frozen state increased larval survival 

significantly to ̴80% at -18 °C (Kawarasaki et al., 2013). RCH is also elicited by other 

cues. For example, exposure to high temperature (Chen et al., 1991), anoxia (Coulson and 

Bale, 1991), and dehydration (Kawarasaki et al., 2019) can increase cold tolerance within 
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1- 2 hours. Fasting and UV radiation can increase cold tolerance within 24 hours (Gantz 

et al., 2020b). 

 Although the mechanisms of long-term cold hardening have been relatively well-

established, the mechanisms of RCH remain unconfirmed. The earliest suggestion for an 

RCH mechanism is the accumulation of cryoprotectants, such as glycerol. Chen et al. 

(1987) found that larvae and pharate adult S. crassipalpis rapidly accumulate glycerol in 

response to 2 hours of exposure to 0 °C. Michaud and Denlinger (2007) also found that S. 

crassipalpis accumulate two amino acids (alanine and glutamine), sorbitol, and glucose 

during RCH. However, a subsequent study in S. bullata found no evidence of 

cryoprotectant synthesis after 2 hours of 0 °C (Teets et al., 2012), suggesting that 

accumulation of cryoprotectants may not be essential for RCH. Another early suggestion 

of the RCH mechanism is the modification of cell membranes. RCH increases the 

amounts of oleic acid (S. crassipalpis) and linoleic acid (D. melanogaster) in the cell 

membrane which lead to an increase in membrane fluidity at low temperature (Overgaard 

et al., 2005; Michaud and Denlinger, 2006). The composition of the membrane could 

affect the function of embedded pumps, channels, and transporters. Nevertheless, there is 

a case where RCH is observed, but no change in membrane composition is detectable 

(MacMillan et al., 2009), leading to question the necessity of this modification during 

RCH.  

Previously, many studies showed convincing evidence of a lack of transcriptional 

changes in RCH and suggested that the short time course and low temperatures of RCH 

preclude a role for transcriptional activity. For example, Sinclair et al. (2007) observed 

the expression of five genes in D. melanogaster during RCH and recovery from cold and 
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found that although some genes are differentially expressed during recovery, none are 

differentially regulated during the RCH period. In S. bullata, RCH at 0 °C for 2 hours 

increases cold tolerance but fails to make any changes in gene expression (Teets et al., 

2012). However, recently, selected studies have demonstrated that RCH is accompanied 

by transcriptional regulation, such as gene class up-regulation of heat shock proteins (Li 

and Denlinger, 2008). Li and Denlinger (2008) showed evidence for changes in protein 

synthesis during RCH in the brain of S. crassipalpis, such as increase in abundance of 

ATP synthase, small heat shock protein, and tropomyosin-1, and decrease in abundance 

of proteins involved in energy metabolism, protein degradation, and cytoskeleton 

organization. 

The relative lack of evidence for transcriptional changes and protein synthesis 

during RCH suggests that RCH could be regulated by cell signalling. In many stress 

responses, calcium is involved as a second messenger. Teets et al. (2008) demonstrated in 

B. antarctica that calcium is involved in RCH. Blocking calcium and calmodulin with 

calcium chelator and calmodulin inhibitor, respectively, reduced cell survival in the RCH 

treatments (Teets et al., 2008). Then, Teets et al. (2013) suggested that in insect tissues, 

calcium signalling is required to detect decreases in temperature and trigger downstream 

cold hardening mechanism. There is a suggestion that RCH is also accompanied by rapid 

phosphorylation of p38 MAP kinase (Fujiwara and Denlinger, 2007), but further 

evidence to support this suggestion is required. In addition to calcium signalling, RCH 

modulates K+ homeostasis. In the CNS of D. melanogaster, cold stress causes a 

significant increase in [K+]o, however, RCH pre-treatment allows for faster clearance of 

K+ during recovery (Armstrong et al., 2012). In haemolymph and muscle tissues of L. 
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migratoria, RCH locusts recover haemolymph [K+]o faster than non-RCH locusts 

(Findsen et al., 2013). These findings may explain the protective effect of RCH, but the 

mechanisms involved are unclear. 

 Why is the study of RCH important? Unlike cold acclimation that allows insects 

to prepare for gradual changes in temperature, RCH enhances insects’ ability to cope with 

cold snaps and diurnal temperature fluctuations and thus is a mechanism to protect 

against a sudden drop of environmental temperature, especially for insect species that do 

not possess an overwintering strategy (e.g., diapause, migration). The RCH response not 

only protects against non-freezing, cold shock injury but also maintains organismal 

performance, such as courtship behaviors, by tracking even slight changes in 

environmental temperature (Shreve et al., 2004). Although the ecological relevance of 

RCH is well established, the mechanisms underlying RCH have remained unconfirmed. 

One concern about studying RCH in the laboratory is that the RCH protocol could be 

unnatural (i.e., animals may not naturally experience the strict timing and temperature 

parameters of the experiment), but at least, studying the mechanism of RCH allows us to 

gain some insights into how RCH might increase the animal’s tolerance in extreme 

conditions. 

 

1.4 Thesis overview 

The main goals of this study are to investigate the mechanism(s) of RCH and its 

effect(s) on stress-induced SD that underlies coma in locusts, L. migratoria. The use of 

locusts to investigate comas induced by chilling and anoxia is warranted because locusts 
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have a wide range of natural habitats, so they can be exposed to extreme temperatures as 

well as flash floods and monsoons. Figure 1.1 illustrates a summary of what has been 

suggested by prior studies regarding the relationships of RCH, OA, K+ homeostatic 

mechanisms (NKA, NKCC, and Kv channels), and insect stress tolerance. 

In this thesis, I used SD as an indicator of the onset of stress-induced neural 

shutdown that underlies coma. Using electrophysiological techniques and 

pharmacological approaches, I investigated whether the mechanism of RCH involves one 

or more of the following: (1) an octopaminergic pathway, (2) NKA, (3) NKCC, and (4) 

Kv channels. I was interested in OA because it acts as an insect stress hormone and its 

signalling pathway regulates many physiological processes. As for NKA, NKCC, and Kv 

channels, it has been suggested that the abrupt surges of [K+]o in the CNS, which indicate 

SD, are the results of the imbalance between K+ accumulation and K+ clearance in the 

extracellular space, thus I investigated NKA, NKCC, and Kv channels as they are 

involved in maintaining K+ homeostasis.  

My thesis contains three data chapters, one of which involves investigation of 

RCH pre-treatment on chill-induced SD in L. migratoria, and two involve investigation 

of RCH-pretreatment on anoxia-induced SD in L. migratoria.  

In chapter two, I investigated the effects of RCH and OA on chill tolerance of 

locusts. RCH reduces the temperature associated with a loss of responsiveness in intact 

locusts and the temperature that evokes neural shutdown in semi-intact locusts. Thus, in 

chapters three and four, I was interested in further investigating the mechanism of RCH 

that modulates the onset of stress-induced SD by determining the effects of RCH on 

anoxia-induced SD. In a preliminary experiment, I found that RCH also delays anoxia-
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induced SD. I found an effect of OA in intact locusts in chapter two, thus, in chapter 

three, I investigated the effect of OA in semi-intact locust preparations using 

pharmacological approaches (bath-application). OA delays anoxia-induced SD in control 

locusts but shows no additive effect in RCH locusts. Epinastine (EP; octopaminergic 

receptor antagonist) blocks the effect of RCH. Additionally, RCH reduces K+ sensitivity 

of the locust BBB similarly to the previously described effects of OA. I conclude that OA 

mediates the effect of RCH in delaying the onset of anoxia-induced SD in locusts. My 

fourth chapter was focused on NKA, NKCC, and Kv channels. Based on the results of an 

optimized NKA assay, RCH has no direct effect on the activity of NKA of homogenized 

ganglia. However, ouabain (NKA inhibitor) hastens anoxia-induced SD in both control 

and RCH locusts and delays recovery from anoxia-induced SD in control locusts. 

Blocking NKCC with bumetanide causes anoxia-induced SD to occur faster in RCH 

locusts. Lastly, blocking Kv channels with TEA (a general Kv channels blocker) delays 

anoxia-induced SD in control locusts and has an additive effect on RCH, whereas 

blocking Kv channels with 4-AP (a selective Kv blocker of the Shaker family) has no 

effect on control and RCH locusts. Moreover, TEA reduces the amplitude of DC 

potential thus affecting the magnitude of ion disturbance. I conclude that NKA and Kv 

channels (excluding the Shaker family) modulate SD occurrence and possibly take part in 

the mechanism of RCH, whereas NKCC is directly involved in the mechanism of RCH. 

Based on the findings from three data chapters together, I propose that RCH could 

regulate NKA, NKCC, and Kv channels through an octopaminergic pathway. 

Overall, my Ph.D. thesis has contributed to determining the mechanism(s) of 

RCH that modulates the onset of stress-induced SD in locusts. I hope that my Ph.D. thesis 
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will highlight the role that the CNS has in mediating and modulating stress tolerance in 

insects and suggest that future investigations in this area will be worthwhile. 
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Figure 1.1 Summary of the relationships of RCH, OA, K+ homeostatic mechanisms 

(NKA, NKCC, and Kv channels), and insect stress tolerance. The solid lines indicate 

findings suggested by prior studies. The dashed lines indicate our predictions, which are 

investigated in this thesis. 
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Chapter 2 

Rapid cold hardening and octopamine modulate chill tolerance in 

Locusta migratoria 

2.1 Abstract 

Temperature has profound effects on the neural function and behaviour of insects. 

When exposed to low temperature, chill-susceptible insects enter chill coma, a reversible 

state of neuromuscular paralysis. Despite the popularity of studying the effects of low 

temperature on insects, we know little about the physiological mechanisms controlling 

the entry to, and recovery from, chill coma. Spreading depolarization (SD) is a 

phenomenon that causes a neural shutdown in the central nervous system (CNS), and it is 

associated with a loss of ion homeostasis in the CNS. Here, we investigated the effects of 

rapid cold hardening (RCH) on chill tolerance of the migratory locust. With an implanted 

thermocouple in the thorax, we determined the temperature associated with a loss of 

responsiveness (i.e., the critical thermal minimum - CTmin) in intact male adult locusts. In 

parallel experiments, we recorded field potential (FP) in the metathoracic ganglion 

(MTG) of semi-intact preparations to determine the temperature that would induce neural 

shutdown. We found that SD in the CNS causes a loss of coordinated movement 

immediately prior to chill coma and RCH reduces the temperature that evokes neural 

shutdown. Additionally, we investigated a role for octopamine (OA) in the locust chill 

tolerance and found that OA reduces the CTmin and mimics the effects of prior stress 

(anoxia) in locust. 



 

 

 

34 

2.2 Introduction 

Many organisms are exposed to and challenged by natural environmental stresses, 

such as extreme temperatures, and they have adapted mechanisms of tolerance that allow 

them to survive and thrive. As poikilotherms, insects have limited means to regulate their 

internal body temperature and are instead dependent on their surrounding temperatures. 

Therefore, temperature is one of the main factors that can determine insect abundances, 

distributions, and life histories. Most insects are chill-susceptible meaning that they 

cannot tolerate cold environments and die at temperatures above their freezing points. 

The critical thermal minimum (CTmin) can be defined as the low temperature at which 

performance drops to zero and animals lose the ability to stand and maintain equilibrium 

(MacMillan, 2019). When exposed to temperatures below their CTmin, chill-susceptible 

insects enter a chill coma, which is characterized by complete neuromuscular paralysis 

(Findsen et al., 2014; MacMillan et al., 2014). Chill coma is reversible if the cold 

exposure is mild or brief and the time required for an insect to recover from chill coma is 

termed chill coma recovery time (CCRT) (Findsen et al., 2014; MacMillan et al., 2014). 

Prior exposure to a non-lethal low temperature can improve insect chill tolerance 

by increasing the capacity to avoid chilling injury (Wang et al., 2003; Williams et al., 

2004; Shintani and Ishikawa, 2007; MacMillan et al., 2015). Rapid cold hardening 

(RCH), a short-term cold hardening, is a process that allows organisms to survive 

normally lethal low temperatures following pre-exposure to a less severe low 

temperature. RCH can be distinguished from thermal acclimation, which refers to the 

phenotypic responses to prolonged changes in temperature. For flesh flies (Sarcophaga 

crassipalpis and Sarcophaga bullata), 91.1 % of flies survive a 2-hour exposure to -10 



 

 

 

35 

°C if they are pre-exposed to 0 °C for 2 hours (Lee et al., 1987). Without RCH, most 

larvae and adults of flesh flies do not survive at -10 °C (Lee et al., 1987). RCH involves 

the accumulation of low molecular weight compounds (e.g., glycerol, sorbitol) (Chen et 

al., 1987; Lee et al., 1987; Michaud and Denlinger, 2007) and cell membrane 

modification to maintain membrane fluidity (Overgaard et al., 2005; Michaud and 

Denlinger, 2006), but has little impact on gene expression, likely due to the short time 

frame (Sinclair et al., 2007). RCH enhances insects’ ability to deal with daily fluctuation 

in daily temperature and thus is widespread among species as a mechanism to protect 

against a sudden drop of environmental temperature, especially for insect species that do 

not possess an overwintering strategy (e.g., diapause, migration). 

To date, much research has focused on the neuromuscular mechanisms underlying 

chill coma in insects. Anderson and Mutchmor (1968) studied the effect of temperature 

acclimation on the nerve cord and ganglia of three species of cockroaches and found that 

both nerve cord and ganglia continue to support electrical signals at temperatures below 

the chill coma temperatures of all three species. They concluded that failure of the 

nervous system is not the direct cause of chill coma. These findings have led researchers 

to focus more on muscle function during chill coma. However, locust comas induced by 

environmental stressors (e.g., anoxia, hyperthermia) are associated with the sudden loss 

of ion, notably potassium ion (K+), homeostasis and temporary electrical silence in the 

central nervous system (CNS), which is a hallmark of the phenomenon known as 

spreading depolarization (SD) (Newman et al., 2003; Rodgers et al., 2007; Armstrong et 

al., 2009; Rodgers et al., 2009; Rodgers et al., 2010; Robertson et al., 2017). Recent 

research shows that a loss of coordinated movement immediately prior to chill coma in 
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locusts is associated with SD in the CNS (Robertson et al., 2017) and the temperature of 

CNS failure correlates closely with CTmin (loss of coordination) in five Drosophila 

species adapted to different thermal environments (Andersen et al., 2018).  

The goal of this study was to investigate the effects of RCH on chill tolerance of 

the African migratory locust (Locusta migratoria migratorioides), a chill-susceptible 

insect. In haemolymph and muscle tissues, RCH locusts recover extracellular K+ 

concentration ([K+]o) faster than non-RCH locusts (Findsen et al., 2013). During cold 

exposure, we recorded electromyographic activity (EMG) in intact locusts and CNS 

extracellular field potential (FP) in semi-intact locusts. The locusts were either control or 

pre-exposed to 4 °C for 2, 4 or 6 hours to induce RCH. Additionally, we suspected that 

octopamine (OA), a biogenic amine that is analogous to norepinephrine, may be involved 

in mediating changes to chill tolerance. OA activates excitatory responses (e.g., flight or 

fight response) in invertebrates and its concentration increases in response to stress 

(Davenport and Evans, 1984; Armstrong and Robertson, 2006). OA decreases the time 

for the CNS to recover from stress in heat-shocked locusts (Armstrong and Robertson, 

2006; Money et al., 2016). We monitored the coordinated movement of intact locusts that 

were injected with saline (control), OA or epinastine (EP - an OA receptor antagonist) 

during cold exposure. We also determined the effect of OA and EP on pre-stressed 

locusts by exposing the locusts to anoxia prior to cold exposure. Then we determined and 

compared the CTmin and the CCRT of intact locusts and the low temperatures that 

induced neural shutdown (SD temperatures) in semi-intact preparations. In this study, we 

defined CTmin as the temperature associated with the loss of responsiveness and CCRT as 

the time required for an animal to recover its coordination. We found that in locust, (1) 
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pre-exposure to cold improves the resistance to chill coma; (2) RCH that affects chill 

coma onset also affects neural shutdown in a parallel fashion; (3) OA reduces CTmin and 

CCRT; and (4) OA mimics, but EP blocks the effects of prior stress (anoxia). 
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2.3 Methods 

2.3.1 Animals and experimental treatments 

Mature male locusts, 4 – 5 weeks past imaginal ecdysis, were chosen randomly 

from a crowded colony maintained in the Department of Biology at Queen's University. 

Only male locusts were used. Locusts were reared in large, well-ventilated cages under a 

12 h:12 h light:dark cycle and fed daily with fresh wheat seedlings and a dry mixture of 

skim milk powder, torula yeast, and wheat bran. Temperature inside the cages was 25 ± 1 

°C during light hours and 21 ± 1 °C during dark hours. Locusts were distributed between 

two experimental treatments: RCH and drug injection.  

 

Rapid cold hardening 

Separate groups of experimental locusts were kept in ventilated plastic containers 

(̴ 750 mL; 1 locust per container) and maintained at approximately 4 °C for 2, 4 or 6 h in 

a cold room. They were then allowed to recover for 1 h at room temperature (22 ± 2 °C) 

before being subjected to a decreasing temperature ramp. Control locusts were kept in 

similar containers (1 locust per container) at room temperature for 1 h before the 

experiment.  

 

Drug injection 

OA and EP (from Sigma-Aldrich, St. Louis, MO, USA) solutions were prepared 

on the same day as the experiment. Standard locust saline containing (in mM): 147 NaCl, 

10 KCl, 4 CaCl2, 3 NaOH, and 10 HEPES buffer (pH 7.2) (all chemicals from Sigma-

Aldrich) was used to prepare 10-2 M OA and EP. Each locust was loosely attached with 
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tape to a small piece of cork and was abdominally injected with 10 µL of 10-2 M OA (OA 

group), 10-2 M EP (EP group) or standard locust saline (control group) (Money et al., 

2016). The haemolymph volume of L. migratoria is approximately 200 µL (Ayali and 

Pener, 1992). Therefore, the final concentration in the haemolymph of each treatment 

was around 5 x 10-4 M. The locusts were left for 10 mins before being subjected to cold 

stress. We decided on a 10 min-period because the half-life of OA in locust haemolymph 

is approximately 15 mins (Goosey and Candy, 1982).  

 

Anoxia pre-treatment  

We also tested the effect of anoxic prior stress by submerging locusts in de-

chlorinated tap water at room temperature for 2 h and allowing them to recover at room 

temperature for 1 h (e.g., Hou et al., 2014). In separate experiments, the first set was 

categorized into 3 groups: control, anoxia, and Anoxia + OA (OA injection after 1 h 

recovery from anoxia). The second set was categorized into 3 groups: control, anoxia, 

and Anoxia + EP (EP injection after 1 h recovery from anoxia).  

 

2.3.2 Rapid cold hardening experiments 

Whole animal preparation  

After the recovery period at room temperature, we recorded the electrical activity 

in hindwing muscles of locusts (either control or experimental) while they were subjected 

to cold stress. For temperature measurements, a thermocouple probe (Type T 

copper/constantan; time constant 0.1 s; Physitemp Instruments Inc., Clifton, NJ, USA) 

recorded room temperature for ̴ 15 – 20 s before it was inserted into the thoracic cavity 



 

 

 

40 

through a hole under the anterior dorsal edge of the pronotum to a distance of ̴ 1 cm. For 

EMG recordings, a copper wire electrode (50 µm diameter, insulated except at the cut 

end) was inserted through a small hole made in the ventral cuticle and secured with a 

drop of molten wax. The locust was grounded with a chlorided silver wire inserted into 

the thorax under the anterior lateral edge of the pronotum. Locusts were lightly restrained 

on a 0.6 x 3.5 cm cork platform and held in the body of a 10 mL plastic syringe. Each 

locust was placed in a 500 mL container partially submerged in liquid antifreeze (Windex 

Auto Windshield Wash; Recochem Inc., Montreal, QC, Canada) contained inside a 

refrigerated circulator (Julabo GmbH, Seelbach, Germany). The temperature of this 

refrigerated circulator was set at -3 °C. The thermocouple probe was connected to a 

BAT-12 microprobe thermometer (Physitemp Instruments Inc.). The signals from the 

EMG electrodes were amplified using a Grass P15 amplifier (low frequency cut off at 3 

Hz and high frequency cut off at 3 kHz) and digitized using a MiniDigi 1A digitizer (1 

kHz sampling rate; Molecular Devices Inc., Sunnyvale, CA, USA). Both temperature and 

EMG recordings were displayed and recorded for later analysis using AxoScope 10.3 

(Molecular Devices Inc.) (Figure 2.1). After the body temperature reached ̴-1 °C, the 

locust was removed from the chilling apparatus and returned to room temperature. Each 

recording took approximately 40 mins. Intermittent mechanical stimuli were applied to 

the recovering locust to induce a response.  

 

Semi-intact preparation  

Dissection  
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To expose the thoracic ganglia for measuring electrical activity, the legs, wings 

and pronotum were removed as previously described (Robertson and Pearson, 1982). A 

dorsal midline incision was made, and the locust was pinned to a cork board. The gut, air 

sacs and fat bodies were removed to expose the thoracic ganglia. Standard locust saline 

was perfused into the thoracic and abdominal cavities. The tissue covering the thoracic 

ganglia as well as the cuticle and attached muscle tissue located between the meso-

metathoracic connectives were removed. A metal plate was inserted below the ganglia to 

stabilize them. A chlorided silver wire was placed in the posterior tip of the abdomen to 

ground the preparation (Figure 2.2A).  

 

Measurement of electrical activity  

To determine the timing of chilling-induced SD, FP was measured extracellularly 

from the metathoracic ganglion (MTG) as temperature progressively decreased. 

Measuring the FP is a less invasive way to determine the timing of SD because it requires 

only one electrode rather than the two electrodes required to directly measure [K+]o. SD 

is characterized by an abrupt development of a negative FP that is coincident with the 

surge in [K+]o. The microelectrodes were pulled from 1 mm diameter, filamented 

borosilicate glass capillary tubes (World Precision Instruments; WPI, Sarasota, FL, USA) 

using a model P-87 Flaming/Brown micropipette puller (Sutter Instruments, Novato, CA, 

USA). These microelectrodes were backfilled with 500 mM KCl before each experiment. 

The signals were amplified and digitized using a model 1600 Neuroprobe amplifier 

(model 1600; A-M Systems Inc., Sequim, WA, USA) and a Digidata 1322A (100 kHz 
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sampling rate; Molecular Devices Inc.), displayed and saved for later analysis using 

AxoScope 10.3 (Figure 2.2B).  

 

Temperature control  

While measuring the electrical activity, standard locust saline was perfused into 

the thoracic and abdominal cavities using gravity flow from a reservoir suspended above 

the preparation. The saline was chilled by directing the saline line (plastic tubing) through 

a container containing a slurry of ice, water, and salt. The temperature of icy water was -3 

± 1 °C. A temperature ramp was generated by controlling the flow rate of saline using a 

stopper on the saline line. The flow rate was slow enough to cool down the saline during 

its passage through the icy water, and fast enough to avoid freezing in the icy water and 

warming between the icy water and the preparation. By decreasing the saline temperature 

close to 0 °C, SD was induced in the semi-intact preparation. The thermocouple probe 

was placed near the MTG to record the saline temperature. This thermocouple probe was 

connected to a BAT-12 microprobe thermometer. The signals were amplified and 

digitized using the Neuroprobe amplifier and a Digidata 1322A, displayed and saved for 

later analysis using AxoScope 10.3 (Figure 2.2B).  

 

2.3.3 Octopamine and epinastine experiments 

Each locust was abdominally injected with 10 µL of 10-2 M OA (OA group), 10-2 

M EP (EP group) or standard locust saline (control group) and was left for 10 mins before 

being subjected to cold stress (see above: Drug injection). Pre-injected locusts were 

placed in a 500 mL container partially submerged in liquid antifreeze contained inside a 
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refrigerated circulator. The procedure was similar to the RCH experiments (see above: 

Whole animal preparation), but instead of recording the electrical activity in hindwing 

muscles of locusts, we focused on whole animal observations. The locust movements 

were monitored as temperature decreased.  

 

2.3.4 Data analysis 

Data were collected from 153 intact locusts and 40 semi-intact preparations. The 

recordings were analyzed using Clampfit 9.0 (Molecular Devices Inc.). For the whole 

animal preparations, the CTmin was determined at the beginning of the first obvious burst 

of electrical activity from hindwing muscles (Robertson et al., 2017) (Figure 2.1) in the 

RCH experiments, whereas in the OA and EP experiments, the CTmin was determined 

when the locust lost the ability for coordinated movement. CCRT was recorded as the 

time taken for the locust to start coordinated walking. For the semi-intact preparations, 

the SD temperature was determined at the half-maximal amplitude of the negative shifts 

of FP (Figure 2.2B). The amplitude of FP shift, time to SD and time to SD recovery were 

also determined by measuring the difference between the baseline level and the lowest 

point of FP, as the time taken from the beginning of recording to SD temperature, and as 

the time taken between the point where the saline temperature rose back and at the half-

maximal amplitude of FP shift when returning to the baseline level, respectively (Figure 

2.2B). Data were plotted as the means and standard error (SE) (parametric data) or as the 

medians and interquartile ranges (IQR) (non-parametric data) using SigmaPlot 12.5 

(Systat Software Inc., Chicago, IL, USA) and were reported in Table 2.1 and 2.2. 

Statistical analyses were performed using SigmaPlot 12.5. Data were tested for normality 
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(Shapiro-Wilk test) and equal variance (Brown-Forsythe test). Statistical significance 

among groups was assessed using a One-way ANOVA and pairwise post hoc analysis 

(Holm-Sidak). P < 0.05 is indicated by letter codes. Statistics are reported in the Results 

text. 
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2.4 Results 

2.4.1 Rapid cold hardening 

Behaviour  

The CTmin of control locusts (7.5 °C) was significantly higher than the CTmin of 

locusts that were exposed for 4 hours (4hRCH) (4.8 °C; p < 0.001) and locusts that were 

exposed for 6 hours (6hRCH) (5.9 °C; p = 0.009), but not the CTmin of locusts that were 

exposed for 2 hours (2hRCH) (6.9 °C; p = 0.518) (Figure 2.3A). The CTmin of 2hRCH 

locusts was significantly different from the CTmin of 4hRCH locusts (p < 0.001), but not 

the CTmin of 6hRCH locusts (p = 0.287) (Figure 2.3A). Lastly, the CTmin of 4hRCH 

locusts and 6hRCH locusts were not significantly different (p = 0.189) (Figure 2.3A). 

Except for the 6hRCH locusts, longer durations of RCH reduced CTmin more. The CCRT 

of 6hRCH locusts (7.2 minutes) was significantly shorter than the CCRT of control 

locusts (11.2 minutes), 2hRCH locusts (9.9 minutes) and 4hRCH locusts (8.2 minutes) (p 

< 0.001) (Figure 2.3B).  

 

Spreading depolarization in the CNS  

SD events were recorded from the MTG as abrupt negative shifts of FP while the 

saline temperature progressively decreased. After RCH treatment at 4 °C, the SD of 

locusts that were exposed for 4 hours (4hRCH) was induced at 7.8 °C, which was 

significantly lower than the SD temperatures of control locusts (10.8 °C), 2hRCH locusts 

(9.6 °C) and 6hRCH locusts (9.9 °C) (p < 0.050) (Figure 2.4A). Similarly, the time from 

the start of the temperature ramp to SD event of 4hRCH locusts was 6.0 minutes, which 

was significantly longer than the times to SD of control locusts (3.2 minutes), 2hRCH 
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locusts (4.1 minutes) and 6hRCH locusts (3.7 minutes) (p < 0.050) (Figure 2.4B). The 

amplitude of the FP shift was not significantly different among the 4 groups (p = 0.089). 

The time to SD recovery of control locusts (2.2 minutes) was significantly different from 

the time to SD recovery of 4hRCH locusts (2.9 minutes; p = 0.037), but not the times to 

SD recovery of 2hRCH locusts (2.5 minutes; p = 0.234) and 6hRCH locusts (1.7 minutes; 

p = 0.197) (Figure 2.5). The time to SD recovery of 2hRCH locusts was significantly 

different from the time to SD recovery of 6hRCH locusts (p = 0.020), but not the time to 

SD recovery of 4hRCH locusts (p = 0.249) (Figure 2.5). The time to SD recovery of 

4hRCH locusts was significantly different from the time to SD recovery of 6hRCH 

locusts (p < 0.001) (Figure 2.5).  

 

2.4.2 Octopamine and epinastine 

The CTmin of OA locusts (1.7 °C) was significantly lower than the CTmin of 

control locusts (4.0 °C) and EP locusts (3.5 °C) (p < 0.050) (Figure 2.6A). However, the 

CTmin of control locusts and EP locusts were not significantly different (p > 0.05) (Figure 

2.6A). Similarly, the CCRT of OA locusts (5.2 minutes) was significantly shorter than 

the CCRT of control locusts (7.8 minutes) and EP locusts (8.3 minutes) (p < 0.050) 

(Figure 2.6B). The CCRT of control locusts and EP locusts were not significantly 

different (p = 0.490) (Figure 2.6B).  

The CTmin of locusts that were pre-exposed to anoxia and injected with OA 

(Anoxia + OA; 3.9 °C) and locusts that were pre-exposed to anoxia (4.2 °C) were 

significantly lower than the CTmin of control locusts (6.3 °C) (p < 0.001) (Figure 2.7A). 

However, the CTmin of Anoxia + OA and anoxia locusts were not significantly different 
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(p = 0.660) (Figure 2.7A). Similarly, the CCRT of Anoxia + OA (5.6 minutes) and 

anoxic (6.4 minutes) locusts were significantly shorter than the CCRT of control locusts 

(8.3 minutes) (p < 0.050) (Figure 2.7B). The CCRT of Anoxia + OA and anoxia locusts 

were not significantly different (p = 0.660) (Figure 2.7B). 

The CTmin of locusts that were pre-exposed to anoxia and injected with EP 

(Anoxia + EP; 7.1 °C) was significantly higher than the CTmin of control (4.8 °C) and 

anoxia locusts (4.2 °C) (p < 0.001) (Figure 2.8A). The CTmin of control and anoxia 

locusts were not significantly different (p = 0.070) (Figure 2.8A). Similarly, the CCRT 

of Anoxia + EP (8.5 minutes) was significantly longer than the CCRT of control (6.5 

minutes) and anoxia locusts (4.9 minutes) (p < 0.001) (Figure 2.8B). The CCRT of 

anoxia locusts was significantly shorter than the CCRT of control locusts (p < 0.001) 

(Figure 2.8B). 
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2.5 Discussion 

Low temperature during winter is one of the greatest challenges for insects living 

in temperate regions. When exposed to temperatures below their CTmin, locusts, like other 

chill-susceptible insects, enter chill coma (Findsen et al., 2014; MacMillan et al., 2014). 

This state is reversible, but it takes time (CCRT) to recover from the paralysis (Findsen et 

al., 2014; MacMillan et al., 2014). Temperature sensitivity is a powerful factor that can 

determine the geographic limits of chill-susceptible insects. Despite the importance of 

temperature effects, much remains to be learned regarding the chill coma mechanisms in 

insects. Here, we conducted two parallel experiments using the migratory locust to 

investigate the effects of RCH on chill tolerance. Our primary finding is that RCH affects 

the locust chill tolerance by reducing CTmin, CCRT and SD temperature. Then we 

conducted the OA experiment to investigate whether OA, the insect stress hormone, plays 

a role in the locust chill tolerance. We found that OA reduces the CTmin in locust. 

Additionally, we found that OA mimics the effects of prior anoxia and EP blocks these 

effects. 

Cold hardening is an important process that prevents chilling injury by prior 

exposure to non-lethal low temperatures. Pre-exposure to mild cold, either chronically or 

acutely, has been found to reduce the sensitivity to cold exposure of insects (Wang et al., 

2003; Williams et al., 2004; Shintani and Ishikawa, 2007; Armstrong et al., 2012; 

MacMillan et al., 2015). We know that if Drosophila are pre-exposed to a change in 

long-term acclimation temperature of 1 °C, their CTmin changes approximately 0.4 °C 

(Overgaard et al., 2011; Sørensen et al., 2016; Andersen et al., 2018), however, the effect 

of RCH on CTmin is still unclear. EMG recordings demonstrated that locusts had a 
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characteristic burst of muscular activity during chilling that had a neural origin and 

preceded behavioural impairment and chill coma paralysis (Robertson et al., 2017). Our 

findings showed that RCH at 4 °C reduced the temperature that the first obvious burst of 

electrical activity from the hindwing muscles occurred (CTmin). After returning to room 

temperature, the locusts recovered. As we determined CTmin as a temperature inducing 

loss of coordination (Hazell and Bale, 2011; Andersen et al., 2018), we used the time it 

took for the locusts to start walking as the CCRT. The RCH locusts took a shorter time to 

be able to walk after being exposed to cold stress. 

Extreme temperatures, either high or low, can impair neural performance, leading 

to the failure of properly coordinated behaviour and of the generation of vital motor 

patterns (Robertson, 2004; Robertson and Money, 2012). In the parallel experiment, we 

measured FP to monitor the occurrence of SD because FP represents mass depolarization 

in the CNS associated with a surge of extracellular K+ in the CNS. Low temperature 

causes a disturbance of K+ homeostasis in the muscular system of insects, leading to chill 

coma paralysis (Esch, 1988; Goller and Esch, 1990; Hosler et al., 2000; Findsen et al., 

2014). In this study, we confirmed that, in addition to the muscular system, a disturbance 

of K+ homeostasis caused by low temperature also occurs in the CNS (Robertson et al., 

2017). The disturbance of K+ homeostasis in the CNS is a mechanism underlying chill 

coma during cold exposure. We exposed locusts to 4 °C for 2, 4 and 6 hours. We were 

predicting that the locusts that were exposed for 6 hours would have the lowest failing 

temperature, but we found that the locusts that were exposed for 4 hours entered chill 

coma at a significantly lower temperature than the control locusts and the locusts that 

were exposed for 2 hours and 6 hours. Likewise, the time to SD of locusts that were 
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exposed for 4 hours was significantly longer than the times to SD of the other three 

groups. In other words, the locusts that were exposed to 4 °C for 4 hours tolerated a 

longer exposure to cold and entered chill coma at a lower temperature. We did not 

observe any significant difference in the locusts that were exposed for 2 hours because 

pre-exposure to 4 °C for 2 hours might not be long enough to have an effect that we 

could measure. There are at least two reasons why the results of the locusts that were 

exposed for 6 hours were different from our prediction: (1) the locusts were permanently 

impaired after being exposed to low temperature for 6 hours and (2) the locusts that were 

exposed for 6 hours needed more than 1 hour to recover from chilling. We measured the 

amplitude of the FP shift to examine whether RCH affected the magnitude of ion 

disturbance. The amplitudes of FP shift were not significantly different regardless of the 

different periods of pre-exposure to cold. It should be noted that we measured the 

amplitude at a single point where the microelectrode was inserted and thus it may not 

accurately represent the overall ion disturbance. For technical reasons, we could not 

measure CCRT in this semi-intact preparation, but we measured the time to SD recovery 

among control, 2-hour-, 4-hour- and 6-hour-RCH locusts and found that the 4-hour-RCH 

locusts had the longest time to SD recovery. The time to SD recovery did not correlate 

directly with the CCRT because their preparations were different. While we measured the 

CCRT in intact locusts, the time to SD recovery was measured in semi-intact preparation, 

which locusts were cut open and exposed to their surrounding environment. Recovery 

from chill coma involves the re-establishment of ion homeostasis in the nervous system 

(Robertson et al., 2017). Therefore, a possible reason to explain the longest time to SD 

recovery of 4-hour-RCH locusts is that they tolerate cold exposure for longer, causing 
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larger ion concentrations to build up. With larger CNS ion disturbances, they take longer 

times to restore ion concentrations to the baseline levels. 

The sudden loss in K+ homeostasis and the electrical silence in the CNS are 

triggered by cellular stressors, such as hyperthermia, anoxia, ATP depletion, and Na+/K+-

ATPase impairment by drugs (e.g., ouabain) (Newman et al., 2003; Rodgers et al., 2007; 

Armstrong et al., 2009; Rodgers et al., 2009; Rodgers et al., 2010). The present study is 

consistent with the hypothesis from previous studies that the rapid surges of [K+]o are the 

results of an imbalance in processes of K+ accumulation and clearance and impairment of 

Na+/K+-ATPase operation may cause this imbalance. During cold exposure, the Na+/K+-

ATPase may be modulated by temperature or OA. The Na+/K+-ATPase has a temperature 

coefficient (Q10) around 1.5 – 3 (Leong and Manahan, 1997; Nakamura et al., 1999; 

MacMillan and Sinclair, 2011; DiFranco et al., 2015). Low temperature reduces Na+/K+-

ATPase activity, leading to excess K+ in the extracellular space because K+ clearance 

cannot keep up with K+ accumulation (Rodgers et al., 2010; Andersen et al., 2018). 

Neuronal membranes are depolarized when [K+]o increases and a neuron discharges when 

its membrane potential reaches the threshold for action potential generation (Somjen, 

2002). The abnormal rise in [K+]o creates a positive feedback loop and causes further 

depolarization (Somjen, 2002; Armstrong et al., 2009; Andersen et al., 2018). This 

depolarization can depress neuron excitability and spread across the CNS, leading to the 

silence of CNS (Armstrong et al., 2009; Andersen et al., 2018). Although we do not 

provide the evidence to suggest that RCH can increase the Na+/K+-ATPase activity, heat-

shock pretreatment has been found to increase the activity of Na+/K+-ATPase in neuronal 

membrane which enhances the ability to manage high level of [K+]o and restores ion 
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homeostasis (Hou et al., 2014). RCH may operate via a similar mechanism; however, this 

remains to be discovered. 

OA is another possible factor that can modulate Na+/K+-ATPase. We found that in 

intact locusts, OA increased chill tolerance by reducing both CTmin and CCRT. OA 

receptors in the locust CNS are coupled with G-proteins (Roeder and Gewecke, 1990; 

Roeder, 1992; Armstrong and Robertson, 2006). The subunits of G-protein then interact 

with adenylyl cyclase to stimulate the production of cyclic adenosine monophosphate 

(cAMP) and activate cAMP-dependent protein kinase A (PKA) (Roeder and Gewecke, 

1990; Roeder, 1992; Armstrong and Robertson, 2006). PKA regulates many cellular 

processes, including K+ channels and Na+/K+-ATPase pumps (Feschenko et al., 2000). 

This indicates that OA modulates K+ conductance and Na+/K+-ATPase activity, which 

are necessary for maintaining [K+]o in the locust CNS (Walther and Zittlau, 1998; 

Armstrong and Robertson, 2006). While OA reduces the locust CTmin, EP (OA 

antagonist) has similar results as control. We suggest that the OA level is normally low in 

unstressed locusts and thus EP would not affect the CTmin of control locusts. 

Anoxic pre-treatment has been found to increase heat tolerance in locusts (Wu et 

al., 2002). Our results showed that OA mimics the effects of anoxia on chill tolerance. 

The CTmin and CCRT of anoxic pre-treatment locusts and anoxic pre-treatment with OA 

injection locusts were not significantly different, so there was no additive effect. Both 

OA and anoxic pre-treatment reduced CTmin and CCRT in locusts, suggesting that prior 

stress increased endogenous OA levels. However, EP blocks the effects of anoxia. The 

CTmin and CCRT of anoxic pre-treatment with EP injection locusts were significantly 

higher than the CTmin and CCRT of anoxic pre-treatment locusts and control locusts. As 
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mentioned before, EP had no effect on unstressed locusts, however, when locusts were 

exposed to prior stress (anoxia) which may have increased OA levels, EP increased both 

CTmin and CCRT, supporting the idea that the effect of anoxia is via OA. 

Climate change around the globe will affect the distributions of temperature-

dependent animals, such as insects. We demonstrated that low temperature 

(hypothermia), like other environmental stressors, can result in physiological changes 

consistent with disruptions in ion homeostasis, notably K+, in the locust CNS which lead 

to the temporary neural shutdown. We provided evidence that pre-exposure to moderately 

low temperature can improve the locust's resistance to chill coma although, in the wild, 

locusts are less likely to experience rapid changes in temperature similar to the 

temperature ramp used in this study. We also showed that OA, the biogenic amine, 

increases locust chill tolerance. However, the idea that OA acts through Na+/K+-ATPase 

during cold exposure remains to be demonstrated. Nevertheless, our findings highlight 

the important, but relatively neglected, role that the CNS has in mediating and 

modulating chill tolerance in insects and suggest that future investigations in this area 

will be fruitful (see for example Andersen and Overgaard, 2019). 
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Figure 2.1 Sample EMG recording from a locust hindwing muscle during entry to chill 

coma. As temperature (Temp) decreased, the electrical activity was recorded from a 

hindwing muscle (EMG). The first burst of EMG (red line) indicates loss of coordination 

(CTmin). The second burst of EMG indicates neuronal hyperactivity just prior to chill 

coma onset. 
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Figure 2.2 Semi-intact preparation of the locust. (A) Schematic diagram of the 

metathoracic ganglion (Meta) with recording electrodes used to measure FP (red in inset) 

and recording probe used to measure saline temperature (Temp). (B) Sample extracellular 

recording of electrical activity in the metathoracic ganglion (FP) as the saline temperature 

decreased from 26 °C to 4 °C and increased back to 26 °C (Temp). A red line and a blue 

line in (B) indicate the point where the FP went negative at half-maximal amplitude and 

the point where the FP returned to the baseline level at half-maximal amplitude, 

respectively. 
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Figure 2.3 RCH reduces CTmin and CCRT. (A) CTmin and (B) CCRT of locusts after 

different durations of RCH at 4 ˚C. Data are medians in A and means ± S.E. in B (n = 12 

each group; p-values are reported in section Results). Letter codes indicate statistically 

significant differences. 
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Figure 2.4 RCH reduces SD temperature and increases latency of chill-induced SD. (A) 

Temperature at negative FP shifts recorded in the MTG and (B) time to FP shift of 

control and RCH locusts. Data are means ± S.E. (n = 10 each group; p-values are 

reported in section Results). Letter codes indicate statistically significant differences. 
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Figure 2.5 RCH increases time to SD recovery. Data are means ± S.E. (n = 10 each 

group; p- values are reported in Results). Letter codes indicate statistically significant 

differences. 
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Figure 2.6 OA reduces CTmin and CCRT. (A) CTmin and (B) CCRT of locusts 10 mins 

after injection of OA and EP. Data are medians (n = 15 each group; p-values are reported 

in Results). Letter codes indicate statistically significant differences. 
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Figure 2.7 OA has no additive effect on CTmin and CCRT after prior anoxia. (A) CTmin 

and (B) CCRT of locusts that were pre-exposed to anoxia and injected with OA (Anoxia 

+ OA) and were exposed to anoxia without OA injection (Anoxia). Data are medians (n = 

15 each group; p-values are reported in Results). Letter codes indicate statistically 

significant differences. 
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Figure 2.8 EP blocks the effect of prior anoxia on CTmin and CCRT. (A) CTmin and (B) 

CCRT of locusts that were pre-exposed to anoxia and injected with EP (Anoxia + EP) 

and were exposed to anoxia without EP injection (Anoxia). Data are means ± S.E. (n = 15 

each group; p-values are reported in Results). Letter codes indicate statistically 

significant difference. 
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Table 2.1 Rapid cold hardening experiments. CTmin and CCRT in whole animal and SD temperature, time to SD, FP amplitude and 

time to SD recovery in semi-intact preparation. Parametric data are presented as x ± Standard Error; nonparametric data are presented 

as x (Inter Quartile Range). 

 

 

  

Whole animal Semi-intact preparation 

n CTmin (°C) CCRT (min) n 

SD 

temperature 

(°C) 

Time to SD 

(min) 

FP amplitude 

(mV) 

Time to SD 

recovery (min) 

Control 12 7.5 (7.3 - 9.9) 11.2 ± 0.3 10 10.8 ± 0.6  3.2 ± 0.3  35.5 (27.2 - 40.7) 2.2 ± 0.2 

2hRCH 12 6.9 (6.2 - 7.3) 9.9 ± 0.2 10 9.6 ± 0.2  4.1 ± 0.3  38.9 (31.6 - 41.9) 2.5 ± 0.2 

4hRCH 12 4.8 (4.6 - 5.5) 8.2 ± 0.3 10 7.8 ± 0.3  6.0 ± 0.6  34.0 (27.9 - 40.8) 2.9 ± 0.2 

6hRCH 12 5.9 (5.8 - 6.8) 7.2 ± 0.3 10 9.9 ± 0.4  3.7 ± 0.2  24.4 (22.5 - 29.4) 1.7 ± 0.1 
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Table 2.2 Octopamine and epinastine experiments. CTmin and CCRT in whole animal. 

Parametric data are presented as x ± Standard Error; nonparametric data are presented as 

x (Inter Quartile Range). 

 

  n CTmin (°C) CCRT (min) 

Control 15 4.0; IQR = 2.2 - 4.5 7.8; IQR = 7.0 - 8.4 

OA 15 1.7; IQR = 1.4 - 3.2 5.2; IQR = 4.8 - 6.0 

EP 15 3.5; IQR = 2.0 - 6.7 8.3; IQR = 7.6 - 10.7 

Control 10 6.3; IQR = 5.6 - 7.9 8.3; IQR = 7.3 - 10.3 

Anoxia 10 4.2; IQR = 4.0 - 4.6 6.4; IQR = 5.7 - 7.3 

Anoxia+OA 10 3.9; IQR = 3.6 - 4.4 5.6; IQR = 5.3 - 7.3 

Control 10 4.8 ± 0.2 6.5 ± 0.2 

Anoxia 10 4.2 ± 0.2 4.9 ± 0.2 

Anoxia+EP 10 7.1 ± 0.3 8.5 ± 0.2 
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Chapter 3 

Rapid cold hardening delays the onset of anoxia-induced coma via an 

octopaminergic pathway in Locusta migratoria 

3.1 Abstract 

Rapid cold hardening (RCH) is a short-term hormesis that occurs in many 

invertebrate species, especially in insects. Although RCH is best known as enhancing 

cold tolerance, it can also enhance anoxic tolerance. When exposed to prolonged anoxia, 

insects enter a reversible coma, which is associated with spreading depolarization (SD) in 

the central nervous system (CNS). In this study, we investigated the effects of RCH and 

octopamine (OA) on anoxia-induced SD in L. migratoria. OA is an insect stress hormone 

that has roles in many physiological processes. Thus, we hypothesized that OA is 

involved in the mechanism of RCH. First, we found that RCH affects the K+ sensitivity 

of the locust blood brain barrier (BBB) in a way similar to the previously described 

effects of OA. Next, using SD as an indicator of anoxia-induced coma, we took a 

pharmacological approach to investigate the effects of OA and epinastine (EP), an 

octopaminergic receptor (OctR) antagonist. We found that OA mimics, whereas EP 

blocks, the effect of RCH on anoxia-induced SD. This study demonstrates that OA is 

involved in the mechanism of RCH in delaying the onset of anoxia-induced locust coma 

and contributes to determining the mechanism of RCH that modulates insect stress 

tolerances. 
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3.2 Introduction 

Rapid cold hardening (RCH) enables survival of organisms at normally lethal low 

temperatures following pre-exposure to a less severe low temperature (see review Teets et 

al., 2020). RCH occurs in many invertebrate species, especially in insects (e.g., Lee et al., 

1987; Armstrong et al., 2012; Srithiphaphirom et al., 2019; Gantz et al., 2020). A study of 

RCH in flesh flies (Sarcophaga crassipalpis and Sarcophaga bullata) by Lee et al. 

(1987) showed that 91.1 % of flesh flies survive a 2-hour exposure to -10 °C if they are 

pre-exposed to 0 °C for 2 hours. Without RCH, up to 90% of larvae and adults of flesh 

flies do not survive at -10 °C. RCH can be induced by multiple cues, conventionally by 

exposing to a non-lethal low temperature and the optimal range of temperatures that can 

induce RCH varies among species. There are many suggestions regarding the 

mechanisms of RCH, including regulation of post-translational signalling mechanisms 

(e.g., modulation of potassium (K+) homeostasis, changes in protein phosphorylation) and 

biochemical changes (e.g., modification of cell membrane, accumulation of 

cryoprotectants) (e.g., Overgaard et al., 2005; Michaud and Denlinger, 2006; Fujiwara 

and Denlinger, 2007; Michaud and Denlinger, 2007; Overgaard et al., 2007; Armstrong et 

al., 2012). However, the mechanisms that enhance stress-induced tolerances are likely 

tissue-specific and, particularly for the central nervous system (CNS), remain to be 

confirmed.  

Insects are widely distributed in nature, thus they are exposed to and challenged 

by natural environmental stresses (e.g., anoxia, extreme temperatures). To thrive, many 

insects enter a reversible coma, or hypo-energetic state (Rodgers et al., 2010; Campbell et 

al., 2018; 2019), when they are under stress. Such coma is associated with the sudden 
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loss of ion homeostasis and temporary electrical silence in the CNS, which is a hallmark 

of the phenomenon known as spreading depolarization (SD) (e.g., Leão, 1944; Dreier and 

Reiffurth, 2015; Herreras and Makarova, 2020; Robertson et al., 2020). Although most 

SD studies have focused on mammalian models, SD also occurs in non-mammalian 

species including insects (e.g., Rodgers et al., 2007; Rodgers et al., 2010; Robertson et 

al., 2017; Andersen and Overgaard, 2019). 

Our recent study demonstrated that RCH at 4 °C for 4 hours delays chill coma, 

i.e., the SD induced by chilling, in the locust, L. migratoria (Srithiphaphirom et al., 

2019). This finding leads us to a question: how does RCH delay SD in locusts? We 

suspected that octopamine (OA) may be released during RCH pre-treatment and involved 

in mediating changes that affect time to SD. OA is a biogenic amine that is found in the 

nervous system of invertebrates including insects and acts as an insect stress hormone. It 

is involved in various physiological processes (e.g., modulating K+ conductance and 

Na+/K+-ATPase (NKA) activity) (Walther and Zittlau, 1998; Feschenko et al., 2000; 

Armstrong and Robertson, 2006) and has several behavioural roles, for example, feeding 

responses in honeybees (e.g., Scheiner et al., 2002), visual responses (e.g., Stern, 1999) 

and egg-laying (e.g., Wong and Lange, 2014) in locusts and appetitive learning in 

Drosophila (e.g., Schwaerzel et al., 2003). In locusts, haemolymph levels of OA increase 

up to 10-fold after various stresses (Davenport and Evans, 1984). In our recent study, we 

also found that in intact locusts, OA reduces the low temperature at which the locusts lose 

coordinated movement and shortens the recovery time on return to room temperature 

(Srithiphaphirom et al., 2019). 
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In this study, we investigated the effects of RCH and OA on anoxia-induced SD 

in the locust, L. migratoria. Recently, Gantz et al. (2020) found that in intact locusts, 

RCH enhances anoxic tolerance by increasing the time to succumb to the anoxic 

environment (water submersion). Insects, including locusts, possess a well-developed 

blood-brain barrier (BBB) which protects the underlying neurons from large changes in 

extracellular ion composition. Large increases in haemolymph [K+] generate a positive 

shift of the DC potential across the BBB, indicating a barrier to the free diffusion of ions 

(Schofield et al., 1984). Here, in semi-intact locusts, we measured the DC potential across 

the BBB. First, we investigated the effect of RCH on the K+ sensitivity of the locust 

BBB. We derived this approach from Schofield and Treherne (1986) who exposed the 

perineural membrane of cockroach, Periplaneta americana, to high haemolymph 

potassium ion concentration ([K+]) and measured the potential across the membrane 

during treatment with OA. They concluded that the perineural membrane of cockroach 

possesses a receptor that responds to OA circulating in the haemolymph and OA reduces 

K+ sensitivity of the basolateral membrane (Schofield and Treherne, 1986). Here, we 

determined whether RCH reduces the K+ sensitivity in a similar way to OA. We applied 

high [K+] saline to locusts pre-exposed to RCH and found that RCH affects the K+ 

sensitivity by reducing the amplitude of DC potential changes induced by high [K+] 

saline. Next, we used SD as an indicator of anoxia-induced coma. We found that OA 

mimics the effect of RCH on anoxia-induced SD. Finally, we investigated the effect of 

epinastine (EP), an octopaminergic receptor (OctR) antagonist, and found that EP 

prevents the effect of RCH on anoxia-induced SD. We conclude that OA mediates the 

effect of RCH in delaying the onset of anoxia-induced locust coma. 
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3.3 Methods 

3.3.1 Animals 

Mature locusts, 4 – 5 weeks past imaginal ecdysis, were chosen randomly from a 

crowded colony maintained in the Department of Biology at Queen's University. Locusts 

were reared in large, well-ventilated cages under a 12 hours:12 hours light:dark cycle and 

the temperature inside the cages was 25 ± 1 °C (light) and 21 ± 1 °C (dark). Locusts were 

fed daily with fresh wheat seedlings and a dry mixture of skim milk powder, torula yeast, 

and wheat bran.  Experiments were performed on both male and female locusts in a 1:1 

ratio. 

 

3.3.2 RCH pre-treatment 

Experimental locusts were kept in ventilated plastic containers ( ̴ 750 mL; 1 locust 

per container) and maintained at approximately 4 °C for 4 hours in a cold room. They 

were then allowed to recover for 1 hour at room temperature (RT; 22 ± 2 °C) before the 

experiment. Control locusts were kept in similar containers (1 locust per container) at RT 

for 5 hours before the experiment. 

 

3.3.3 Semi-intact preparation 

Semi-intact preparation was performed to expose the thoracic ganglia for 

measuring electrical activity as previously described (Robertson and Pearson, 1982). The 

legs, wings, and pronotum were removed. A dorsal midline incision was made, and the 

locust was pinned to a corkboard. The gut, air sacs, and fat bodies were removed to 

expose the thoracic ganglia. No nerve roots were cut. Standard locust saline containing 
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(in mM): 147 NaCl, 10 KCl, 4 CaCl2, 3 NaOH, and 10 HEPES buffer (pH 7.2) (all 

chemicals from Sigma-Aldrich) was added to the thoracic and abdominal cavities. A 

chlorided silver wire was placed in the posterior tip of the abdomen to ground the 

preparation (Figure 3.1A). 

 

3.3.4 Electrophysiology 

DC potential was measured extracellularly from the metathoracic ganglion 

(MTG). SD is characterized by an abrupt development of a negative DC potential that is 

coincident with the surge in extracellular K+ concentration in the CNS ([K+]o(CNS)) 

(Rodgers et al., 2007). The microelectrodes were pulled (5 – 7 MΩ) from 1 mm diameter, 

filamented borosilicate glass capillary tubes (World Precision Instruments; WPI, 

Sarasota, FL, USA) using a model P-87 Flaming/Brown micropipette puller (Sutter 

Instruments, Novato, CA, USA). These microelectrodes were backfilled with 500 mM 

KCl. Before inserting into the MTG, the microelectrode recording was adjusted to 0 mV 

in the saline bathing the preparation. The signals were amplified and digitized using a 

model 1600 Neuroprobe amplifier (A-M Systems Inc., Sequim, WA, USA) and a 

Digidata 1550A (100 kHz sampling rate; Molecular Devices Inc., Sunnyvale, CA, USA), 

and displayed and saved using AxoScope 10.7 (Molecular Devices Inc.) (Figure 3.1B). 

 

3.3.5 Anoxia 

Locust comas were induced by anoxia. The locust pinned to the corkboard was 

placed in an acrylic chamber (5 x 2.5 x 2 cm) partially sealed with electrical tape. Room 

air and nitrogen gas (N2) travelled through a modified glass pipette hooked over the end 
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of the chamber. An aquarium pump pumped room air through the chamber at ̴ 100 

mL/min. To induce anoxia, 100% N2 from a pressurized cylinder (1 L/min) was released 

and travelled through the glass pipette to the chamber where the locust was placed. The 

locust was exposed to N2 until the negative DC potential occurred rapidly indicating the 

onset of anoxia-induced coma. N2 was maintained for 5 minutes after the rapid negative 

DC potential occurred. Then room air was pumped into the chamber and the recovery 

period was recorded for 5 minutes.  

 

3.3.6 Pharmacology 

Collagenase, octopamine (OA), epinastine (EP), and potassium chloride (KCl) 

were obtained from Sigma-Aldrich. Standard saline was used to prepare all 

pharmacological agents. Collagenase was used in this study to soften the neural lamella 

(Schofield et al., 1984) and aid penetration of electrodes and high [K+] saline, OA, or EP 

into the ganglia. 

 

High [K+] saline 

High haemolymph [K+] was generated using high [K+] saline prepared by 

substituting K component (KCl) in normal saline for Na component. The high [K+] saline 

consisted of either 50 mM, 100 mM, or 150 mM K+. 1% collagenase (200 µL) was added 

to the semi-intact locust and left for 10 minutes. Saline was used to wash out collagenase. 

Each locust was exposed to all three concentrations. Presentation order of the different 

concentrations was controlled i.e., 2 locusts (1 male, 1 female) for each possible 

permutation: (50, 100, 150); (50, 150, 100); (100, 150, 50); (100, 50, 150) or (150, 100, 
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50). The permutation of (150, 50, 100) was omitted because applying 50 mM K+, the 

lowest concentration out of three concentrations, after 150 mM K+, the highest 

concentration out of three concentrations, did not induce any surge of DC potential.  

 

Octopamine  

200 µL of 1% collagenase was added to the semi-intact locust and left for 10 

minutes. Saline was used to wash out collagenase. OA 10-3 M (200 µL) was bath-applied 

to the thoracic ganglia for 30 minutes before exposing the preparation to anoxia. 

 

Epinastine 

 Whereas OA was bath-applied prior to and during anoxia, EP was injected into 

the locust prior to RCH pre-treatment to block activation of octopaminergic pathways 

during RCH. The locust was injected with 10 µL of 2x10-2 M EP. The haemolymph 

volume of locust is approximately 200 µL (Ayali and Pener, 1992), thus, the final 

concentration of EP in the locust body was around 10-3 M. Then the locust was pre-

exposed to RCH and exposed to anoxia. 

 

3.3.7 Data analysis 

Data were collected from 100 locusts. The recordings were analyzed using 

Clampfit 10.7 (Molecular Devices Inc.). The time to SD was determined as the time 

taken from when N2 was turned on to the half-maximal amplitude of the negative shift of 

DC potential. The recovery time was determined as the time taken from when N2 was 

turned off to the half-maximal amplitude of the DC potential when returning to the 
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positive baseline level. The amplitude of the DC potential shift was determined by 

measuring the difference between the stable baseline level and the 2.5-minute point after 

the DC potential dropped. Data were plotted using SigmaPlot 12.5 (Systat Software Inc., 

Chicago, IL, USA). Statistical analyses were performed using SigmaPlot 12.5. Data were 

tested for normality (Shapiro-Wilk test) and equal variance (Brown-Forsythe test). 

Statistical significance among groups was assessed using a Three-way ANOVA. All-

pairwise post hoc analysis was used to determine the significance between treatments 

within each measure (Holm-Sidak). Data are reported as the means and standard error 

(SE) (parametric data) or as the medians and interquartile ranges (IQR) (non-parametric 

data). P < 0.05 is indicated by symbols on the figures. Asterisk (⁎) indicates a statistically 

significant difference within treatment and dagger (†) indicates a statistically significant 

difference within saline/drug. The plots are overlaid with individual data points plotted as 

open symbols. 
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3.4 Results 

3.4.1 RCH reduces the sensitivity of the blood brain barrier to 150 mM K+ 

We measured the amplitudes of DC potential after bath-applying high [K+] saline 

(Figure 3.2A). There was no effect of sex (Three-way ANOVA: p = 0.084), no 

interaction between treatment and sex (Three-way ANOVA: p = 0.649), and no 

interaction between high [K+] saline and sex (Three-way ANOVA: p = 0.999) in both 

control and RCH pre-treatments. In control locusts, the amplitude of DC potential 

increased as the concentration of high [K+] saline increased (Holm-Sidak: 50 mM vs 

100mM p = 0.032; 50 mM vs 150 mM p < 0.001; 100 mM vs 150 mM p = 0.020) 

(Figure 3.2B; Table 3.1). After RCH pre-treatment, the effects of high [K+] saline was 

reduced. Although the amplitude of DC potential of RCH locusts in 50 mM K+ was 

significantly smaller than the amplitudes of DC potential of RCH locusts in 100 mM K+ 

(Holm-Sidak: p = 0.009) and 150 mM K+ (Holm-Sidak: p = 0.009), the amplitudes of DC 

potential of RCH locusts in 100 mM K+ and 150 mM K+ were not significantly different 

(Holm-Sidak: p = 0.852) (Figure 3.2B; Table 3.1). 

Comparing within high [K+] saline, after RCH pre-treatment, the amplitude of DC 

potential of RCH locusts was significantly smaller than the amplitude of DC potential of 

control locusts in 150 mM K+ (Holm-Sidak: p = 0.004) (Figure 3.2B; Table 3.1). 

However, there was no significant difference in amplitudes of DC potential between 

control and RCH locusts in 50 mM K+ (Holm-Sidak: p = 0.145) and between control and 

RCH locusts in 100 mM K+ (Holm-Sidak: p = 0.623) (Figure 3.2B; Table 3.1).  

 

3.4.2 OA mimics the effect of RCH on anoxia-induced SD 



 

 

 

78 

In the OA experiments, the results of time to SD did not fit the assumptions of a 

parametric test, thus we transformed the data by taking log10x. There was no effect of sex 

(Three-way ANOVA: p = 0.777), no interaction between treatment and sex (Three-way 

ANOVA: p = 0.795), and no interaction between drug and sex (Three-way ANOVA: p = 

0.693) in both control and RCH pre-treatments. Within treatments, the time to SD of 

control locusts with OA was significantly longer than the time to SD of control locusts 

with saline (Holm-Sidak: p = 0.038) (Figure 3.3A; Table 3.2). The time to SD of RCH 

locusts with saline was not significantly different from the time to SD of RCH locusts 

with OA (Holm-Sidak: p = 0.177) (Figure 3.3A; Table 3.2). Within drugs, the time to 

SD of RCH locusts with saline was significantly longer than the time to SD of control 

locusts with saline (Holm-Sidak: p < 0.001) (Figure 3.3A; Table 3.2). The time to SD of 

control locusts with OA was not significantly different from the time to SD of RCH 

locusts with OA (Holm-Sidak: p = 0.377) (Figure 3.3A; Table 3.2).  

For the recovery time from SD and the amplitude of DC potential, there was no 

effect of sex (Three-way ANOVA: recovery time p = 0.090; amplitude p = 0.810), no 

interaction between treatment and sex (Three-way ANOVA: recovery time p = 0.311; 

amplitude p = 0.980), and no interaction between drug and sex (Three-way ANOVA: 

recovery time p = 0.416; amplitude p = 0.522) in both control and RCH pre-treatments. 

There was no significant difference in recovery times from SD of control locusts with 

saline, control locusts with OA, RCH locusts with saline, and RCH locusts with OA 

(Three-way ANOVA: p = 0.759; Figure 3.3B; Table 3.2). Similarly, there was no 

significant difference in amplitudes of DC potential of control locusts with saline, control 
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locusts with OA, RCH locusts with saline, and RCH locusts with OA (Three-way 

ANOVA: p = 0.970; Figure 3.3C; Table 3.2).  

 

3.4.3 EP blocks the effect of RCH on anoxia-induced SD 

In the EP experiments, there was no effect of sex (Three-way ANOVA: p = 

0.952), no interaction between treatment and sex (Three-way ANOVA: p = 0.241), and 

no interaction between drug and sex (Three-way ANOVA: p = 0.727) in both control and 

RCH pre-treatments. Within treatments, the time to SD of control locusts with EP was 

not significantly different from the time to SD of control locusts with saline (Holm-

Sidak: p = 0.362) (Figure 3.4A; Table 3.2). The time to SD of RCH locusts with saline 

was significantly longer than the time to SD of RCH locusts with EP (Holm-Sidak: p < 

0.001) (Figure 3.4A; Table 3.2). Within drugs, the time to SD of RCH locusts with 

saline was significantly longer than the time to SD of control locusts with saline (Holm-

Sidak: p < 0.001) (Figure 3.4A; Table 3.2). The time to SD of control locusts with EP 

was not significantly different from the times to SD of RCH locusts with EP (Holm-

Sidak: p = 0.132) (Figure 3.4A; Table 3.2). 

For the recovery time from SD and the amplitude of DC potential, there was no 

effect of sex (Three-way ANOVA: recovery time p = 0.614; amplitude p = 0.199), no 

interaction between treatment and sex (Three-way ANOVA: recovery time p = 0.243; 

amplitude p = 0.087), and no interaction between drug and sex (Three-way ANOVA: 

recovery time p = 0.502; amplitude p = 0.400) in both control and RCH pre-treatments. 

There was no significant difference in recovery times from SD of control locusts with 

saline, control locusts with EP, RCH locusts with saline, and RCH locusts with EP 
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(Three-way ANOVA: p = 0.402; Figure 3.4B; Table 3.2). Similarly, there was no 

significant difference in amplitudes of DC potential of control locusts with saline, control 

locusts with EP, RCH locusts with saline, and RCH locusts with EP (Three-way 

ANOVA: p = 0.475; Figure 3.4C; Table 3.2).  
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3.5 Discussion 

RCH is a beneficial process that enhances insects' ability to cope with stresses. 

Although RCH is well-known to enhance cold tolerance, it also enhances other stress 

tolerances. Gantz et al. (2020) found that in intact locusts, RCH delays the onset of whole 

animal anoxia-induced coma, without affecting tracheal volume or metabolic rate, and 

our results confirmed their findings by demonstrating it in semi-intact locusts. Anoxia 

disrupts energy supply, leading to a disturbance in the ATP-dependent pumping activity 

which, consequently, causes an inability to maintain ion gradients. Such ion gradients are 

essential for proper neural function. We suspected that OA, the insect stress hormone, 

could be released during RCH pre-treatment and that this modulates anoxic tolerance in 

locusts. Our results with OA and EP support the hypothesis that endogenous OA levels 

increase during RCH pre-treatment and affect the onset of anoxia-induced coma in 

locusts. 

In this study, first, we investigated the effect of RCH on the K+ sensitivity in the 

locust BBB. Insects, including locust, possess a well-developed BBB formed from 

perineurial and subperineurial glial cells connected by septate and gap junctions 

(Schofield and Treherne, 1984; Stork et al., 2008; Limmer et al., 2014; Robertson et al., 

2020). It consists of the membranes facing the haemolymph (basolateral) and facing the 

CNS interstitium (adglial). Schofield and Treherne (1986) studied the effect of OA on the 

potential across the perineurium of cockroach and found that OA reduces K+-induced 

changes and causes a decrease in K+ conductance of the basolateral membrane of the 

perineurial glia, leading to a reduction in the net K+ permeability of the glial barrier. They 

suggested that the perineurium possesses receptors that respond to OA circulating in the 
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haemolymph (Schofield and Treherne, 1986). Here, we found that RCH affects the K+ 

sensitivity by reducing the amplitudes of DC potential changes with high [K+] saline, 

suggesting that the resistance of basolateral membrane to high [K+] increases during 

RCH, and that this may be mediated by OA.  

We measured the times to SD of control (5 hours at RT) and RCH (4 hours at 4 

°C and 1 hour at RT) locusts to determine the effect of OA. Bath-application of OA to 

control locusts delays anoxia-induced SD although not as much as RCH pre-treatment. 

We also tested to see whether there was an additive effect of RCH and OA and found no 

additive effect. To confirm that the octopaminergic pathway is involved during RCH, we 

injected EP, an OctR antagonist, prior to the RCH pre-treatment. Injecting EP into control 

locusts shows similar results as injecting saline into control locusts, suggesting that in 

unstressed locusts, the endogenous OA levels are normally low. However, injecting EP 

causes anoxia-induced SD to occur faster in RCH locusts compared to those with saline 

injection. Thus, the results from the EP experiment demonstrate that during RCH, which 

can be considered as pre-exposure to mild stress, the endogenous OA levels may have 

increased, and injecting EP prior to the RCH pre-treatment blocks the octopaminergic 

pathway, preventing the effect of RCH. It should be noted that (1) OA was bath-applied 

and thus its effect would occur over the time of the experiments, whereas EP was injected 

into the locust prior to the pre-treatment, and (2) both bath-application of OA and 

injection of EP into the locust are broad treatments and likely affected different sites of 

action, not only the nervous system. 

The results from OA and EP experiments support the notion that endogenous OA 

levels could increase during RCH, however, the mechanism of OA in delaying anoxia-
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induced SD is little understood. Although the number of octopaminergic neurons in the 

insect nervous system varies among species, the distribution of octopaminergic neurons 

has been well studied, including in locusts (Konings et al., 1988). OA functions by 

binding to specific membrane proteins that are members of the G-protein-coupled 

receptor (GPCR) superfamily (Evans, 1981; Evans and Robb, 1993; Hiripi et al., 1994). 

The most recent classification of insect OctRs was based on the structural and signalling 

similarities of cloned D. melanogaster OctRs with vertebrate adrenergic receptors, thus 

insect OctRs have been grouped into three classes: (1) α-adrenergic-like receptors 

(OctαR), (2) β-adrenergic-like receptors (OctβR) and (3) octopamine/tyramine or 

tyramine receptors (TyrR) (Evans and Maqueira, 2005) (see review Verlinden et al., 

2010). One well-known pathway of OA in the locust CNS is that an OctR is coupled with 

the Gs family of G-proteins causing disassociation of G-protein (Roeder and Gewecke, 

1990; Roeder, 1992; Evans and Robb, 1993; Armstrong and Robertson, 2006). The free 

subunit interacts with adenylyl cyclase to stimulate the production of intracellular cyclic 

adenosine monophosphate (cAMP), which then activates cAMP-dependent protein kinase 

A (PKA) (Roeder and Gewecke, 1990; Roeder, 1992; Armstrong and Robertson, 2006). 

The OctR can also be coupled with the Gq family of G-proteins to induce the release of 

the intracellular calcium ions (Ca2+) and activate protein kinase C (PKC) (Evans and 

Robb, 1993; Robb et al., 1994). Both PKA and PKC regulate many cellular processes, 

such as NKA and K+ conductance (Feschenko et al., 2000). SD is triggered by an 

imbalance in processes of K+ accumulation and K+ clearance in the extracellular space. 

Both NKA and K+ current are involved in maintaining [K+]o in the locust CNS (Walther 

and Zittlau, 1998; Armstrong and Robertson, 2006). When EP is introduced, it blocks the 
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pathway, thus decreasing cAMP, PKA and PKC, which is responsible for the regulation 

of NKA and K+ conductance. 

We also determined the recovery time from anoxia-induced SD and the amplitude 

of DC potential shift. Both OA and EP have no effect on the recovery time from SD. This 

is not surprising because, despite our prediction that RCH would decrease the recovery 

time from SD, RCH had no effect on the recovery time from SD, which is in contrast 

with the study by Gantz et al. (2020) that RCH hastens the whole animal recovery of 

ventilation. The differences between our study and Gantz et al. (2020)’s study are that (1) 

after 4 hours at 4 °C, we allowed the RCH locust to recover at RT for 1 hour, (2) we 

investigated anoxia-induced SD in the semi-intact preparation (i.e., examined the effects 

of RCH on the nervous system directly) and (3) we used N2 to induce anoxic coma 

instead of water submersion. One or more of these differences could account for the 

disparity between our results and those of Gantz et al. (2020) with respect to RCH and 

recovery time from SD. We suggest that the recovery time from SD is likely dependent 

on the following mechanisms: the re-establishment of ion homeostasis (Robertson et al., 

2017; Srithiphaphirom et al., 2019) and the re-activation of mitochondrial function 

(Lighton and Schilman, 2007; Van Dusen et al., 2020a). Moreover, both OA and EP have 

no effect on the amplitude of the DC potential shift, and thus do not seem to affect the 

magnitude of ion disturbance. It should be noted that we measured the amplitude at a 

single point where the microelectrode was inserted and thus it may not accurately 

represent the overall ion disturbance. In contrast to previous studies that male locusts 

enter coma earlier and take longer time to recover from anoxia than female locusts (Hou 

et al., 2014; Robertson et al., 2019; Van Dusen et al., 2020b; Robertson and Van Dusen, 
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2021), there was no effect of sex, no interaction between treatment and sex, and no 

interaction between drug and sex in all treatments in this study. It is unexpected, at least 

for the recovery time, because the recovery time is associated with the metabolic rate 

(Robertson et al., 2019). Female locusts are larger and likely have higher metabolic rates 

than male locusts, thus females and males were expected to have different recovery 

times. However, there are some studies of anoxia that show no effect of sex, such as in D. 

melanogaster (Dawson-Scully et al., 2010) and in L. migratoria (Ravn et al., 2019). 

In summary, we found that RCH reduces the K+ sensitivity of the locust BBB in a 

similar way to OA (Schofield and Treherne, 1986). Using a pharmacological approach, 

we showed that activation of the octopaminergic pathway is necessary and sufficient for 

the effect of RCH on anoxia-induced SD. Although in this study we used anoxia to 

induce SD, our findings are like the findings of our previous study on OA and chill coma 

(Srithiphaphirom et al., 2019). Our findings also support some part of Gantz et al. (2020), 

but here we shed light on the mechanism of RCH in delaying the onset of anoxia-induced 

coma. We therefore propose that endogenous OA levels could increase during RCH pre-

treatment, and this could be tested by measuring OA levels in the haemolymph and the 

CNS directly during RCH pre-treatment. We should consider that control locusts may 

also have elevated OA levels as a result of handling during the experiments. It is thus 

possible that in nature, the RCH effect via OA could be more pronounced. Our findings 

demonstrate that OA mediates the RCH-induced delay of the onset of anoxia-induced 

locust coma at least partially by modulating the K+ sensitivity of the BBB. This is a CNS 

effect and any roles of OA in mediating RCH effects in other tissues remain to be 
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determined. Nevertheless, the fact that RCH modulates K+ sensitivity in the CNS points 

to potential targets of OA (channels, etc.) that could be investigated in future studies. 
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Figure 3.1 Semi-intact preparation of the locust. (A) Schematic diagram of a dissected 

locust with recording electrode in the metathoracic ganglion (Meta) to measure DC 

potential (red in inset). (B) Sample extracellular recording of potential in the 

metathoracic ganglion relative to saline ground (DC) during exposure to anoxia using 

nitrogen gas (N2). A dotted line in (B) indicates 0 mV. A red line and a blue line in (B) 

indicate the point where the DC potential went negative at half-maximal amplitude and 

the point where the DC potential returned to the baseline level at half-maximal amplitude, 

respectively. 
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Figure 3.2 Sample extracellular recording of positive shift of transperineurial potential 

and amplitudes of transperineurial potential of control and RCH locusts during exposure 

to high [K+] saline (full legend on the next page). 
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Figure 3.2 (A) Sample extracellular recording of positive shift of transperineurial 

potential in the metathoracic ganglion (MTG) relative to saline ground (DC) during 

exposure to three different high [K+] saline (50 mM K+, 100 mM K+ and 150 mM K+). 

Note that these concentrations of high [K+] saline did not induce SD in the MTG. The 

three traces were taken from different preparations in which the concentration indicated 

was the first one presented. A dotted line in (A) indicates 0 mV. The red lines in (A) 

indicate the point where high [K+] saline was added. (B) Amplitudes of transperineurial 

potential of control and RCH locusts exposing to three different high [K+] saline. After 

RCH pre-treatment, the amplitude of DC potential of RCH locusts was significantly 

smaller in 150 mM K+. Data are means ± S.E. (n = 10 each group (control and RCH); p-

values are reported in Results). For graphical display, data from the two sexes are pooled 

as no sex differences were observed. Asterisk (⁎) indicates a statistically significant 

difference within treatment (i.e., Control or RCH). Dagger (†) indicates a statistically 

significant difference within saline (i.e., 50 mM K+, 100mM K+, or 150 mM K+). 
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Figure 3.3 OA mimics the effect of RCH by increasing (A) time to SD of control locusts 

but shows no additive effect on RCH locusts. OA does not affect (B) recovery time from 

SD and (C) amplitude of DC potential of control and RCH locusts. Data are medians, 

IQR and means ± S.E. (n = 10 each group; p-values are reported in Results). For 

graphical display, data from the two sexes are pooled as no sex differences were 

observed. Asterisk (⁎) indicates a statistically significant difference within treatment (i.e., 

Control or RCH). Dagger (†) indicates a statistically significant difference within drug 

(i.e., Saline or OA). 
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Figure 3.4 EP blocks the effect of RCH by reducing (A) time to SD of RCH locusts but 

does not affect (B) recovery time from SD and (C) amplitude of DC potential of control 

and RCH locusts. Data are means ± S.E. (n = 10 each group; p-values are reported in 

Results). For graphical display, data from the two sexes are pooled as no sex differences 

were observed. Asterisk (⁎) indicates a statistically significant difference within treatment 

(i.e., Control or RCH). Dagger (†) indicates a statistically significant difference within 

drug (i.e., Saline or EP). 
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Table 3.1 RCH and K+ sensitivity experiments. Amplitude of DC potential in semi-

intact preparation. Data are presented as Mean ± Standard Error. Data from the two sexes 

are pooled as no sex differences were observed. 

 

    Amplitude of DC potential (mV) 

  n 50 mM K+ 100 mM K+ 150 mM K+ 

Control 10 6.6 ± 1.0 10.9 ± 1.3 16.2 ± 1.6 

RCH 10 4.6 ± 1.0 10.0 ± 1.3 9.7 ± 1.1  
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Table 3.2 Octopamine and epinastine experiments. Time to anoxia-induced SD, 

recovery time from anoxia-induced SD, and amplitude of DC potential in semi-intact 

preparation. Parametric data are presented as Mean ± Standard Error; nonparametric data 

are presented as Median (Inter Quartile Range). Data from the two sexes are pooled as no 

sex differences were observed. 

 

    
n 

Time to SD 

(min) 

Recovery time 

(min) 

Amplitude of DC 

(mV) 

Control 
Saline 10 4.3 (3.4 – 4.9) 1.6 ± 0.1 46.5 ± 2.5 

OA 10 5.2 (4.3 – 7.0) 1.7 ± 0.1 50.7 ± 2.4 

RCH 
Saline 10 7.2 (5.8 – 8.7) 1.5 ± 0.1 48.3 ± 2.4 

OA 10 5.8 (4.8 – 7.8) 1.6 ± 0.1 52.8 ± 2.2 

Control 
Saline 10 5.2 ± 0.4 1.4 ± 0.1 48.8 ± 2.2 

EP 10 6.0 ± 0.6 1.3 ± 0.1 47.2 ± 1.8 

RCH 
Saline 10 10.3 ± 0.5 1.3 ± 0.1 50.8 ± 1.4 

EP 10 7.3 ± 0.7 1.4 ± 0.1 46.2 ± 2.9 
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Chapter 4 

Rapid cold hardening modifies mechanisms of ion regulation to delay 

anoxia-induced spreading depolarization in the CNS of Locusta 

migratoria 

4.1 Abstract 

Insects live in varied habitats, so they experience different kinds of environmental 

stresses. These stresses can impair neural performance, leading to spreading 

depolarization (SD) of nerve cells and neural shutdown underlying coma. The sensitivity 

of an insect’s nervous system to stress (e.g., anoxia) can be modulated by acute pre-

treatment. Rapid cold hardening (RCH), a brief exposure to low temperature, enhances 

the stress tolerance of insects. SD is associated with a sudden loss of ion, notably K+, 

homeostasis. We used a pharmacological approach to investigate whether RCH affects 

anoxia-induced SD in the locust, L. migratoria, via one or more of the following 

homeostatic mechanisms: (1) Na+/K+-ATPase (NKA), (2) Na+/K+/2Cl- co-transporter 

(NKCC), and (3) voltage-gated K+ (Kv) channels. We found that NKCC is directly 

involved in the mechanism of RCH, whereas the roles of NKA and Kv channels in the 

mechanism of RCH cannot be confirmed. Although how RCH regulates NKA, NKCC, 

and Kv channels requires further investigation, we suggest that RCH acts through the 

octopaminergic pathway.  
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4.2 Introduction 

Insects are found in all land and freshwater habitats, thus they are exposed to and 

challenged by natural environmental stresses (e.g., anoxia, extreme temperatures) and 

likely experience drastic changes in body temperature, hydration state, and oxygen 

availability, which present significant physiological challenges. To survive, insects have 

adapted mechanisms of tolerance that allow them to overcome these challenges. The 

ability of insects to tolerate periods of stress is highly dependent on the sensitivity of their 

nervous system to unfavourable conditions. This sensitivity is plastic and can be 

modulated by acute pre-treatments (e.g., brief exposure to environmental stressors such 

as high and low temperature, anoxia, and dehydration) (e.g., Lee et al., 1987; Coulson 

and Bale, 1991; Rodgers et al., 2007; Hou et al., 2014; Srithiphaphirom et al., 2019; 

Gantz et al., 2020).   

 Rapid cold hardening (RCH) is a form of thermal acclimation in which brief 

chilling (minutes to hours) significantly enhances the stress tolerance of an animal (see 

review Teets et al., 2020). RCH occurs in many invertebrate species and has been studied 

intensively in insects (e.g., Lee et al., 1987; Czajka and Lee, 1990; Armstrong et al., 

2012; Owen et al., 2013; Srithiphaphirom et al., 2019; Gantz et al., 2020). In flesh flies 

(Sarcophaga crassipalpis and Sarcophaga bullata), ̴ 90% of larvae and adults of flesh 

flies do not survive at -10 °C, however, pre-exposure to 0 °C for 2 hours increases the 

survival of flesh flies to 91.1% at -10 °C (Lee et al., 1987). RCH at 4 °C for 4 hours 

delays chill coma and enhances anoxic tolerance by increasing the time to succumb to an 

anoxic environment (water submersion) in intact locusts, L. migratoria (Srithiphaphirom 

et al., 2019; Gantz et al., 2020). Although the benefits of RCH in improving insect 
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performance are well-established, the underlying mechanisms that enhance stress-

induced tolerances remain unclear. 

Due to their small size and varied habitats, insects can naturally be exposed to 

anoxia as a result of suffocation during heavy rains and flooding. Anoxia disrupts the 

energy supply. Depletion of energy leads to reduced activity of ATP-dependent ion 

pumps, causing dissipation of ion gradients responsible for proper neural function. To 

thrive, many insects enter a reversible coma, or hypo-energetic state (Rodgers et al., 

2007; Campbell et al., 2018; 2019), when they are under stress such as anoxia. Coma 

onset is accompanied by a sudden loss of ion, notably potassium ion (K+), homeostasis 

and temporary shutdown of the central nervous system (CNS), which is a hallmark of the 

phenomenon known as spreading depolarization (SD) (e.g., Leão, 1944; Rodgers et al., 

2007; Rodgers et al., 2010; Dreier and Reiffurth, 2015; Robertson et al., 2017; Andersen 

and Overgaard, 2019; Herreras and Makarova, 2020; Robertson et al., 2020). In insects, 

SD can be measured across a blood-brain barrier (BBB) formed from perineurial and 

subperineurial glial cells connected by septate and gap junctions (Schofield and Treherne, 

1984; Stork et al., 2008; Limmer et al., 2014; Robertson et al., 2020). The insect BBB 

regulates ion diffusion between the insect haemolymph and the CNS interstitium to 

protect the underlying neurons from large changes in extracellular ion composition 

(Treherne and Schofield, 1979; Treherne and Schofield, 1981; Schofield and Treherne, 

1984). Maintenance of ion homeostasis in the CNS is crucial for proper neural function. 

Our recent studies showed that RCH at 4 °C for 4 hours delays SD induced by 

chilling (Srithiphaphirom et al., 2019) and anoxia (chapter three). We believe that an 

imbalance in processes of K+ accumulation and K+ clearance in the CNS triggers the 
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rapid surges of extracellular K+ concentration in the CNS ([K+]o(CNS)), which indicate SD. 

Movement of ions, including K+, across the BBB requires transport mechanisms because 

the ganglion sheath has low ion permeability and the septate junctions in the sheath limit 

paracellular diffusion. In this study, we used a pharmacological approach to investigate 

whether RCH affects anoxia-induced SD in the locust, L. migratoria, via one or more of 

the following homeostatic mechanisms that are involved in maintaining K+ homeostasis: 

(1) Na+/K+-ATPase (NKA), (2) Na+/K+/2Cl- co-transporter (NKCC), and (3) voltage-

gated K+ (Kv) channels. NKA requires ATP to pump three sodium ions (Na+) out of the 

cell in exchange for two K+ into the cell. For neural function, NKCC normally transports 

Na+, K+, and two Cl- into the cell and Kv channels normally allow flow of K+ out of the 

cell in response to changes in the transmembrane potential. Thus, NKA and NKCC aid 

K+ clearance, whereas Kv channels aid K+ accumulation in the extracellular space. 

Here, we used SD to indicate the onset of anoxia-induced neural shutdown that 

underlies coma and measured the DC potential across the BBB. First, we used ouabain, a 

well-known NKA inhibitor, to inhibit NKA. Inhibition of NKA increases K+ efflux 

across the cockroach BBB, which reflects increases in [K+]o(CNS) (Kocmarek and 

O’Donnell, 2011). We found that ouabain hastens anoxia-induced SD in both control and 

RCH locusts and delays recovery from SD in control locusts. Next, we used bumetanide, 

a known NKCC blocker, to block NKCC. In locusts, bumetanide disrupts the regulation 

of [K+]o(CNS) by impairing K+ clearance (Spong et al., 2015). We found that bumetanide 

hastens anoxia-induced SD only in RCH locusts. Finally, we used tetraethylammonium 

(TEA), a general blocker of Kv channels, and 4-aminopyridine (4-AP), a selective blocker 

of the Shaker family of Kv channels, to block Kv channels. In locusts, the [K+]o(CNS) surge 
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during heat-induced SD is partially via TEA-sensitive K+ channels (Rodgers et al., 2007) 

and the Shaker family of Kv channels is associated with cold acclimation (Bayley et al., 

2020). We found that TEA delays anoxia-induced SD in control locusts and has an 

additive effect on RCH, whereas 4-AP affects neither control nor RCH locusts. 

Moreover, TEA is the only pharmacological agent in this study that affects the amplitude 

of DC potential. These findings lead us to conclude that in the locust CNS, NKA and Kv 

channels (excluding the Shaker family) modulate SD occurrence and possibly take part in 

the mechanism of RCH, whereas NKCC is directly involved in the mechanism of RCH. 
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4.3 Methods 

4.3.1 Animals 

L. migratoria were raised in a crowded colony maintained in the Department of 

Biology at Queen's University. Locusts were reared in large, well-ventilated cages under 

a 12 hours:12 hours light:dark cycle with the temperature inside the cages at 25 ± 1 °C 

(light) and 21 ± 1 °C (dark) and fed daily with fresh wheat seedlings and a dry mixture of 

skim milk powder, torula yeast, and wheat bran. We randomly selected adult locusts, 4 – 

5 weeks past imaginal ecdysis from the colony. We performed all experiments on both 

male and female locusts in a 1:1 ratio.  

 

4.3.2 RCH pre-treatment 

RCH pre-treatment consisted of 2 steps: (1) RCH locusts were held in ventilated 

plastic containers ( ̴ 750 mL; 1 locust per container) and maintained at approximately 4 

°C for 4 hours in a cold room and (2) RCH locusts were then allowed to recover for 1 

hour at room temperature (RT; 22 ± 2 °C) before the experiment. Control locusts were 

held in similar containers ( ̴ 750 mL; 1 locust per container) at RT for 5 hours before the 

experiment. 

 

4.3.3 Dissected preparation 

We performed semi-intact preparation for measuring electrical activity as 

previously described (Robertson and Pearson, 1982). The legs, wings, and pronotum 

were removed and a dorsal midline incision was made. The locust was pinned dorsal side 

up onto a corkboard and the gut, air sacs, and fat bodies were removed to expose the 
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thoracic ganglia. No nerve roots were cut. We added standard locust saline containing (in 

mM): 147 NaCl, 10 KCl, 4 CaCl2, 3 NaOH, and 10 HEPES buffer (pH 7.2) (all chemicals 

from Sigma-Aldrich) to the thoracic and abdominal cavities. A chlorided silver wire was 

placed in the posterior tip of the abdomen to ground the preparation (refer back to Figure 

3.1A). 

 

4.3.4 Electrophysiology 

SD is characterized by an abrupt development of a negative DC potential that is 

coincident with the surge in extracellular K+ concentration in the CNS ([K+]o(CNS)) 

(Rodgers et al., 2007). We measured DC potential extracellularly from a single location 

within the metathoracic ganglion (MTG) using a filamented microelectrode. 

Microelectrodes were prepared from 1 mm diameter, filamented borosilicate glass 

capillary tubes (World Precision Instruments; WPI, Sarasota, FL, USA) pulled to form 

low resistance tips (approximately 5–7 MΩ) using a model P-87 Flaming/Brown 

micropipette puller (Sutter Instruments, Novato, CA, USA). These microelectrodes were 

backfilled with 500 mM KCl. Before inserting through the sheath of the MTG, we 

adjusted the microelectrode recording to 0 mV in the saline bathing the preparation. The 

signals were amplified and digitized using a model 1600 Neuroprobe amplifier (A-M 

Systems Inc., Sequim, WA, USA) and a Digidata 1550A (100 kHz sampling rate; 

Molecular Devices Inc., Sunnyvale, CA, USA), and displayed and saved using AxoScope 

10.7 (Molecular Devices Inc.) (refer back to Figure 3.1B). 

 

4.3.5 Anoxia 
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Anoxia was used to induce neural shutdown. A nitrogen gas (N2) supply was 

placed at the end of an acrylic chamber (5 x 2.5 x 2 cm). We placed the locust pinned 

onto the corkboard in the chamber and partially sealed the chamber with electrical tape. 

Room air and N2 travelled through a modified glass pipette hooked over the end of the 

chamber. Prior to anoxia, an aquarium pump pumped room air through the chamber at ̴ 

100 mL/min. To induce anoxia, we switched from room air to 100% N2 from a 

pressurized cylinder. N2 travelled through the glass pipette to the chamber where the 

locust was placed at ̴ 1 L/min flow. The locust was exposed to N2 until the negative DC 

potential occurred rapidly, indicating the onset of anoxia-induced coma. N2 flow was 

maintained for 5 minutes after the rapid negative DC potential occurred. Then we 

switched back to room air to allow recovery and the recovery period was recorded for 5 

minutes. 

 

4.3.6 Pharmacology 

 Collagenase, ouabain, bumetanide, tetraethylammonium (TEA) chloride, and 4-

aminopyridine (4-AP) were obtained from Sigma-Aldrich. We used standard saline to 

prepare all pharmacological agents. Collagenase was used in this study to soften the 

neural lamella (Schofield et al., 1984) and aid penetration of electrodes and 

pharmacological agents into the ganglia. 200 µL of 1% collagenase was added to the 

semi-intact locust and left for 10 minutes. Then saline was used to wash out collagenase 

before adding any pharmacological agents. The concentrations of ouabain, TEA, and 4-

AP and treatment duration of ouabain were decided based on dose-response curves (data 

not shown; see Appendix A). The concentration of bumetanide and treatment durations 
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of bumetanide, TEA, and 4-AP were used as previously described (Rodgers et al., 2007; 

Spong et al., 2015). 

 

Ouabain 

Ouabain is a well-known NKA inhibitor. 200 µL of 5x10-3 M ouabain was bath-

applied to the thoracic ganglia for 10 minutes before exposing the preparation to anoxia. 

 

Bumetanide 

Bumetanide is a known NKCC blocker. 200 µL of 10-3 M bumetanide was bath-

applied to the thoracic ganglia for 20 minutes before exposing the preparation to anoxia. 

 

TEA 

TEA is a widely used blocker of Kv channels. 200 µL of 5x10-2 M TEA was bath-

applied to the thoracic ganglia for 15 minutes before exposing the preparation to anoxia. 

 

4-AP 

4-AP is a relatively selective blocker of members of the Shaker family of Kv 

channels. 200 µL of 5x10-4 M 4-AP was bath-applied to the thoracic ganglia for 15 

minutes before exposing the preparation to anoxia. 

 

4.3.7 Statistical analysis 

We analyzed the recordings using Clampfit 10.7 (Molecular Devices Inc.). For 

each recording, we determined the time to SD, the recovery time from SD, and the 
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amplitude of the DC potential shift. The time to SD refers to the time taken from when N2 

was turned on to the half-maximal amplitude of the negative shift of DC potential. The 

recovery time from SD refers to the time taken from when N2 was turned off to the half-

maximal amplitude of the DC potential when returning to the positive baseline level. The 

amplitude of the DC potential shift refers to the difference between the stable baseline 

level and the 2.5-minute point after the DC potential dropped. Then, we used SigmaPlot 

12.5 (Systat Software Inc., Chicago, IL, USA) to visualize data and conduct statistical 

analyses. First, we tested data for normality using the Shapiro-Wilk test and equal 

variance using the Brown-Forsythe test. Then, we applied the Three-way ANOVA test to 

identify statistical significance among groups. After the Three-way ANOVA revealed no 

effect of sex, the results are presented with pooled data from both sexes. All-pairwise 

post hoc analysis was used to determine the significance between treatments within each 

measure (Holm-Sidak). We report data as the means and standard errors (SE) for 

parametric data or as the medians and interquartile ranges (IQR) for non-parametric data. 

P < 0.05 is indicated by symbols on the figures. Asterisk (⁎) indicates a statistically 

significant difference within treatment and dagger (†) indicates a statistically significant 

difference within drug. The plots are overlaid with individual data points plotted as open 

symbols. 
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4.4 Results 

4.4.1 Ouabain hastens anoxia-induced SD in both control and RCH locusts and 

delays recovery from SD in control locusts 

In the ouabain experiments, the results of time to SD did not fit the assumptions 

of a parametric test, thus we transformed the data by taking log10x. There was no effect of 

sex (Three-way ANOVA: p = 0.649), no interaction between treatment and sex (Three-

way ANOVA: p = 0.635), and no interaction between drug and sex (Three-way ANOVA: 

p = 0.334) in both control and RCH pre-treatments. In control pre-treatment, the time to 

SD of locusts with ouabain was significantly shorter than the time to SD of locusts with 

saline (Holm-Sidak: p < 0.001) (Figure 4.1A; Table 4.1). Similarly, in RCH pre-

treatment, the time to SD of locusts with ouabain was significantly shorter than the time 

to SD of locusts with saline (Holm-Sidak: p < 0.001) (Figure 4.1A; Table 4.1). Within 

drugs, the time to SD of RCH locusts with saline was significantly longer than the time to 

SD of control locusts with saline (Holm-Sidak: p < 0.001) (Figure 4.1A; Table 4.1). The 

time to SD of RCH locusts with ouabain was also significantly longer than the time to SD 

of control locusts with ouabain (Holm-Sidak: p = 0.008) (Figure 4.1A; Table 4.1).  

For the recovery time from SD and the amplitude of DC potential, there was no 

effect of sex (Three-way ANOVA: recovery time p = 0.801; amplitude p = 0.887), no 

interaction between treatment and sex (Three-way ANOVA: recovery time p = 0.128; 

amplitude p = 0.946), and no interaction between drug and sex (Three-way ANOVA: 

recovery time p = 0.746; amplitude p = 0.570) in both control and RCH pre-treatments. 

Ouabain increased the recovery time from SD of control locusts (Holm-Sidak: p = 0.038) 

but did not significantly change the recovery time from SD of RCH locusts (Holm-Sidak: 
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p = 0.159) (Figure 4.1B; Table 4.1). There was no significant difference in amplitudes of 

DC potential of control locusts with saline, control locusts with ouabain, RCH locusts 

with saline, and RCH locusts with ouabain (Three-way ANOVA: p = 0.465; Figure 

4.1C; Table 4.1).  

 

4.4.2 Bumetanide hastens anoxia-induced SD only in RCH locusts 

In the bumetanide experiments, there was no effect of sex (Three-way ANOVA: p 

= 0.303), no interaction between treatment and sex (Three-way ANOVA: p = 0.202), and 

no interaction between drug and sex (Three-way ANOVA: p = 0.535) in both control and 

RCH pre-treatments. In control pre-treatment, the times to SD of locusts with saline and 

locusts with bumetanide were not significantly different (Holm-Sidak: p = 0.547) (Figure 

4.2A; Table 4.1). However, in RCH pre-treatment, the time to SD of locusts with 

bumetanide was significantly shorter than the time to SD of locusts with saline (Holm-

Sidak: p = 0.001) (Figure 4.2A; Table 4.1). Within drugs, the time to SD of RCH locusts 

with saline was significantly longer than the time to SD of control locusts with saline 

(Holm-Sidak: p < 0.001) (Figure 4.2A; Table 4.1). The time to SD of RCH locusts with 

bumetanide was also significantly longer than the time to SD of control locusts with 

bumetanide (Holm-Sidak: p = 0.003) (Figure 4.2A; Table 4.1).  

For the recovery time from SD and the amplitude of DC potential, there was no 

effect of sex (Three-way ANOVA: recovery time p = 0.791; amplitude p = 0.990), no 

interaction between treatment and sex (Three-way ANOVA: recovery time p = 0.791; 

amplitude p = 0.793), and no interaction between drug and sex (Three-way ANOVA: 

recovery time p = 0.063; amplitude p = 0.614) in both control and RCH pre-treatments. 
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There was no significant difference in recovery times from SD (Three-way ANOVA: p = 

0.118; Figure 4.2B; Table 4.1) and amplitudes of DC potential (Three-way ANOVA: p 

= 0.119; Figure 4.2C; Table 4.1) of control locusts with saline, control locusts with 

bumetanide, RCH locusts with saline, and RCH locusts with bumetanide.  

 

4.4.3 TEA has an additive effect on RCH and reduces the amplitude of DC potential 

In the TEA experiments, there was no effect of sex (Three-way ANOVA: p 

=0.406), no interaction between treatment and sex (Three-way ANOVA: p = 0.820), and 

no interaction between drug and sex (Three-way ANOVA: p = 0.581) in both control and 

RCH pre-treatments. In control pre-treatment, the time to SD of locusts with TEA was 

significantly longer than the time to SD of locusts with saline (Holm-Sidak: p = 0.003) 

(Figure 4.3A; Table 4.1). Similarly, in RCH pre-treatment, the time to SD of locusts 

with TEA was significantly longer than the time to SD of locusts with saline (Holm-

Sidak: p < 0.001) and was the longest among all four groups (Figure 4.3A; Table 4.1). 

Within drugs, the time to SD of RCH locusts with saline was significantly longer than the 

time to SD of control locusts with saline (Holm-Sidak: p < 0.001) (Figure 4.3A; Table 

4.1). The time to SD of RCH locusts with TEA was also significantly longer than the 

time to SD of control locusts with TEA (Holm-Sidak: p < 0.001) (Figure 4.3A; Table 

4.1). 

For the recovery time from SD and the amplitude of DC potential, there was no 

effect of sex (Three-way ANOVA: recovery time p = 0.656; amplitude p = 0.663), no 

interaction between treatment and sex (Three-way ANOVA: recovery time p = 0.567; 

amplitude p = 0.243), and no interaction between drug and sex (Three-way ANOVA: 
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recovery time p = 0.567; amplitude p = 0.912) in both control and RCH pre-treatments. 

There was no significant difference in recovery times from SD of control locusts with 

saline, control locusts with TEA, RCH locusts with saline, and RCH locusts with TEA 

(Three-way ANOVA: p = 0.949; Figure 4.3B; Table 4.1). However, TEA decreased the 

amplitudes of DC potential of both control and RCH locusts (Holm-Sidak: p < 0.001; 

Figure 4.3C; Table 4.1). 

 

4.4.4 4-AP affects neither control nor RCH locusts 

In the 4-AP experiments, there was no effect of sex (Three-way ANOVA: p = 

0.062), no interaction between treatment and sex (Three-way ANOVA: p = 0.658), and 

no interaction between drug and sex (Three-way ANOVA: p = 0.150) in both control and 

RCH pre-treatments. In control pre-treatment, the times to SD of locusts with saline and 

locusts with 4-AP were not significantly different (Holm-Sidak: p = 0.759) (Figure 4.4A; 

Table 4.1). Similarly, in RCH pre-treatment, the times to SD of locusts with saline and 

locusts with 4-AP were not significantly different (Holm-Sidak: p = 0.063) (Figure 4.4A; 

Table 4.1). Within drugs, the times to SD of control locusts (both with saline and with 4-

AP) were significantly shorter than the times to SD of RCH locusts (both with saline and 

with 4-AP) (Holm-Sidak: p < 0.001) (Figure 4.4A; Table 4.1). 

For the recovery time from SD and the amplitude of DC potential, there was no 

effect of sex (Three-way ANOVA: recovery time p = 0.515; amplitude p = 0.653), no 

interaction between treatment and sex (Three-way ANOVA: recovery time p = 0.678; 

amplitude p = 0.518), and no interaction between drug and sex (Three-way ANOVA: 

recovery time p = 0.443; amplitude p = 0.489) in both control and RCH pre-treatments. 
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There was no significant difference in recovery times from SD (Three-way ANOVA: p = 

0.953; Figure 4.4B; Table 4.1) and amplitudes of DC potential (Three-way ANOVA: p 

= 0.535; Figure 4.4C; Table 4.1) of control locusts with saline, control locusts with 4-

AP, RCH locusts with saline, and RCH locusts with 4-AP.  
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4.5 Discussion 

The nervous system is essential in most animals and must work properly to 

maintain normal body function and to behave appropriately in different circumstances. 

Due to varied habitats, insects encounter different kinds of environmental conditions. 

Extreme environmental conditions can impair neural performance, leading to the failure 

of properly coordinated behaviour and generation of vital motor patterns (Robertson, 

2004; Robertson and Money, 2012). Anoxia disrupts the energy supply, which is crucial 

in maintaining ion homeostasis in the CNS. As mentioned above, the ability to tolerate 

anoxia is plastic and can be modulated by acute pre-treatments in many insect species. 

RCH is an acute pre-treatment in which brief chilling enhances insects' ability to cope 

with stress. In chapter three, RCH delays anoxia-induced SD in locusts. This study 

investigates whether RCH modifies the onset of anoxia-induced SD in the locust via (1) 

NKA, (2) NKCC, and/or (3) Kv channels. The movement of ions across the BBB is 

highly selective. NKA, NKCC, and Kv channels regulate K+ movement across the BBB. 

As we used SD to indicate the onset of anoxia-induced neural shutdown and measured 

the DC potential across the BBB, we determined time to SD, recovery time from SD, and 

amplitude of DC potential. We performed all experiments on both male and female 

locusts in a 1:1 ratio to explore the potential effect of sex, sex-treatment interactions, and 

sex-drug interactions. Prior studies showed that male locusts enter coma earlier and take 

longer time to recover from anoxia than female locusts (Hou et al., 2014; Robertson et 

al., 2019; Van Dusen et al., 2020; Robertson and Van Dusen, 2021). Here, similar to the 

results from chapter three, there was no effect of sex, no interaction between treatment 

and sex, and no interaction between drug and sex in all treatments in this study. There are 
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some studies of anoxia that also show no effect of sex, such as in Drosophila 

melanogaster (Dawson-Scully et al., 2010) and L. migratoria (Ravn et al., 2019). 

NKA is responsible for the movement of Na+ and K+ across cell membranes 

against their concentration gradients via the consumption of energy. Movements of Na+ 

and K+ across the insect BBB involve NKA pumps to actively maintain ion homeostasis 

in the CNS (Treherne and Schofield, 1981). As mentioned above, the rapid surges of 

[K+]o(CNS), which indicate SD, are triggered by the imbalance in processes of K+ 

accumulation and K+ clearance. We believe that the impairment of NKA operation may 

cause this imbalance. We tested whether inhibiting NKA using ouabain would affect the 

onset of anoxia-induced SD of locusts after RCH pre-treatment. A study using ouabain 

showed that NKA plays an important role in maintaining ion homeostasis needed for 

proper neuronal activity, including K+ clearance (Rodgers et al., 2009). We found that 

bath-application of ouabain decreases the time to SD of both control and RCH locusts. 

Reducing time to SD of control locusts showed that NKA is involved in SD occurrence. 

This finding is well-established in mammalian models (e.g., Obeidat and Andrew, 1998; 

Balestrino et al., 1999; Menna et al., 2000). NKA is ATP-dependent, thus exposure to 

anoxia, which disrupts the energy supply, affects the NKA activity. The decrease in NKA 

activity causes a loss of ion homeostasis, which in turn, triggers SD. However, reducing 

the time to SD of RCH locusts could not confirm that NKA takes part in the mechanism 

of RCH because it could be a consequence of NKA affecting SD occurrence.  

The NKCCs are a class of membrane proteins that transport Na+, K+, and Cl- 

across the cell membrane, in most cases with a stoichiometry of 1Na+:1K+:2Cl-. NKCC 

has been shown to transport Na+, K+, and Cl- into cells when [K+]o
 is high, thus NKCC 
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aids K+ clearance (Walz and Hertz, 1984). Blocking NKCC can cause an imbalance 

between K+ accumulation and K+ clearance by slowing K+ clearance (Spong et al., 2015). 

Here, we used bumetanide to block NKCC and found that blocking NKCC does not 

affect the time to SD of control locusts but affects the time to SD of RCH locusts. This 

suggests that the effect of RCH on anoxia-induced SD involves NKCC because blocking 

NKCC in RCH locusts causes SD to occur faster.  

K+ channels allow rapid and selective flow of K+ across the cell membrane, and 

thus, generate electrical signals in cells. One of the major classes of K+ channels is Kv 

channels that open or close in response to changes in the transmembrane potential. Kv 

channels play a role in the generation and propagation of electrical impulses in the 

nervous system and are involved in maintaining [K+]o. Kv channels promote K+ 

accumulation in the extracellular space (Rodgers et al., 2010). Here, we used TEA and 4-

AP to block Kv channels. TEA is a more general Kv channels blocker, whereas 4-AP is a 

selective Kv blocker of the Shaker family. We were interested in members of the Shaker 

family because Bayley et al. (2020) found that cold acclimation (3-5 days at 11 °C) 

increases the transcription abundance of a Shaker Kv channel. We found that blocking Kv 

channels using TEA increases the time to SD of control locusts and has an additive effect 

on RCH. Our results of TEA are similar to the study by Rodgers et al. (2009) that TEA 

delays the onset of ouabain-induced SD in locusts. Blocking Kv channels reduces K+ 

conductance, leading to a decrease in K+ accumulation. In contrast with Bayley et al. 

(2020), blocking Kv channels using 4-AP affects neither control nor RCH locusts. The 

differences between our study and Bayley et al. (2020)’s study are that (1) our pre-

treatment was RCH (short-term cold hardening; 4 hours), whereas their pre-treatment was 
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cold acclimation (long-term cold hardening; 3-5 days), and (2) we focused on ion 

regulation in the CNS instead of tolerance in muscle fibres. These results suggest that 

other families of Kv channels, excluding the Shaker family, take part in SD occurrence 

and the mechanism of RCH.  

How does RCH regulate NKA, NKCC, and Kv channels? Initially, we speculated 

that the NKA activity would be increased by RCH, however, the results of an optimized 

NKA assay on homogenized meso- and metathoracic ganglia revealed no difference in 

the NKA activity between control and RCH locusts (data not shown; see Appendix B). 

Since the results of the NKA assay did not support our speculation, we then suspected 

that NKA, NKCC, and Kv channels could be regulated by an upstream signalling 

pathway. Our primary suggestion is that RCH could regulate NKA, NKCC, and Kv 

channels via an octopaminergic pathway. Previously in chapter three, we showed that 

octopamine (OA), an insect stress hormone, mediates the RCH-induced delay of the onset 

of anoxia-induced locust coma. OA levels may have increased during RCH pre-treatment 

(mild stress) and activated a signalling pathway that includes the production of 

intracellular cyclic adenosine monophosphate (cAMP), protein kinase A (PKA), and 

protein kinase C (PKC) (Roeder and Gewecke, 1990; Roeder, 1992; Evans and Robb, 

1993; Robb et al., 1994; Armstrong and Robertson, 2006). Both PKA and PKC regulate 

NKA and K+ conductance (Feschenko et al., 2000). An increase in cAMP level stimulates 

NKCC (Ueberschär and Bakker-Grundwald, 1985) and protein kinase can mediate 

protein phosphorylation of NKCC (Delpire et al., 1994). NKA also regulates the 

activation of NKCC. NKCC uses the electrochemical gradient established by NKA, thus 

a decrease in intracellular Na+ activates NKCC to transport Na+, K+, and Cl- ions into the 
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cell. The conformation of Kv channels is altered by membrane potential, triggering the 

opening and closing of the channels. RCH could regulate Kv channels by modulating K+ 

conductance via protein kinase. Prior studies showed evidence of transcriptional changes 

in cold acclimation (e.g., Yocum et al., 1998; Moribe et al., 2010; Bayley et al., 2020). It 

could be possible that RCH affects the transcriptional activity of NKA, NKCC, and Kv 

channels although the treatment period of RCH is undeniably shorter than the treatment 

period of cold acclimation. Another suggestion of how RCH could regulate NKA, 

NKCC, and Kv channels is that RCH induces the adjustment of membrane composition. 

Prior studies showed that RCH increases the amounts of oleic acid in S. crassipalpis 

(Michaud and Denlinger, 2006) and linoleic acid in D. melanogaster (Overgaard et al., 

2005) in the cell membrane which leads to an increase in membrane fluidity. The 

modification of the membrane could affect the function of embedded NKA, NKCC, and 

Kv channels. However, change in membrane composition during RCH is not always 

detectable (MacMillan et al., 2009). 

For the recovery time from anoxia-induced SD and the amplitude of DC potential, 

ouabain has no effect on the amplitude of DC potential but increases the recovery time 

from SD of control locusts. Recovery from SD involves the re-establishment of ion 

homeostasis in the nervous system (Robertson et al., 2017). NKA aids K+ clearance, thus 

inhibiting NKA would hinder the re-establishment of ion homeostasis, and consequently 

slow down recovery from SD. However, ouabain does not significantly increase the 

recovery time from SD of RCH locusts. Our results are similar to the study of heat shock 

(HS) pre-treatment by Rodgers et al. (2007). Ouabain increases time to recovery in 

control locusts but not in HS locusts. Here, based on the results of control and RCH 
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locusts with saline, RCH does not have a direct effect on the recovery time from SD. 

However, NKA could be more resilient after RCH pre-treatment thus becoming less 

sensitive to ouabain. TEA has no effect on the recovery time from SD but decreases the 

amplitude of DC potential of both control and RCH locusts. Prior studies showed that 

TEA reduces the amplitude of the [K+]o(CNS) in locusts (Rodgers et al., 2007; 2009) and 

hypoxic SD amplitude of rat hippocampal slices (Aitken et al., 1991). It is possible that 

blocking Kv channels, in general, inhibits K+ movement and slows K+ accumulation thus 

affecting the magnitude of ion disturbance. It should be noted that we measured the 

amplitude of DC potential at a single point where we inserted the microelectrode, so it 

may not accurately represent the overall ion disturbance. Bumetanide and 4-AP affect 

neither recovery time from SD nor amplitude of DC potential. 

In summary, using a pharmacological approach, our results demonstrate that in 

the locust CNS (1) NKA is involved in SD occurrence and may take part in the 

mechanism of RCH, (2) NKCC is involved in the mechanism of RCH, and (3) Kv 

channels, excluding the Shaker family, take part in SD occurrence and the mechanism of 

RCH. Based on the results of the optimized NKA assay, RCH does not increase the NKA 

activity, although RCH may enhance the NKA activity by trafficking NKA into the 

membrane similar to HS pre-treatment (Hou et al., 2014), further investigation is 

required. We propose that RCH could regulate NKA, NKCC, and Kv channels through 

the octopaminergic pathway, described in chapter three. This study sheds light on the 

mechanism of RCH and its effect on the regulation of K+ homeostasis in the CNS during 

anoxia, which underlies the mechanism of SD in insects. Both NKA and Kv channels may 

not have a direct link with RCH since we discover statistically significant differences in 
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the time to SD of both control and RCH locusts. On the other hand, NKCC is likely 

associated directly with RCH since the statistically significant difference in the time to 

SD is discovered only in RCH locusts. Thus, we suggest future study to further 

investigate the link between NKCC and RCH during chill-induced SD to provide 

supportive evidence to the notion that RCH modifies the onset of stress-induced SD via 

NKCC. 
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Figure 4.1 Ouabain hastens anoxia-induced SD by reducing (A) time to SD of both 

control and RCH locusts. Ouabain increases (B) recovery time from SD of control locusts 

but does not affect (C) amplitude of DC potential of control and RCH locusts. Data are 

medians, IQR and means ± S.E. (n = 10 each group; p-values are reported in Results). For 

graphical display, data from the two sexes are pooled as no sex differences were 

observed. Asterisk (⁎) indicates a statistically significant difference within treatment (i.e., 

Control or RCH). Dagger (†) indicates a statistically significant difference within drug 

(i.e., Saline or Ouabain). 
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Figure 4.2 Bumetanide hastens anoxia-induced SD by reducing (A) time to SD of RCH 

locusts but does not affect time to SD of control locusts. Bumetanide does not affect (B) 

recovery time from SD and (C) amplitude of DC potential of control and RCH locusts. 

Data are means ± S.E. (n = 10 each group; p-values are reported in Results). For 

graphical display, data from the two sexes are pooled as no sex differences were 

observed. Asterisk (⁎) indicates a statistically significant difference within treatment (i.e., 

Control or RCH). Dagger (†) indicates a statistically significant difference within drug 

(i.e., Saline or Bumetanide). 
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Figure 4.3 TEA delays anoxia-induced SD by increasing (A) time to SD of control 

locusts and shows an additive effect on RCH locusts. TEA does not affect (B) recovery 

time from SD but reduces (C) amplitude of DC potential of both control and RCH 

locusts. Data are means ± S.E. (n = 10 each group; p-values are reported in Results). For 

graphical display, data from the two sexes are pooled as no sex differences were 

observed. Asterisk (⁎) indicates a statistically significant difference within treatment (i.e., 

Control or RCH). Dagger (†) indicates a statistically significant difference within drug 

(i.e., Saline or TEA). 
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Figure 4.4 4-AP does not affect (A) time to SD, (B) recovery time from SD and (C) 

amplitude of DC potential of both control and RCH locusts. Data are means ± S.E. (n = 

10 each group; p-values are reported in Results). For graphical display, data from the two 

sexes are pooled as no sex differences were observed. Dagger (†) indicates a statistically 

significant difference within drug (i.e., Saline or 4-AP). 
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Table 4.1 RCH and pharmacological agent experiments. Time to anoxia-induced SD, 

recovery time from anoxia-induced SD, and amplitude of DC potential in semi-intact 

preparation. Parametric data are presented as Mean ± Standard Error; nonparametric data 

are presented as Median (Inter Quartile Range). Data from the two sexes are pooled as no 

sex differences were observed. 

 

    
n 

Time to SD 

(min) 

Recovery time 

(min) 

Amplitude of DC 

(mV) 

Control 
Saline 10 5.0 (3.7 – 5.3) 1.6 ± 0.1 55.1 ± 1.6 

Ouabain 10 1.5 (1.1 – 1.8) 2.0 ± 0.2 57.1 ± 0.9 

RCH 
Saline 10 7.8 (6.2 – 9.2) 1.5 ± 0.1 56.9 ± 1.4 

Ouabain 10 2.5 (1.8 – 3.8) 1.8 ± 0.2 56.9 ± 1.2 

Control 
Saline 10 4.3 ± 0.4 1.6 ± 0.1 54.7 ± 1.4 

Bumetanide 10 3.9 ± 0.3 1.4 ± 0.1 54.0 ± 1.4 

RCH 
Saline 10 8.0 ± 0.6 1.5 ± 0.1 57.5 ± 1.4 

Bumetanide 10 5.9 ± 0.3 1.5 ± 0.1 52.0 ± 1.6 

Control 
Saline 10 4.5 ± 0.3 1.5 ± 0.1 54.0 ± 1.5 

TEA 10 6.1 ± 0.3 1.5 ± 0.1 43.6 ± 1.3 

RCH 
Saline 10 7.2 ± 0.3 1.4 ± 0.1 55.8 ± 1.2 

TEA 10 10.4 ± 0.7 1.4 ± 0.1 46.5 ± 1.4 

Control 
Saline 10 4.5 ± 0.3 1.5 ± 0.1 54.0 ± 1.5 

4-AP 10 4.4 ± 0.3 1.5 ± 0.1 57.3 ± 1.3 

RCH 
Saline 10 7.2 ± 0.3 1.4 ± 0.1 55.8 ± 1.2 

4-AP 10 6.3 ± 0.3 1.4 ± 0.1 57.3 ± 1.8 
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Chapter 5 

General Discussion 

5.1 General discussion 

Insects account for more than 80% of all animal life forms on Earth as they 

belong to the largest class of the phylum Arthropoda, which is itself the largest of the 

animal phyla. Insects live in varied habitats; thus, they are exposed to different kinds of 

environmental stresses. Under different stresses, insects can experience drastic changes in 

abiotic factors, which can impair neural performance, leading to the failure of properly 

coordinated behaviour and generation of vital motor patterns (Robertson, 2004; 

Robertson and Money, 2012). The insect stress tolerance is highly dependent on the 

sensitivity of their nervous system to unfavourable conditions (e.g., extreme 

temperatures, interrupted energy supply). This sensitivity is plastic and can be modulated 

by brief exposure to environmental stressors, such as high and low temperature, anoxia, 

and dehydration (e.g., Lee et al., 1987; Coulson and Bale, 1991; Rodgers et al., 2007; 

Hou et al., 2014; Gantz et al., 2020).   

 Rapid cold hardening (RCH) is a form of phenotypic plasticity that enables 

survival of animals under stress following brief exposure to a non-lethal low temperature. 

RCH occurs in many invertebrate species, including in insects (e.g., Lee et al., 1987; 

Czajka and Lee, 1990; Armstrong et al., 2012; Owen et al., 2013; Gantz et al., 2020). 

Prior studies suggested the mechanisms of RCH, such as regulation of post-translational 

signalling mechanisms (e.g., modulation of K+ homeostasis, changes in protein 

phosphorylation) and biochemical changes (e.g., modification of cell membrane, 
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accumulation of cryoprotectants) (e.g., Overgaard et al., 2005; Michaud and Denlinger, 

2006; Fujiwara and Denlinger, 2007; Michaud and Denlinger, 2007; Overgaard et al., 

2007; Armstrong et al., 2012). However, the mechanisms of RCH that enhance stress-

induced tolerances are little understood. 

 When exposed to stress, insects enter a reversible coma, or hypo-energetic state. 

Such coma is associated with the sudden loss of ion homeostasis and temporary 

shutdown of neural operations in the CNS, which is a hallmark of insect spreading 

depolarization (SD) (e.g., Rodgers et al., 2007; Rodgers et al., 2010; Robertson et al., 

2017; Andersen and Overgaard, 2019; Robertson et al., 2020). SD in mammals has been 

extensively studied since its initial discovery by Leão (1944) largely due to its 

implication in human pathology. It has been of continuing scientific interest, as the 

mechanisms underlying its initiation and propagation remain unclear. In insects, SD can 

be measured across a blood-brain barrier (BBB), which regulates ion diffusion between 

the insect haemolymph and the CNS interstitium to maintain ion homeostasis needed for 

proper neural function (Treherne and Schofield, 1979; Treherne and Schofield, 1981; 

Schofield and Treherne, 1984).  

 In this thesis, I used migratory locust, Locusta migratoria as a model organism. 

The use of insect model organisms has advantages, such as accessibility, their short life 

span, and genetic tractability and locusts have been widely used as model organisms for 

insect physiology. Moreover, locusts can be found in a wide range of natural habitats and 

are likely exposed to various environmental stresses, thus they are suitable to be used to 

study insect stress tolerance. The primary focus of my thesis is to investigate the 

mechanisms of RCH that modulate the onset of stress-induced SD in locusts. I used SD 
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as an indicator of the onset of stress-induced neural shutdown that underlies coma. Then, 

I used well-established electrophysiological techniques to monitor extracellular DC 

potential in the locust metathoracic ganglion (MTG) during exposure to stress (i.e., 

chilling, anoxia).  

 In chapter two, I investigated the effects of RCH and octopamine (OA) on chill 

tolerance of L. migratoria. Locusts are chill-susceptible thus cannot tolerate cold 

environments and die at temperatures above their freezing points. When exposed to 

temperatures below their critical thermal minimum (CTmin), they enter a reversible chill 

coma (Findsen et al., 2014; MacMillan et al., 2014). The time required for an insect to 

become active after being knocked down by a chilling is termed chill coma recovery time 

(CCRT). To investigate the effects of RCH, I conducted two parallel experiments: whole 

animal and semi-intact experiments. In the whole animal experiment, I recorded 

electromyographic activity (EMG) during chilling and determined CTmin at the beginning 

of the first obvious burst of electrical activity from hindwing muscles, then I recorded 

CCRT as the time taken for the locust to start coordinated walking. I found that RCH at 4 

°C for 4 hours (and 1-hour recovery at RT) reduces CTmin and CCRT. In the parallel 

experiment (semi-intact), I measured DC potential to monitor the occurrence of SD 

during chilling. I found that RCH at 4 °C for 4 hours (and 1-hour recovery at RT) reduces 

the temperature that evokes neural shutdown but delays the recovery time from SD. It 

could be that the lower the temperature that evokes neural shutdown, the longer the locust 

tolerates chilling, causing larger ion concentrations to build up, thus taking longer to 

restore ion concentrations to baseline levels. Prior studies suggested that SD is associated 

with the rapid surges of [K+]o(CNS) as a result of an imbalance between K+ accumulation 
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and K+ clearance in the extracellular space (e.g., Rodgers et al., 2007; Armstrong et al., 

2009; Rodgers et al., 2009; Rodgers et al., 2010). My results were consistent with the 

idea that impairment of Na+/K+-ATPase (NKA) operation causes the imbalance between 

K+ accumulation and K+ clearance. The NKA activity is temperature-dependent as it has 

a temperature coefficient (Q10) higher than 1 (Leong and Manahan, 1997; Nakamura et 

al., 1999; MacMillan and Sinclair, 2011; DiFranco et al., 2015). With the Q10 higher than 

1, low temperature reduces NKA activity which slows down K+ clearance, causing K+ to 

build up in the extracellular space. RCH allows the locust to tolerate chilling longer, thus 

it could affect NKA activity. However, I did not find evidence to suggest that RCH can 

increase NKA activity in this chapter; further study is required. 

 OA is a biogenic amine that acts as an insect stress hormone. I suspected that OA 

may be involved in mediating changes to chill coma. I monitored the coordinated 

movement of intact locusts that were injected with saline (control), OA, or epinastine 

(EP; octopaminergic receptor (OctR) antagonist) during chilling. I also determined the 

effects of OA and EP on pre-treated locusts by exposing the locusts to anoxia prior to 

chilling. Cui et al. (2014) found that in locusts, anoxia exerts an effect similar to that of 

RCH on the promotion of cold hardiness. Then I determined and compared the CTmin and 

the CCRT of intact locusts. I found that while OA reduces the locust CTmin and CCRT, 

EP has similar results as control, suggesting that endogenous OA levels are normally low 

in unstressed locusts and thus EP would not affect the CTmin and CCRT of control 

locusts. I also found that OA mimics the effects of prior stress (anoxia) on chill coma. 

Both OA and anoxic pre-treatment reduce CTmin and CCRT in locusts, whereas EP 
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increased both CTmin and CCRT in pre-treated locusts, supporting the idea that prior 

stress could increase endogenous OA levels. 

My second chapter shows that both RCH and OA delay chill-induced coma in 

intact locusts, thus in chapter three, I further investigated the link between RCH and OA 

in semi-intact locusts using a pharmacological approach. The RCH protocol was 4 hours 

at 4 °C and 1-hour recovery at RT. In chapter three, all experiments were performed on 

both male and female locusts to explore the potential sex-specific effect. I used anoxia to 

induce SD instead of chilling because anoxia induces SD faster and is better suited for the 

experiments involving bath-application of the pharmacological agents. In nature, insects 

can be exposed to anoxia within their natural habitats, such as flooding, ground burrows, 

high altitudes, and aquatic diving. Anoxia disrupts energy supply, leading to reduced 

activity of ATP-dependent ion pumps which, consequently, causes dissipation of ion 

gradients required for proper neural function. Although RCH is well-known to enhance 

cold tolerance, it also enhances anoxic tolerance (Gantz et al., 2020). In a preliminary 

experiment, I found that RCH also delays anoxia-induced SD. First, I investigated the 

effect of RCH on the K+ sensitivity of the locust BBB. This approach was derived from 

Schofield and Treherne (1986) who exposed the perineural membrane of cockroach, 

Periplaneta americana, to high haemolymph [K+] and measured the potential across the 

membrane during treatment with OA. I found that RCH affects the K+ sensitivity by 

reducing the amplitude of DC potential changes induced by high [K+] saline, similarly to 

the previously described effects of OA (Schofield and Treherne, 1986). Next, I 

investigated the effects of OA and EP. OA delays anoxia-induced SD in control locusts 

and there is no additive effect of RCH and OA in RCH locusts. To confirm that the 
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octopaminergic pathway is involved during RCH, I injected EP into the locust prior to 

RCH pre-treatment to block activation of octopaminergic pathways during RCH. EP has 

no effect in control locusts but causes anoxia-induced SD to occur faster in RCH locusts. 

Both OA and EP have no effect on the recovery time from SD, which is not surprising 

because, in contrast to the results from chapter two, the results of RCH in this chapter 

show no effect on the recovery time from SD. I suggest that the re-establishment of ion 

homeostasis (Robertson et al., 2017) and the re-activation of mitochondrial function 

(Lighton and Schilman, 2007; Van Dusen et al., 2020) could be responsible for the 

recovery from SD. Both OA and EP also have no effect on the amplitude of the DC 

potential shift, implying that OA and EP do not affect the magnitude of ion disturbance. 

Although in this chapter I used anoxia to induce SD, these results supported the findings 

of chapter two that in unstressed locusts, the endogenous OA levels are normally low; 

however, the endogenous OA levels may have increased during RCH pre-treatment, and 

injecting EP prior to the RCH pre-treatment prevents the effect of RCH.  

 OA functions by binding to specific membrane proteins that are members of the 

G-protein-coupled receptor (GPCR) superfamily (Evans, 1981; Evans and Robb, 1993; 

Hiripi et al., 1994). In the insect CNS, the interaction of OA and octopaminergic 

receptors (OctRs) can induce an increase in [Ca2+]i as well as an increase in levels of 

cAMP, activating PKA and PKC (Roeder and Gewecke, 1990; Roeder, 1992; Evans and 

Robb, 1993; Robb et al., 1994; Armstrong and Robertson, 2006). Both PKA and PKC 

regulate many cellular processes, such as NKA and K+ conductance (Feschenko et al., 

2000), which are involved in maintaining [K+]o in the locust CNS (Walther and Zittlau, 

1998; Armstrong and Robertson, 2006). The OctR antagonist, EP, can block the 
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octopaminergic pathway thus reducing the production of cAMP, PKA, and PKC, which 

is responsible for the regulation of NKA and K+ conductance. Together the results from 

chapters two and three suggest that prior stress (anoxia and RCH) could increase 

endogenous OA levels and RCH modulates the onset of anoxia-induced locust coma via 

the octopaminergic pathway. 

As mentioned above, the locust SD is associated with the loss of ion, notably K+, 

homeostasis in the CNS. The insect BBB acts as a barrier to maintain ion concentrations 

at the neuronal surfaces. The movement of ions, including K+, across the BBB is highly 

selective thus requires some transport mechanisms. In chapter four, which is the last data 

chapter of this thesis, I used a pharmacological approach to investigate whether RCH 

affects anoxia-induced SD in the locust via one or more of the following homeostatic 

mechanisms that are involved in maintaining K+ homeostasis: (1) Na+/K+-ATPase 

(NKA), (2) Na+/K+/2Cl- co-transporter (NKCC), and (3) voltage-gated K+ (Kv) channels. 

The roles of NKA, NKCC, and Kv channels in maintaining K+ homeostasis in the insect 

CNS are that NKA and NKCC aid K+ clearance, whereas Kv channels aid K+ 

accumulation in the extracellular space (Walz and Hertz, 1984; Rodgers et al., 2009; 

Rodgers et al., 2010; Spong et al., 2015). I used the RCH protocol (i.e., 4 hours at 4 °C 

and 1-hour recovery at RT) and anoxia to induce SD, as previously used in chapter three. 

All experiments were performed on both male and female locusts. First, I used ouabain 

(NKA inhibitor), to inhibit NKA and found that ouabain hastens anoxia-induced SD in 

both control and RCH locusts and delays recovery from SD in control locusts. Next, I 

used bumetanide (NKCC blocker) to block NKCC and found that bumetanide hastens 

anoxia-induced SD only in RCH locusts. Finally, I used TEA (general blocker of Kv 
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channels) and 4-AP (selective blocker of the Shaker family of Kv channels) to block Kv 

channels. TEA delays anoxia-induced SD in control locusts and has an additive effect on 

RCH, whereas 4-AP affects neither control nor RCH locusts. These results showed that 

NKA and Kv channels (excluding the Shaker family) are involved in SD occurrence and 

possibly take part in the mechanism of RCH, whereas NKCC is directly involved in the 

mechanism of RCH.  

I suggest three possible mechanisms of how RCH could regulate NKA, NKCC, 

and Kv channels. Based on the findings of chapters three and four, my primary suggestion 

is that RCH regulates NKA, NKCC, and Kv channels via the octopaminergic pathway. 

During RCH pre-treatment, endogenous OA levels could increase and activate a 

signalling pathway that stimulates the production of cAMP, PKA, and PKC (Roeder and 

Gewecke, 1990; Roeder, 1992; Evans and Robb, 1993; Robb et al., 1994; Armstrong and 

Robertson, 2006), which in turn, regulate NKA, NKCC, and Kv channels (Ueberschär 

and Bakker-Grundwald, 1985; Delpire et al., 1994; Feschenko et al., 2000). Prior studies 

showed that at the molecular level, transcriptional changes have been implicated as key 

components of diapause and cold acclimation (e.g., Yocum et al., 1998; Moribe et al., 

2010; Bayley et al., 2020). Thus, my second suggestion is that RCH alters the 

transcriptional activity of NKA, NKCC, and Kv channels, although it is less likely that 

transcriptional changes will occur at RCH temperatures (typically lower than cold 

acclimation temperatures), especially within the short time frame for RCH (minutes to 

hours). My third suggestion is that RCH induces membrane modification, which affects 

the function of embedded NKA, NKCC, and Kv channels. However, in D. melanogaster, 

RCH has been observed in the absence of membrane modifications (MacMillan et al., 
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2009), thus change in membrane composition during RCH is not always detectable. For 

the recovery time from anoxia-induced SD and the amplitude of DC potential, in this 

chapter, there are two pharmacological agents that have an effect, which are ouabain and 

TEA. Ouabain increases the recovery time from SD of control locusts. Inhibiting NKA 

using ouabain would reduce K+ clearance thus hindering the re-establishment of ion 

homeostasis needed for recovery from SD. However, ouabain does not significantly 

increase the recovery time from SD of RCH locusts, similarly to Rodgers et al. (2007) 

that ouabain increases time to recovery in control locusts but not in heat shock (HS) pre-

treated locusts. I suggest that NKA activity of neural tissue could become less sensitive to 

ouabain after RCH pre-treatment perhaps by recruiting more of the holoenzyme to the 

plasma membrane rather than increasing protein abundance. TEA decreases the 

amplitude of the DC potential shift of both control and RCH locusts, similarly to prior 

studies that TEA reduces the amplitude of the [K+]o(CNS) in locusts (Rodgers et al., 2007; 

2009) and hypoxic SD amplitude of rat hippocampal slices (Aitken et al., 1991). TEA 

blocks Kv channels thus reducing K+ conductance and affecting the magnitude of ion 

disturbance. The findings of this chapter help elucidate the mechanism of RCH, 

especially its effect on the regulation of K+ homeostasis in the CNS during anoxia which 

underlies the mechanism of SD in locusts. 

Although RCH has clear benefits in improving insect performance during stress, 

the underlying mechanisms that enhance stress-induced tolerances remain unclear. 

Overall, my thesis has contributed to a better understanding of the mechanism of RCH 

that modulates insect stress tolerances (e.g., chill tolerance, anoxia tolerance). I propose a 

model showing the relationships of RCH, OA, and K+ homeostatic mechanisms (NKA, 
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NKCC, and Kv channels) that enhance insect stress tolerance based on the findings from 

prior studies and this thesis (Figure 5.1). In the process, I have gained some 

understanding of the mechanisms of SD in the CNS of invertebrate models. However, 

there are many questions that remain and areas to be further investigated. RCH can delay 

both chill- and anoxia-induced SD, although the processes leading to chill- and anoxia-

induced SD are different. What mechanisms do they share that allow RCH to delay both 

forms of SD? In chapters two and three, I suggest that endogenous OA levels could 

increase during RCH pre-treatment. To confirm this suggestion, further investigation 

would be measuring OA levels in the haemolymph and the CNS directly during RCH 

pre-treatment. Does OA mediate RCH effects in other tissues in a way similar to it does 

in the CNS? In chapter four, I initially suspected that RCH increases NKA activity, 

however, the results of an optimized NKA assay revealed no difference in the NKA 

activity between control and RCH locusts. Hou et al. (2014) found that, in locusts, HS 

pre-treatment increases the rate of K+ clearance after the surge of [K+]o(CNS) in the 

neuropile and HS does not increase the overall abundance of NKA in homogenized 

ganglia but instead induces NKA trafficking into the neuronal membrane. Does RCH 

enhance the NKA activity by re-distributing NKA into the membrane similar to HS? 

Further investigation (e.g., immunohistochemistry) is required to confirm this suggestion. 

Lastly, in chapter four, I suggest that NKCC is likely associated directly with RCH. To 

confirm the notion that RCH modifies the onset of stress-induced SD via NKCC, further 

investigation of the link between NKCC and RCH during chill-induced SD will be useful.  
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5.2 Summary 

Chapter 2: Rapid cold hardening and octopamine modulate chill tolerance in 

Locusta migratoria (published) 

1. RCH at 4 °C for 4 hours delayed chill coma in intact locusts and chill-induced SD 

in semi-intact locusts. 

2. OA delayed chill coma by reducing the temperature at which locusts lost 

coordinated movement and mimicked the effects of prior stress (anoxia) in intact 

locusts. 

Conclusion: RCH and OA increase the locust's resistance to chill coma. 

Chapter 3: Rapid cold hardening delays the onset of anoxia-induced coma via an 

octopaminergic pathway in Locusta migratoria 

1. RCH affected the K+ sensitivity by reducing the amplitude of DC potential 

changes induced by high [K+] saline. 

2. OA mimicked the effect of RCH on anoxia-induced SD, whereas EP blocked the 

effect of RCH on anoxia-induced SD. 

3. Both OA and EP had no effect on recovery time from SD and amplitude of DC 

potential. 

Conclusion: OA mediates the effect of RCH in delaying the onset of anoxia-induced 

locust coma at least partially by modulating the K+ sensitivity of the locust BBB. 

Chapter 4: Rapid cold hardening modifies mechanisms of ion regulation to delay 

anoxia-induced spreading depolarization in the CNS of Locusta migratoria 
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1. Ouabain (NKA inhibitor) hastened anoxia-induced SD in both control and RCH 

locusts and delayed recovery from SD in control locusts. 

2. Bumetanide (NKCC blocker) hastened anoxia-induced SD only in RCH locusts. 

3. TEA (general Kv channel blocker) delayed anoxia-induced SD in control locusts 

and had an additive effect on RCH. TEA reduced the amplitude of DC potential in 

both control and RCH locusts. 

4. 4-AP (selective blocker of the Shaker family of Kv channels) affected neither 

control nor RCH locusts.  

Conclusion: NKA and Kv channels (excluding the Shaker family) modulate SD 

occurrence and possibly take part in the mechanism of RCH, whereas NKCC is directly 

involved in the mechanism of RCH. I suggest that RCH regulates NKA, NKCC, and Kv 

channels through the octopaminergic pathway. 
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Figure 5.1 A model showing the relationships of RCH, OA, K+ homeostatic mechanisms 

(NKA, NKCC, and Kv channels), and insect stress tolerance. The black solid lines 

indicate findings suggested by prior studies. The red solid lines indicate findings 

suggested by this thesis. 
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Appendix A 

Dose -response curves of pharmacological agents (Chapter 4) 

 
 

Dose-response curve of ouabain. I started with the concentration of 10-2 M ouabain, as 

previously used (Van Dusen et al., 2020). No anoxia was required. The time to the first 

SD event of three individuals was fast (7.2, 5.9, and 9.1 minutes) and there was one 

individual that had the first event after 25 minutes. Next, I used the concentration of 

5x10-3 M ouabain. All four individuals showed the first SD event in a narrow range (15.1, 

12.5, 14.3, and 10.9 minutes). Then I used the concentration of 2x10-3 M ouabain. A 

range of time to the first SD event of this concentration was wider than the range of the 

previous concentration (39.2, 25.7, 38.5, 29.3 minutes). Based on these results, I decided 

to use the concentration of 5x10-3 M ouabain and the treatment duration of 10 minutes. In 

this figure, data are means ± S.E. (n = 4 each group). For graphical display, data from the 

two sexes are pooled as no sex differences were observed. 

 

 

Van Dusen, R.A., Shuster-Hyman, H., Robertson, R.M., 2020. Inhibition of ATP-

sensitive potassium channels exacerbates anoxic coma in Locusta migratoria. J. 

Neurophysiol. 124, 1754–1765. 
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Dose-response curve of TEA. I started with the concentration of 10-1 M TEA, as 

previously used (Rodgers et al., 2007). I used anoxia to induce SD. The times to SD of 

four individuals were 4.0, 3.5, 2.7, 3.7 minutes. Then I tried the higher concentration, 

which was 5x10-1 M TEA. The times to SD of four individuals were 3.4, 3.3, 3.0, 4.5 

minutes, which were similar to the times to SD of 10-1 M TEA. Then I used the lower 

concentration, which was 5x10-2 M TEA. The times to SD of four individuals were 6.3, 

7.5, 6.8, 6.6 minutes, which were slower than the times to SD of 10-1 M TEA. Based on 

these results, I decided to use the concentration of 5x10-2 M TEA. The treatment duration 

was 15 minutes, as previously used (Rodgers et al., 2007). In this figure, data are means ± 

S.E. (n = 4 each group). For graphical display, data from the two sexes are pooled as no 

sex differences were observed. 
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Dose-response curve of 4-AP. I started with the concentration of 10-3 M 4-AP, as 

previously used (Bayley et al., 2020). I used anoxia to induce SD. The times to SD of 

four individuals were 3.6, 2.7, 3.3, and 3.3 minutes. Then I used the concentration of 

5x10-4 M 4-AP. The times to SD of four individuals were 5.4, 3.8, 4.7, and 4.3 minutes, 

which were slower than the times to SD of 10-3 M 4-AP. Based on these results, I decided 

to use the concentration of 5x10-4 M 4-AP. I used the same treatment duration as the TEA 

experiment, which was 15 minutes. In this figure, data are means ± S.E. (n = 4 each 

group). For graphical display, data from the two sexes are pooled as no sex differences 

were observed. 
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Appendix B 

The Na+/K+-ATPase assay of control and RCH locusts (Chapter 4) 

 
 

The optimized Na+/K+-ATPase (NKA) assay of control and RCH locusts. Meso- and 

metathoracic ganglia were collected from control and RCH (4 °C for 4 hours and room 

temperature for 1 hour) locusts. The ganglia samples were flash-frozen using liquid 

nitrogen and stored at -80 °C before being used in an optimized NKA assay undertaken in 

Professor Chris Moyes’ laboratory. The assay was performed by Sara Hadi Dastjerdi. 

There was no significant difference in NKA activity between control (98.9 ± 4.9 

nmol/min/mg protein) and RCH (95.6 ± 4.6 nmol/min/mg protein) locusts. Data are 

means ± S.E. (n = 12 each group; Holm-Sidak: p = 0.639). For graphical display, data 

from the two sexes are pooled as no sex differences were observed. 
 

 

 

 

 


