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Abstract 

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

exposed to low temperature, migratory locusts (Locusta migratoria) enter chill coma 

(neuromuscular paralysis) and can resume normal body functions after returning to normal 

temperature. Our laboratory has studied phenomena underlying environmental stress-induced 

comas in locusts and found that they are associated with a sudden loss of K
+
 homeostasis and 

also a temporary electrical silence in the central nervous system (CNS). However, the 

mechanisms underlying chill coma entry and recovery are not well understood, particularly the 

role of the CNS has not been determined. Here, I investigated neural function during chill coma 

in the locust by measuring electrical activity in the CNS. As pre-exposure to moderately low 

temperatures, either chronically (cold acclimation) or acutely (rapid cold hardening; RCH), has 

been found to improve the insect’s cold tolerance, I also determined cold acclimation and RCH 

protocols that will improve the locust's cold tolerance and whether these protocols affect neural 

shutdown during chill coma in the locust. With an implanted thermocouple in the thorax, I 

determined the temperature associated with a loss of responsiveness (CTmin) in intact male adult 

locusts. In parallel experiments, I recorded field potential (FP) in the metathoracic ganglion 

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

shutdown. I found that acclimation at 10 ˚C and RCH at 4 ˚C reduced chill coma recovery time 

(CCRT) in intact animal preparations and RCH at 4 ˚C for 4 hours reduced the temperature at 

neural shutdown in semi-intact preparations. These results suggest that pre-exposure to cold can 

improve the locust's resistance to chill coma and support the notion that the CNS has a role in 

determining entry into and exit from chill coma in locusts. 
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Chapter 1 

Introduction and Literature review 

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

such as extreme temperatures, that can impair the ability of organisms to complete 

development, to move or to engage in mating behaviour. To survive in extreme 

environments, these organisms have adapted mechanisms of tolerance that allow them to 

thrive. Insects account for more than 80% of all animal life forms on Earth, and can be 

found in nearly all ecosystems; therefore, insects play important ecological and societal 

roles as pollinators, pests, predators, and food. As poikilothermic organisms, insects have 

limited means of regulating their internal body temperature and are instead dependent on 

the temperature of their surroundings. Therefore, temperature is one of the main factors 

that can determine insect abundances, distributions and life histories (Cui et al. 2014). 

While climate change is likely to increase mean temperatures globally, it is also predicted 

to increase the frequency of extreme events (Easterling et al. 2000). Given the current 

rapid climatic changes leading to more variable temperatures, there is increasing interest 

in the effects of temperature on insects. Under extreme hot or cold, insect growth and 

behaviours may become restricted, and it is often lethal if exposure to these conditions is 

sustained (Lachenicht et al. 2010). Studies have explored the ecological context for insect 

stress resistance with an aim to understand how insects cope with extreme temperatures 

(Sinclair et al. 2003). In this review, I describe the generation of coma by environmental 

stressors in insects, particularly how insects respond to low temperatures and prepare for 

cold weather. To date, there have been many studies on the role of the muscular system 
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of insects in chill coma, but little is understood about the role of the nervous system, 

which is the main question of this thesis. 

 

1.1 Insect responses to cold 

To prepare for winter, many insects enhance their cold tolerance by making 

physiological adjustments (Lee et al. 1987). At sub-zero temperatures, the body fluids of 

insects can freeze. Cold injury may be divided into two main types, non-freezing injury 

and freezing injury, based on presence or absence of ice formation in body fluids (Wang 

et al. 2003). Non-freezing injury can be subdivided into direct injury and indirect injury. 

Direct chilling injury (or cold shock injury) can be induced by a short-term exposure to 

low temperature. The mechanism underlying direct injury is likely associated with the 

direct effects of low temperature causing the disturbance of membrane phase transition (a 

process when membrane lipids change from one phase to another) leading to a severe loss 

of membrane function (Steponkus 1984). Indirect chilling injury is induced by a long-

term exposure to low temperature and is believed to cause lethal consequences (e.g. 

irreversible ion imbalance, depletion of ATP) (Dollo et al. 2010; Koštál et al. 2011a). 

Freezing injury is induced by ice formation in body fluids, which can result in protein 

denaturation, changes in ion concentrations and changes in body pH. 

Although there is variation in the responses of insects to low temperature, insects 

have generally been categorized into three groups: freeze-avoiding insects, freeze-tolerant 

insects and chill-susceptible insects (Bale 1993; Duman 2001; Sinclair et al. 2003). In 

freeze-avoiding insects, their body fluids remain in liquid state at temperatures below 

their freezing point. These insects do so by removing alimentary matter that may initiate 
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ice formation (ice nucleation), synthesizing anti-freeze proteins to reduce the ice 

nucleation potential, and accumulating sugars and polyols (e.g. trehalose, glycerol) to 

stabilize membranes and lower the temperature at which the body fluids spontaneously 

become crystals (also known as the supercooling point (SCP)). Freeze-tolerant insects 

usually have high sub-zero crystallization temperatures, and can survive even if their 

body fluids freeze. The formation of ice is usually restricted to extracellular 

compartments so that water inside cells remains in a fluid state. Freezing in these insects 

is commonly initiated by ice nucleators to avoid damage from rapid, uncontrolled ice 

formation. Sugars and polyols are used to protect membranes and proteins against 

membrane phase transitions, whereas anti-freeze proteins prevent growth and 

redistribution of ice crystals after they are formed. However, the majority of insects 

cannot tolerate freezing and die at low sub-zero temperatures; these insects are referred as 

chill-susceptible insects (MacMillan et al. 2015a). 

 

1.2 Chill coma in insects 

When exposed to temperatures below their critical thermal minimum (CTmin), 

chill-susceptible insects enter a coma-like state, termed chill coma, a state of complete 

neuromuscular paralysis (MacMillan et al. 2014). Chill coma can be reversible depending 

on the intensity and duration of the cold exposure (Findsen et al. 2014). If the cold 

exposure is relatively brief or mild, chill coma is reversible, 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). However, if the cold exposure is prolonged or severe, 

chill-susceptible insects may accumulate both direct and indirect chilling injuries, leading 
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to death (MacMillan et al. 2014). In insects, at the organismal level, ion homeostasis is 

regulated by the Malpighian tubules and the gut. When primary urine is produced, the 

Malpighian tubules maintain a gradient favouring movement of water and waste products 

into the lumen of the tubules and most water and ion resorption occurs in the hindgut 

(Hanrahan and Phillips 1982; MacMillan and Sinclair 2011a). At the cellular level, ion 

homeostasis is regulated by ion-motive pumps (e.g. Na
+
/K

+
-ATPase), ion-specific 

channels and secondary transporters (e.g. Na
+
/K

+
/2Cl

-
-transporter) to maintain the 

intracellular and extracellular concentrations of physiologically inorganic ions (e.g. Na
+
, 

K
+
, Ca

2+
, Cl

-
) (MacMillan and Sinclair 2011a). Water movement is facilitated through 

aquaporins (water channels) (Spring et al. 2009; MacMillan and Sinclair 2011a).  

In several insects (including locusts and crickets), low temperature causes 

haemolymph Na
+
 and water to migrate out of the haemolymph (MacMillan and Sinclair 

2011a; Andersen et al. 2013; Findsen et al. 2014; Coello Alvarado et al. 2015). The 

migration of Na
+
 is likely a result of failure of active ion transport. Water balance is 

tightly linked to Na
+
 gradients, so water follows Na

+
 osmotically. It causes a 

simultaneous decrease in haemolymph volume that concentrates haemolymph K
+
 

concentration in the remaining extracellular fluid. There is a suggestion that the onset of 

chill coma is likely caused by an inability to maintain ion and water balance, leading to 

failure of the neuromuscular system (MacMillan and Sinclair 2011b). Recovery from 

chill coma involves a re-establishment of ion homeostasis (MacMillan et al. 2015b). In 

conclusion, maintenance of ion and water homeostasis is essential because many 

important cell functions, including signal transmission in nerve and muscle tissues, rely 

on changes in Na
+
, K

+
 and Ca

2+
 equilibrium potentials. Alterations to the intracellular ion 
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concentrations and intracellular water contents affect signalling cascades and can lead to 

cell death. 

 

1.3 Locust as a model system 

Most people only know locusts as major pests that can damage vegetable crops 

(e.g. rice, wheat, oats), but locusts have been widely used as model organisms for insect 

physiology. The migratory locust (Locusta migratoria) is a chill-susceptible insect that 

has a broad geographic distribution from tropical to temperate zones (Findsen et al. 2013; 

Cui et al. 2014). Therefore, this species is present in a wide range of habitats with a 

variety of climatic and environmental conditions. The locusts that reside in the northern 

temperate areas are often faced with a harsh winter and the first-instar hoppers often 

suffer from cold stress following their emergence from the soil (Findsen et al. 2013; Cui 

et al. 2014). In the present study, we used the African migratory locust (Locusta 

migratoria migratorioides), a subspecies of the migratory locust. The African migratory 

locust is mostly found in Africa south of the Sahara Desert, so in nature, this subspecies 

experiences extreme daily temperature fluctuations (high daytime temperature and low 

nighttime temperature). Several properties of locusts differ throughout geographical 

regions due to prevailing climatic conditions (Tanaka and Zhu 2008). For example, in 

contrast to the desert locust (Schistocerca gregaria), the migratory locust has evolved an 

embryonic diapause which plays an important role in the adaptation to local climate and 

is believed to be related to cold-hardiness (Tanaka and Zhu 2008).  

The central nervous system (CNS) of locusts, like the general insect CNS, 

consists of a cerebral ganglion (brain), several ganglia and nerves. Here, I focus on three 
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ganglia in the locust thorax: prothoracic ganglion, mesothoracic ganglion and 

metathoracic ganglion (MTG). The locust descending contralateral movement detector 

(DCMD) neuron is a visual interneuron located in the brain with an axon that runs 

through the thoracic ganglia. The locust DCMD is sensitive to the looming approach of 

objects and is a postsynaptic partner of the lobula giant movement detector (LGMD), 

which is located in the lobula layer of the locust’s nervous system (Money et al. 2005). 

The LGMD computes features of an approaching object and passes the information to the 

DCMD, which in turn connects to the thoracic interneurons and motor neurons associated 

with jumping and flight steering motor patterns. In other words, the locust DCMD is 

involved in triggering escape behaviours; therefore, DCMD is a good model for 

determining the ability of locusts to respond to stimuli. 

In conclusion, migratory locusts provide exceptional model systems for the 

investigation of neural function in response to temperature changes because (1) they are 

poikilotherms, (2) they can be found in a wide range of natural habitats, and (3) their vital 

neural circuitry is experimentally accessible for simultaneously monitoring ion 

disturbances within the neuropil and failure and recovery of an intact neural circuit. 

 

1.4 Environmental stress-induced comas in the locust CNS 

The nervous system is very important in most organisms as it controls and co-

ordinates the entire body. The nervous system must work properly in order to maintain 

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

temperatures, either high or low, can impair neural performance, leading to the failure of 

properly co-ordinated behaviour and generation of vital motor patterns (Robertson 2004; 
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Robertson and Money 2012). This can be life-threatening, for example, the impairment of 

neural function could hinder proper predator detection and avoidance. Our laboratory has 

studied phenomena underlying locust comas induced by environmental stressors (e.g. 

anoxia, hyperthermia), focusing on the locust CNS. As mentioned earlier, the migratory 

locust is a good model system to investigate stress-induced comas in the CNS because 

locusts are exposed to a variety of environmental conditions and their vital neural 

circuitry is experimentally accessible. Neural function, under stressful conditions, usually 

involves the ability to maintain ion gradients across cell membranes because it is 

essential for neuronal signalling (Rodgers et al. 2007). We found that these locust comas 

are associated with the sudden loss of K
+
 homeostasis and also a temporary electrical 

silence in the CNS (Rodgers et al. 2010). Potassium ions play an important role in the 

nervous system; therefore, the disturbance of K
+
 homeostasis has important consequences 

for neuronal function.  

Neuronal membranes are depolarized when extracellular potassium ion 

concentration ([K
+
]o) increases and a neuron discharges when its firing threshold is 

reached (Somjen 2002). If the [K
+
]o level becomes abnormally high, it will cause further 

depolarization, which in turn, can depress neuron excitability (i.e. increases firing 

threshold, decreases action potential amplitude, limits neurotransmitter release) (Somjen 

2002). Therefore, mechanisms of K
+
 homeostasis must be continuously at work to ensure 

proper neuronal function. In the insect CNS, glial cells, which form the sheath of 

ganglion, regulate [K
+
]o levels by utilizing different ion channels that can take up K

+
 

from the interstitial space, for example the Na
+
/K

+
/2Cl

-
-co-transporter and the Na

+
/K

+
-

ATPase (Kretzschmar and Pflugfelder 2002). The Na
+
/K

+
/2Cl

-
-co-transporter picks up a 
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K
+
 ion in exchange for a Na

+
 ion and two Cl

-
 ions. The Na

+
/K

+
-ATPase is essential for 

cellular function because it maintains ion homeostasis. The Na
+
/K

+
-ATPase requires 

energy (ATP) to pump three Na
+
 ions out of the cell in exchange for two K

+
 ions into the 

cell. Most neuronal ATP (50 - 60%) is spent driving the Na
+
/K

+
 pump, indicating that the 

activity of Na
+
/K

+
 pump is important for cells to function properly (Erecińska and Silver 

1994; Rodgers et al. 2009). 

The process during coma can be studied in a semi-intact preparation that has 

intact neuronal architecture (Robertson and Pearson 1982). This preparation allows us to 

monitor extracellular recordings from both nerves and muscles and intracellular 

recordings from neurons within the locust ganglion while the locust is still alive and 

ventilating and to explore the relationship between neural circuit function and K
+
 

homeostasis. Ventilation in locusts is a key motor behaviour for gas exchange and is 

under the control of a central pattern generator (CPG) located in the MTG. The 

ventilatory central pattern generator (vCPG), a reliable neuronal circuit, is composed 

primarily of a group of interneurons, which are connected to the motor neurons that relay 

neuronal signals to the thoracic and abdominal muscles responsible for generating the 

movements that exchange oxygen and carbon dioxide gases via the tracheal system in the 

locust (Bustami and Hustert 2000). Because any impairments of the vCPG function 

would strongly affect the animal, it is an ideal circuit to study adaptations that occur in 

the nervous system.  

Previously, it has been suggested that in the locust, sudden increases in [K
+
]o 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; 
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Armstrong et al. 2009). As temperature is ramped from 20 to 45 °C, there are sudden and 

rapid surges of [K
+
]o from 10 mM (normal level) to 52 mM associated with the failure of 

vCPG activity (Figure 1A) (Rodgers et al. 2007). After returning to room temperature, 

[K
+
]o is restored to normal baseline levels and the vCPG activity also resumes (Figure 

1A) (Newman et al. 2003; Rodgers et al. 2007). The rapid surge of [K
+
]o is not exclusive 

to hyperthermia-induced coma in the locust, but it has been found to occur in response to 

other stressors. In locusts, exposure to nitrogen gas (anoxia) in a chamber or treatment of 

the preparation with sodium azide (a reversible mitochondrial toxin) causes [K
+
]o events 

in the CNS (Figure 1B and C) (Rodgers et al. 2007; Armstrong et al. 2009; Rodgers et al. 

2009). The [K
+
]o levels induced by anoxia and sodium azide are 79±3 mM and 85±2 mM, 

respectively, which are higher than the [K
+
]o induced by hyperthermia (52±2 mM) 

(Figure 1) (Rodgers et al. 2007). Recovery occurs when air is allowed to re-enter the 

chamber (anoxia) or when sodium azide is flushed out of the preparation (ATP depletion) 

(Figure 1B and C) (Rodgers et al. 2007). Basically, once the stress is removed, [K
+
]o is 

found to return to normal levels and this is associated with recovery from the coma-like 

state.  

 

1.5 Cold hardening in insects 

Cold survival of insects can be influenced by several abiotic factors, such as the 

minimum temperature and duration of exposure, cooling rate (in nature), acclimation to 

mild temperatures, and presence of water in the body. Most insects have evolved with a 

capability of minimizing cold injuries and coping with low temperatures through various 

physiological mechanisms. Cold hardening is defined as the phenomenon that the 
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capacity to avoid chilling injury is increased by prior exposure to a non-lethal low 

temperature (Wang et al. 2003). Pre-exposure to moderately low temperatures, 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. 2015b). According to the duration of pre-exposure to mild cold, 

cold hardening can be divided into two main categories: long-term cold hardening (cold 

acclimation) and short-term cold hardening (rapid cold hardening; RCH). 

1.5.1 Cold acclimation 

In nature, environmental temperatures undergo a daily cycle in which the 

temperature during the day tends to be higher than the temperature at night; this cycle is 

called the thermoperiod. These thermoperiods affect many aspects of physiology of an 

insect, including moulting, diapause, cold tolerance and RCH. Cold acclimation, a subset 

of seasonal cold hardening, is believed to improve cold tolerance after prolonged (weeks 

or months) exposure to mild, non-lethal low temperatures. Cold acclimation has been 

observed both in the field and in the laboratory. In the field, larvae of the goldenrod gall 

fly (Eurosta solidaginis) usually cannot tolerate low temperature (-20 °C), but after 

exposure to gradually decreasing temperatures during fall, larvae become freeze-tolerant 

and survive at -20 °C during winter (Williams et al. 2004). In the laboratory, non-

diapausing fruit flies (Drosophila melanogaster) raised at lower temperature (19 °C) are 

significantly more cold-tolerant than flies raised at 25 °C (Rako and Hoffmann 2006).   

The earliest-described mechanism of cold acclimation is the accumulation of low 

molecular weight sugar alcohols, including glycerol, sorbitol and inositol (Salt 1961). 

These compounds can stabilize membranes and proteins, enhance supercooling capacity, 
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and prevent cell damage (Yancey 2005). The types and amounts of these compounds vary 

significantly by species; for example, goldenrod gall fly accumulates both glycerol and 

sorbitol equally (Storey et al. 1981), whereas Drosophila montana accumulates large 

amounts of myo-inositol instead (Vesala et al. 2012). Other classes of compound have 

also been recognized as cryoprotective compounds, such as trehalose (blood sugar) and 

proline (amino acid) (Thompson 2003; Koštál et al. 2011b). 

Cell membranes are particularly susceptible to low temperatures, so the cold 

acclimation mechanisms usually involve cell membrane modifications. There are several 

biochemical mechanisms that may be involved in insect cold tolerance. First, increasing 

the amount of unsaturated fatty acids in the cell membrane can enhance membrane 

fluidity. Goldenrod gall fly increases the amount of unsaturated fatty acids in the cell 

membrane by 50% before winter (Bennett and Lee 1997). Second, some insect species 

increase the ratio of short-chain fatty acids relative to long-chain fatty acids (Tomčala et 

al. 2006). Short-chain fatty acids are better at maintaining membrane fluidity because 

they have lower melting points than long-chain fatty acids. Third, the position of moieties 

within glycerophospholipids can be changed for a greater impact on membrane fluidity 

(Overgaard et al. 2008). Finally, a restructuring of membrane phospholipids can also 

enhance the membrane fluidity (Koštál 2010). 

At the molecular level, several genes and proteins have been found to be involved 

in both diapause and cold acclimation. Heat shock proteins are up-regulated during cold 

acclimation in many insect species, including silk moth (Moribe et al. 2010), flesh fly 

(Yocum et al. 1998) and Colorado potato beetle (Yocum 2001). In addition to heat shock 

proteins, other classes of genes and proteins have been found to be involved in cold 
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acclimation responses. In goldenrod gall fly, aquaporins (membrane water channels) 

increase in abundance in the weeks before winter (Philip and Lee 2010). These channels 

are important for the movement of water between intracellular and extracellular 

compartments, allowing adjustments in cell volume and osmotic condition. In fruit fly, a 

calcium binding protein is found to increase during cold acclimation, likely to maintain 

intracellular [Ca
2+

] at low temperature (Goto 2000). 

1.5.2 Rapid cold hardening 

Rapid cold hardening (RCH) is a physiological mechanism that allows organisms 

to survive under lethal low temperature conditions following pre-exposure to a less 

severe cold temperature. Both cold acclimation and RCH are well-adapted mechanisms, 

but RCH of insects can be induced by a short exposure (several minutes or hours) to low 

temperatures, whereas cold acclimation is a response to a seasonal decrease in 

temperature induced over several weeks or months (Lee et al. 1987). A study of flesh 

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

earliest studies of RCH, found that most flies survive after exposure to -10 °C if they are 

pre-exposed to sub-zero temperature. These flesh flies are chill-susceptible and do not 

tolerate tissue freezing in any stage of development. Although their SCP, where their 

body fluid becomes frozen, is as low as -20 °C, both diapause and non-diapause pupae 

die at temperatures far above the SCP. However, if sub-zero exposure is preceded by a 2-

hour period of chilling at 0 °C, 91.1% of files survive (Lee et al. 1987). 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. Therefore, 

short-term pre-exposure of flesh flies to 0 °C results in protection against the cold-shock 
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injury that occurs at temperatures as much as 10 °C above the SCP. Similar responses are 

obtained for other insects, such as the elm leaf beetle (Xanthogaleruca luteola) and the 

milkweed bug (Oncopeltus fasciatus) (Lee et al. 1987).  

Similar to cold acclimation, accumulation of glycerol provides at least a partial 

basis for this tolerance. Larvae and pharate adult flesh flies rapidly accumulate glycerol 

in response to short-term chilling (Chen et al. 1987). After 2 hours of exposure to 0 °C, 

glycerol levels in larvae are 2.4 times higher than normal levels, whereas glycerol levels 

in pharate adults increase nearly threefold. Accumulation of glycerol is well-known to be 

associated with cold-hardening in insects intolerant to freezing. Besides acting as the 

cryoprotective compound, glycerol may interact with other cellular components, for 

example, glycerol may alter the nature of phase transitions of membrane lipids during 

cooling to protect against cold shock (Lee et al. 1987). Additionally, the flesh fly has 

been revealed to accumulate two amino acids (alanine and glutamine), sorbitol and 

glucose during RCH (Michaud and Denlinger 2007). 

As with cold acclimation, the cell membranes are also susceptible to RCH. In the 

flesh fly, RCH increases the amount of oleic acid in the cell membrane which leads to an 

increase in membrane fluidity at low temperature (Michaud and Denlinger 2006). Also, 

additional chemical modifications to phospholipid head group during RCH may enhance 

membrane fluidity (Michaud and Denlinger 2006). In fruit fly, RCH induces membrane 

restructuring, although, in this species, it is linoleic acid rather than oleic acid (Overgaard 

et al. 2005). Nevertheless, there are some cases where RCH is observed, but no change in 

membrane composition is detectable (MacMillan et al. 2009), leading to question the 

necessity of this process during RCH.  
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At the molecular level, RCH has very little impact on gene expression compared 

to cold acclimation. Sinclair et al. (2007) observed the expression of five genes in fruit 

fly during RCH and recovery from cold and found that although some genes are 

differentially expressed during recovery, none are differentially regulated during the 

RCH period. It is suggested that very little gene transcription can occur at RCH 

temperatures, especially within the short time frame for RCH.  

1.5.3 Similarities and differences between cold acclimation and RCH 

Because both cold acclimation and RCH result in increases in insect cold 

tolerance, they may share many of the same mechanisms, such as the role of 

cryoprotectants and membrane modifications (see Review by Teets and Denlinger 2013). 

McDonald et al. (1997) found that in western flower thrip (Frankliniella occidentalis), 

the relative significance of cold acclimation and RCH changes with temperature. At -11.5 

°C, acclimation does not extend survival time, but RCH does so; however, at -5 °C, 

acclimation increases the cold tolerance of the thrips, but RCH does not do so (McDonald 

et al. 1997). These results suggest that RCH and cold acclimation are effective in 

different temperature ranges. Later, a study of yellow-spotted longicorn beetle 

(Psacothea hilaris) by Shintani and Ishikawa (2007) showed that RCH and cold 

acclimation can work in combination. At milder sub-zero temperatures (-10 °C), 

acclimation increases the beetle's survival rate, whereas RCH is completely ineffective. 

In contrast, at lower sub-zero temperatures (-16 to -25 °C), RCH contributes to the 

increase in survival rate in combination with acclimation, but its effect is diminished with 

long-term exposure. Lastly, at the lowest temperature just above the SCP (-26 °C), 

acclimation is no longer effective, but RCH can give protection against cold shock. In 
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summary, cold acclimation is effective for long-term exposure to mild sub-zero 

temperatures, whereas RCH is effective for short-term exposure to severe sub-zero 

temperatures and the relationship between RCH and cold acclimation may vary among 

species. 

One obvious difference between cold acclimation and RCH is that they use 

different environmental cues to initiate their processes. In the field, cold acclimation and 

diapause are usually associated and can typically be triggered by photoperiod (Denlinger 

1991), whereas RCH is usually triggered by low temperature alone (Lee and Denlinger 

2010). Also, the initiation temperatures of cold acclimation are much higher than 

temperatures required for RCH. Cold acclimation often occurs at temperatures that allow 

growth and reproduction, whereas RCH occurs at temperatures that most insect species 

become inactive (i.e. below the developmental threshold) (Lee and Denlinger 2010). 

Although low temperature is the most common cue for RCH, in some cases, RCH can 

also be induced by heat shock in flesh fly (Chen et al. 1987) and anoxia in house fly 

(Coulson and Bale 1991). 

At the metabolite level, both cold acclimation and RCH have been found to 

involve the synthesis of cryoprotective compounds. For example, in flesh fly, both cold 

acclimation and RCH increase the concentrations of three cryoprotective compounds, 

alanine, glycerol, and glucose (Michaud and Denlinger 2007) and also in fruit fly, the 

results show that accumulation of trehalose is found in both cold acclimation (Koštál et 

al. 2011a) and RCH (Overgaard et al. 2007). In contrast to cryoprotectant synthesis 

which may not be essential for RCH, there is fairly conclusive evidence that both cold 

acclimation and RCH involve cell membrane modifications. In flesh fly, increase in oleic 
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acid in the cell membrane is observed in both cold acclimation and RCH (Michaud and 

Denlinger 2006). However, a study by MacMillan et al. (2009) found that RCH in fruit 

fly is not associated with membrane modifications, calling into question the necessity of 

this process. Lastly, the most significant mechanistic difference between cold acclimation 

and RCH is the role of gene expression. Cold acclimation appears to involve changes in 

the gene transcription, but RCH involves primarily a cell-mediated event with little to no 

reliance on gene transcription (Teets et al. 2012; Vesala et al. 2012).  

1.5.4 Why is the study of cold hardening in insects important? 

Understanding the capacities of cold tolerance is important for predicting insect 

abundances, distributions and life histories in changing climate. Cold acclimation allows 

insects to prepare for predictable decreases in daily temperature, whereas RCH allows 

insects to deal with daily fluctuation in temperature. Therefore, the capacity of RCH 

appears to be widespread as a mechanism to protect against the sudden cold snaps. For 

many insect species that do not possess an overwintering strategy (e.g. diapause, 

migration), RCH is beneficial as it allows the insects to survive a sudden drop of 

environmental temperature that normally would be lethal (Teets and Denlinger 2013). 

Although it was initially assumed that cold acclimation and RCH use the same 

mechanisms to cope with low temperatures, many studies suggest this is not the case. It is 

important to carry out research to determine whether cold acclimation and RCH are 

derived from a general, conserved response or whether their mechanisms are derived 

independently. 
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1.6 Thesis overview 

Survival at low temperatures is a common challenge for insects living in 

seasonally cold environments. Despite the popularity of the study on the effects of low 

temperature on insects, there is still little known about the physiological mechanisms 

underlying entry into and recovery from chill coma. However, recently, there have been 

many studies on the muscular system of insects during chilling. Most insects lose their 

ability for coordinated movement when cooled. There are several possible explanations 

for this loss of neuromuscular function during cold exposure, but the currently favoured 

explanation suggests that as low temperature disrupts ion and water balance, the 

disturbance of ion homeostasis, particularly K
+
 homeostasis, during cold exposure causes 

muscle membrane potential to be severely depolarized, driving a loss of muscle 

excitability and then leading to chill coma paralysis (Esch 1988; Goller and Esch 1990; 

Hosler et al. 2000; Findsen et al. 2014; Findsen et al. 2016). Cold-tolerant insects, such 

as freeze-avoiding pine beetle (Rhagium inquisitor), can maintain proper ion gradients 

during prolonged exposure to -10 °C, whereas freeze-tolerant wood fly (Xylophagus 

cinctus) allows the redistribution of ions during ice formation in the body fluids and 

manages water movements between intracellular and extracellular spaces, therefore 

avoiding the loss of water balance (Dissanayake and Zachariassen 1980; Kristiansen and 

Zachariassen 2001). However, chill-susceptible insects are unable to maintain such 

control. A study of chill coma in honeybee (Apis melifera) and fruit fly showed that the 

muscle resting membrane potential (Vm) decreases exponentially during cooling (Hosler 

et al. 2000). Although they enter chill coma at different temperatures (honeybee, worker: 

10.6±1.2 °C; queen: 10.2±0.8 °C; drone 12.8±0.8 °C and fruit fly: 7.0±0.9 °C), the Vm is 

http://jeb.biologists.org/content/214/5/726#ref-7
http://jeb.biologists.org/content/214/5/726#ref-29
http://jeb.biologists.org/content/214/5/726#ref-29
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depolarized to a similar level in both species. Moreover, entry into chill coma in both 

species is accompanied by the loss of muscle excitability and reduced muscle action 

potentials because once the muscle depolarizes beyond a threshold membrane potential, 

contraction and/or relaxation are no longer possible causing the insect to become 

paralyzed (Hosler et al. 2000). Similar observations have also been found in other 

Lepidopteran and Hymenopteran species (Goller and Esch 1990). The increases in [K
+
]o 

following cold exposure are likely to have a large effect on muscle Vm because Vm in 

many insects species is associated with the potassium equilibrium potential (Ek). In fact, 

low temperature can cause membrane depolarization through several cellular 

mechanisms. For example, as mentioned above, low temperature may cause membrane 

depolarization through ion leakage from tissues and may also hinder the activity of active 

ion transport (e.g. Na
+
/K

+
-ATPase) which leads to the reduction of the electrogenic 

contribution of these pumps to Vm. 

The increase in [K
+
]o during cold exposure was initially proposed by MacMillan 

and Sinclair (2011b) to explain chill coma paralysis in insects. However, recent studies of 

locusts have suggested that chill coma paralysis occurs before [K
+
]o imbalance and that 

low temperatures play a direct role in failure of neuromuscular function (Koštál et al. 

2006; Findsen et al. 2014; MacMillan et al. 2014; Andersen et al. 2015). Findsen et al. 

(2014) suggested that during the initial development of chill coma, the temperature effect 

is the main cause of impaired muscle function, but the ion imbalance further depresses 

this impairment. It is therefore accepted that chill coma onset, that usually occurs rapidly, 

and the loss of ion and water balance appear to be mechanistically unrelated. In fruit fly, 

entry into chill coma may be a result of processes unrelated to depolarization of muscle 
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Vm, but coma may result from direct effect of low temperature on voltage-sensitive Ca
2+

 

channels which hinders propagation of action potentials or causes the failure of the CNS 

conduction (Rodgers et al. 2010; Frolov and Singh 2013).    

In addition to the studies of chill coma entry, there are other studies that focus on 

the recovery from chill coma under the assumption that recovery from chill coma is a 

reversal process of entry into chill coma. We know that prolonged exposure to cold 

causes a large disturbance in ion homeostasis in many insect species, and even short 

periods of exposure have effects on ion homeostasis (Findsen et al. 2014). If recovery 

from chill coma is a reversal process, insects that lose ion balance during cold exposure 

will only recover when ion balance is restored (MacMillan et al. 2012; Andersen et al. 

2013; Findsen et al. 2013). 

Although we have fairly conclusive evidence for the involvement of the muscular 

system during chill coma in insects, little is understood about the nervous system during 

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

on the nerve cord and ganglia of three species of cockroaches (Periplaneta americana, 

Leucophaea maderae and Blaberus craniifer). They found that both nerve cord and 

ganglia continue to operate at temperatures below the chill coma temperatures in all three 

species, so they suggested that the failure of the nervous system is not the direct cause of 

chill coma (Anderson and Mutchmor 1968). These findings have led the researchers to 

focus more on the muscular activity during chill coma, but we believe that the nervous 

system also plays a role in chill coma. The goal of this study is to determine the 

mechanisms underlying chill coma in the migratory locust, and in particular, to study the 

role of the CNS. Our main objectives are to determine cold acclimation and RCH 



 

20 

 

protocols that will improve the locust's cold tolerance and to see whether these protocols 

affect neural shutdown during chill coma in the locust. We divided the experiment into 

two parts: whole animal preparation and semi-intact preparation. In the whole animal 

preparation, with an implanted thermocouple in the thorax, we determined the 

temperature associated with a loss of responsiveness (CTmin) in intact locusts and the time 

it took for the locusts to stand upright again (CCRT). In the semi-intact preparation, we 

recorded field potential (FP) in the MTG to determine the temperature that would induce 

neural shutdown. We hypothesized that chill coma in the locust could result from the 

neural shutdown generated by the surge of [K
+
]o during cold exposure. If this is the case 

then pre-treatments that affect chill coma onset, such as cold acclimation and RCH, will 

affect neural shutdown in a parallel fashion.  
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Figure 1. Environmental stressors induced surges of [K
+
]o and temporary electrical silence 

of vCPG. Simultaneous recordings of the [K
+
]o and the vCPG (Vent). (A) As the saline 

temperature (Temp) progressively increased, there were an abrupt increase in [K
+
]o and heat-

induced failure of vCPG. When heat was removed, [K
+
]o was restored to normal baseline levels 

and vCPG recovered. (B) ATP depletion using sodium azide (NaN3) triggered the abrupt surge of 

[K
+
]o and failure of vCPG. [K

+
]o gradually decreased and vCPG recovered after replacing NaN3 

with saline. (C) Anoxia (N2) caused the abrupt surge of [K
+
]o and failure of vCPG. Re-

oxygenation resulted in [K
+
]o restoration and recovery of vCPG. i and ii show expanded vCPG 

activity pre- and post-stress. Red arrows indicate where the vCPG activity stopped (Rodgers et al. 

2007)  
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Chapter 2 

Materials and Methods 

2.1 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 because female locusts were left in the colony to lay eggs. 

Locusts were reared in large, well-ventilated cages under a 12 h:12 h light:dark cycle and 

fed daily with fresh wheat sprouts and food containing skim milk powder, torula yeast, 

and wheat bran. Temperature inside the cages was 26±1 °C. Locusts were distributed 

among three experimental treatments: short-term cold effects, rapid cold hardening 

(RCH) and acclimation.  

To study short-term cold effects, experimental locusts were exposed to two 

temperature ramps. After exposure to the first temperature ramp, experimental locusts 

were allowed to recover at room temperature: group one for 15 minutes, group two for 30 

minutes and group three for 45 minutes. Then experimental locusts were subjected to the 

second temperature ramp. Control locusts were exposed only to the first temperature 

ramp. 

2.1.1 Rapid cold hardening 

Separate groups of experimental locusts were maintained at approximately 4 °C 

for 2, 4 and 6 hours in a cold room and then allowed to recover for 1 hour at room 

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

a plastic container at room temperature (22±2 °C) for 1 hour. 



 

23 

 

2.1.2 Acclimation 

Locusts were kept in cages in a Conviron MTR-30 growth chamber or a Conviron 

PGV-36DE growth chamber. Each chamber was set at 70% humidity and 12h:12h 

light:dark cycle. Locusts were fed the same diet as colony-reared animals. The cold group 

was acclimated to 10 °C, whereas another group was acclimated to 27 °C for ten days. 

Locusts were allowed to recover for 24 hours at room temperature. 

 

2.2 Whole animal preparation 

After the recovery period at room temperature, locusts (either control or 

experimental) were subjected to cold stress. The two hind legs were removed to prevent 

them from removing a thermocouple. The thermocouple probe (Type T copper-

constantan; Physitemp Instruments Inc., Clifton, NJ, USA) was inserted posteriorly under 

the pronotum on the locust dorsal side. Each locust was placed in a container 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 -5 °C. Another thermocouple 

probe was attached to the side of container to record the temperature of surrounding air. 

Each thermocouple probe was connected to a BAT-12 microprobe thermometer 

(Physitemp Instruments Inc.). The signals were digitized using a MiniDigi 1A digitizer 

(Molecular Devices Inc., Sunnyvale, CA, USA), displayed and recorded for later analysis 

using AxoScope 10.6 (Molecular Devices Inc.). While recording, a metal stick was used 

to mechanically stimulate the locust antennae to monitor their responsiveness to external 

stimulation. Once the locust antennae lost their ability to move in response to external 
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stimuli, the temperature was recorded on AxoScope 10.6 and this was taken to be the 

CTmin of this locust individual. After the temperatures were noted, the locust was kept in 

the chilling apparatus for three minutes to ensure there were no further responses. Then 

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

Occasional mechanical stimuli were applied to the recovering locust in order to induce a 

response. CCRT was recorded as the time it took for the locust to stand upright again on 

its own. 

 

2.3 Semi-intact preparation 

2.3.1 Dissection 

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

and pronotum were removed. A dorsal midline incision was made and the locust was 

pinned down. The gut, air sacs and fat bodies were removed to expose the thoracic 

ganglia. Standard locust saline containing (in mM): 147 NaCl, 10 KCl, 4 CaCl2, 3NaOH, 

and 10 HEPES buffer (pH 7.2) (all chemicals were from Sigma-Aldrich) 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 connectives were removed. 

A metal plate was inserted below the ganglia to stabilize them. A silver wire was placed 

in the posterior tip of the abdomen to ground the preparation (Figure 2A). 

2.3.2 Temperature 

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

the thoracic and abdominal cavities using gravity flow (Figure 2A). The temperature of 
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the saline was decreased 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. By decreasing the temperature of saline close to zero °C, chill coma was 

induced in the semi-intact locust. The thermocouple probe was placed near the MTG to 

record the saline temperature (Figure 2A). This thermocouple probe was connected to the 

BAT-12 microprobe thermometer. The signals were amplified and digitized using a 

Neuroprobe amplifier (A-M Systems Inc., Sequim, WA, USA) and a Digidata 1322A 

(Molecular Devices Inc.), displayed and saved for later analysis using AxoScope 10.3 

(Molecular Devices Inc.) (Figure 2B).  

2.3.3 Measurement of electrical activity  

Descending contralateral movement detector (DCMD) 

While the saline temperature progressively decreased, action potentials were 

recorded from the axon of the DCMD neuron at the connectives near the mesothoracic 

ganglion (Figure 2A and B). An extracellular electrode was made from 1 mm diameter 

unfilamented borosilicate glass capillary tubes (World Precision Instruments; WPI, 

Sarasota, FL, USA), fitted onto a suction electrode holder (A-M Systems Inc.), and 

mounted on a manipulator (Taurus manipulator; WPI) to record the DCMD activity. 

Hand-waving was performed around the eye contralateral to the recording electrode to 

visually stimulate and induce the DCMD neuron to fire action potentials at high 

frequencies. The signals were amplified and digitized using the Neuroprobe amplifier and 

the Digidata 1322A, displayed and saved for later analysis using AxoScope 10.3 (Figure 

2B).  
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Field potential (FP) 

To determine the timing of chilling-induced spreading depolarization, the FP was 

measured extracellularly from the MTG as temperature progressively decreased (Figure 

2A and B). The microelectrodes were made from 1 mm diameter filamented borosilicate 

glass capillary tubes (WPI) and fabricated using a model P-87 Flaming/Brown 

micropipette puller (Sutter Instruments, Novato, CA, USA). These microelectrodes were 

filled with 500 mM potassium chloride (500 mM KCl) before each experiment. The 

signals were amplified and digitized using the Neuroprobe amplifier and the Digidata 

1322A, displayed and saved for later analysis using AxoScope 10.3 (Figure 2B). 

 

2.4 Data analysis 

The recordings were analyzed using Clampfit 9.0 (Molecular Devices Inc.). Data 

were plotted using SigmaPlot 12.5 (Systat Software Inc., Chicago, IL, USA) and 

Microsoft Excel (Microsoft Corp., Redmond, WA, USA). Data were plotted as the 

means±S.E. or as box plots displaying the medians, upper and lower quartiles with 

whiskers extending to the 10th and 90th percentiles and outliers (if present). The 

statistical analyses were performed using SigmaPlot 12.5. Statistical significance between 

two groups was assessed using a t-test. When comparing more than two groups, a one-

way ANOVA was used in most cases. A two-way repeated measures ANOVA was used 

only in the short-term effect experiment. Significance was determined using a 95% 

confidence interval in all cases.   
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Figure 2. Semi-intact preparation of the locust. (A) Schematic diagram of the mesothoracic ganglion 

(MESO) and the metathoracic ganglion (META) with recording electrodes used to measure DCMD 

and FP and recording probe used to measure saline temperature (Temp). (B) Simultaneous recordings 

of electrical activity from the connectives near the mesothoracic ganglion (DCMD) and extracellularly 

from the metathoracic ganglion (FP) as the saline temperature decreased from 26 °C to 4 °C and 

increased back to 26 °C (Temp) (n = 1). Long red line in (B) indicates the temperature at which the 

DCMD activity ceased and short red line in (B) indicates the temperature at which the FP went 

negative at half-maximum amplitude. 
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Chapter 3 

Results 

3.1 Whole animal 

In the whole animal preparation, we determined the CTmin and CCRT of control 

locusts, RCH locusts (2 and 4 hours at 4 °C) and cold-acclimated locusts (10 days at 10 

°C). We used the antennal drop to indicate the CTmin of individual locusts. After RCH 

treatment at 4 
o
C, there was no significant difference among the CTmin of control locusts, 

locusts that were exposed for 2 hours (2hRCH) and locusts that were exposed for 4 hours 

(4hRCH) (n = 15 each group; ANOVA, p = 0.217) (Figure 3A). However, there appeared 

to be a trend that the control locusts entered chill coma at the highest temperature 

(2.9±0.6 °C), followed by the 2hRCH locusts (2.6±0.5 °C) and the 4hRCH locusts 

(1.6±0.3 °C) (Figure 3A). In contrast, the CCRT of locusts that were exposed to 4 °C for 

2 hours (6.7±0.3 minutes) was significantly faster than the CCRT of control group 

(8.1±0.3 minutes) and the CCRT of locusts that were exposed for 4 hours (7.9±0.2 

minutes) (n = 15 each group; ANOVA, p = 0.002) (Figure 3B).  

After 10 days of acclimation at 10 °C (cold) and 27 °C (warm), the CTmin of the 

cold group (2.2±0.4 °C; n = 15) and the warm group (2.9±0.4 °C; n = 14) were not 

significantly different (t-test, p = 0.092) (Figure 4A). However, the cold group recovered 

from chill coma (7.3±0.3 minutes; n = 15) faster than the warm group (8.2±0.2 minutes; n 

= 14) (t-test, p = 0.015) (Figure 4B). 

Comparing the cold group (cold acclimation) with 2hRCH and 4hRCH groups, 

their CTmin were not significantly different (n = 15 each group; ANOVA, p = 0.234) 
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(Figure 5A). For CCRT, 2hRCH group took 6.7±0.3 minutes to recover, which was faster 

than the cold group (7.3±0.3 minutes) and 4hRCH group (7.9±0.2 minutes) (n = 15 each 

group; ANOVA, p = 0.019) (Figure 5B). 

 

3.2 Nervous system 

The FP and the DCMD activity of locusts were recorded while the saline 

temperature progressively decreased. Measuring the FP is a less invasive way to 

determine the timing of K
+
 surging activity because it requires only one electrode rather 

than the two electrodes required to directly measure [K
+
]o. The FP became more negative 

abruptly around the same temperature at which the DCMD activity ceased (Figure 6). 

The temperatures at which the DCMD activity ceased and at which the FP became 

negative abruptly were 9.0±0.4 °C and 8.4±0.7 °C, respectively (n = 13; paired t-test, p = 

0.163). In the present study, the negative shifts of FP (FP shifts) were used to define 

failing temperatures in the semi-intact preparation because the abrupt shift of FP indicates 

mass depolarization in the CNS. 

To observe whether there were short-term effects of cold neural failure, the 

preparation was allowed to recover at room temperature for 15, 30 or 45 minutes before 

being subjected to another temperature ramp. For the 15-min-recovery, the FP shift in the 

second run occurred at 8.4±0.6 °C, which was lower than the FP shift in the first run 

(10.4±0.5 °C) (n = 10) (Figure 7). In contrast, for the 30-min-recovery, the FP shifts in 

the first run (10.6±0.8 °C) and in the second run (10.2±0.8 °C) were not significantly 

different (n = 10) (Figure 7). For the 45-min-recovery, the FP shifts in the first run 

(11.2±0.9 °C) and in second run (11.6±0.8 °C) were not significantly different (n = 10) 
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(Figure 7). Also, we observed that the 45-min-recovery locusts had an unstable electrical 

activity and a decrease in ventilation. By comparing all 3 groups, the failing temperatures 

(FP shift) were not significantly different in the first run, but they were significantly 

different in the second run (Two-way repeated measures ANOVA, p < 0.050) (Figure 7). 

The FP shift in the second run of the 15-min-recovery occurred at a significantly lower 

temperature than the other two groups (Figure 7).  

After RCH treatment at 4 °C, the locusts that were exposed for 4 hours (4hRCH) 

entered chill coma at 7.8±0.3 °C, which was significantly lower than the failing 

temperatures of control group (10.8±0.6 °C), 2hRCH group (9.6±0.2 °C) and 6hRCH 

group (9.9±0.4 °C) (n = 10 each group; ANOVA, p < 0.001) (Figure 8). Similarly, the 

time from beginning of recording to FP shift of 4hRCH group was 6.0±0.6 minutes, 

which was significantly longer than the times to FP shift of control group (3.2±0.3 

minutes), 2hRCH group (4.1±0.3 minutes) and 6hRCH group (3.7±0.2 minutes) (n = 10 

each group; ANOVA, p < 0.001) (Figure 9). Then, we measured the amplitude from the 

highest point before FP shift to the lowest point of FP shift. The amplitudes of control, 

2hRCH, 4hRCH and 6hRCH groups were 35.5 mV (IQR = 27.2-40.7), 38.9 mV (IQR = 

31.6-42.0), 37.5 mV (IQR = 27.5-42.3) and 24.4 mV (IQR = 22.5-29.4), respectively, and 

they were not significantly different (n = 10 each group except 4hRCH group n = 9; 

ANOVA, p = 0.090) (Figure 10). Lastly, we looked at the relationship between starting 

temperatures and failing temperatures (n = 10 each group). Starting temperatures had no 

effect on failing temperatures in all four groups (Figure 11). 
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Figure 3. CTmin and CCRT of RCH locusts (4 °C for 2 and 4 hours). (A) There was no 

significant difference among the CTmin of control, 2hRCH and 4hRCH groups (ANOVA, 

p=0.217), but (B) 2hRCH group recovered faster (ANOVA, p=0.002). Data are means±S.E. (n 

= 15 each group) 
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Figure 4. CTmin and CCRT of cold-acclimated locusts (10 °C for 10 days). (A) There was no 

significant difference between the CTmin of warm and cold groups (t-test, p=0.092), but (B) the cold 

group recovered faster (t-test, p=0.015). Data are means±S.E. (warm, n = 14; cold, n = 15). 
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Figure 5. CTmin and CCRT of RCH locusts and cold-acclimated locusts. (A) The CTmin of 

cold-acclimated, 2hRCH and 4hRCH groups were not significantly different (ANOVA, p = 

0.234), but (B) 2hRCH group had the lowest CCRT (ANOVA; p = 0.019). Data are means±S.E. 

(n = 15 each group). 
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Figure 6. DCMD and FP. Temperatures at which the DCMD activity ceased and at which the FP 

dropped abruptly. The FP became negative abruptly around the same temperature at which the 

DCMD activity ceased (paired t-test, p = 0.163). Data are means±S.E. (n = 13 each group). 
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Figure 7. Short-term cold effects. Failing temperatures (FP shift) in the first run 

compared with the second run. Data are means±S.E. (n = 10 each group). By comparing all 

three groups, the failing temperatures (FP shift) were not significantly different in the first 

run, but they were significantly different in the second run (Two-way repeated measures 

ANOVA, p < 0.050). The FP shift in the second run of the 15-min-recovery occurred at the 

significantly lower temperature than the other two groups. 
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Figure 8. Failing temperatures of RCH locusts (4°C for 2, 4 and 6 hours). The FP of 

4hRCH group became negative abruptly at the significantly lower temperature than control, 

2hRCH and 6hRCH groups (ANOVA, p < 0.001). Data are means±S.E. (n = 10 each group). 



 

37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Control 2hRCH 4hRCH 6hRCH

T
im

e 
to

 F
P

 (
m

in
)

0

1

2

3

4

5

6

7

8

* 

Figure 9. Times to FP shift of RCH locusts (4°C for 2, 4 and 6 hours). Time to FP shift 

of 4hRCH group was significantly longer than control, 2hRCH and 6hRCH groups 

(ANOVA, p < 0.001). Data are means±S.E. (n = 10 each group). 
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Figure 10. Amplitudes of FP shift of RCH locusts (4°C for 2, 4 and 6 hours). The amplitudes 

of FP shift of control, 2hRCH, 4hRCH and 6hRCH groups were not significantly different 

(ANOVA, p = 0.090). Data are medians (n = 10 each group except 4hRCH group n = 9). 
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Figure 11. Starting temperatures and failing temperatures of RCH locusts (4°C for 2, 4 and 

6 hours). Starting temperatures on different days had no effect on failing temperatures in all four 

groups (n = 10 each group). 
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Chapter 4 

Discussion 

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

in temperate regions. Many insect species, including the migratory locust, are chill-

susceptible, meaning that their survival and fitness decrease when they are exposed to 

temperatures below their CTmin (Findsen et al. 2014; MacMillan et al. 2014). The 

exposure to low temperatures causes insects to enter chill coma, a state of complete 

neuromuscular paralysis (MacMillan et al. 2014). This state is reversible if the cold 

exposure is relatively mild and brief, but it takes time (CCRT) to recover from this 

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, little is understood regarding the 

mechanisms underlying chill coma entry and chill coma recovery in insects. In the 

present study, we conducted two parallel experiments using the migratory locust to 

investigate the role of the locust CNS during chill coma and determine the RCH and cold 

acclimation protocols that would improve the locust's cold tolerance. Our findings 

partially support the hypothesis that chill coma in the locust results from the neural 

shutdown generated by the surge of [K
+
]o during cold exposure, and pre-exposure to cold 

can improve the locust's cold tolerance to some extent. 

 

4.1 Whole animal 
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Cold hardening is an important mechanism 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. 2015b). In the RCH treatment at 4 °C, there was no significant 

difference among the CTmin of control locusts, locusts that were exposed for 2 hours and 

locusts that were exposed for 4 hours (Figure 3A). Similarly, in the cold acclimation 

treatment for 10 days, the CTmin of the locusts that were acclimated at 10 °C and the 

locusts that were reared at 27 °C were not significantly different (Figure 4A). Comparing 

the RCH locusts with the cold-acclimated locusts, the CTmin of both groups did not 

significantly differ from each other or from the control locusts (Figure 5A). RCH is 

usually beneficial for many insect species that do not possess an overwintering strategy 

because it allows the insects to survive a sudden drop of environmental temperature that 

normally would be lethal (Teets and Denlinger 2013). However, in the present study, we 

observed that RCH did not improve cold tolerance better than cold acclimation because 

the CTmin of both groups were quite similar. 

After returning to room temperature, the locusts that were in chill coma took some 

time to recover. We measured the time it took for the locusts to stand upright again 

(CCRT). In the RCH treatment at 4 °C, the locusts that were exposed for 2 hours took the 

shortest time to recover from paralysis (Figure 3B). In the cold acclimation treatment, the 

cold-acclimated locusts recovered faster than the locusts that were reared at 27 °C (Figure 

4B). Both RCH at 4 °C and cold acclimation at 10 °C could reduce CCRT and the locusts 

that were exposed to 4 °C for 2 hours had the shortest CCRT (Figure 5B).    
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Both RCH and cold acclimation have been found to increase cold tolerance in 

insects. Regarding chill coma mechanism, the currently favoured explanation suggests 

that chill coma is initiated by the sudden increase in haemolymph [K
+
] as a result of 

failure of active ion transports that usually maintain normal ion distributions across the 

cell membrane (MacMillan and Sinclair 2011a). The migration of Na
+
 and water out of 

the haemolymph causes the decrease in haemolymph volume that eventually concentrates 

haemolymph [K
+
]. Increase in haemolymph [K

+
] during cold exposure often leads to 

chilling injury and cell death. However, recent studies of locusts suggest that chill coma 

paralysis occurs before haemolymph [K
+
] imbalance and it is low temperature itself that 

plays a direct role in neuromuscular failure (Findsen et al. 2014; MacMillan et al. 2014). 

Also, a study of crickets (Gryllus spp.) showed that loss of ion homeostasis occurs at later 

stages (days) of cold exposure and does not reflect changes in early stages of chill coma; 

therefore, chill coma onset that usually occurs rapidly is likely the result of other 

mechanism rather than the loss of ion balance (Des Marteaux and Sinclair 2016). Instead, 

this ion imbalance may negatively affect CCRT because chill coma recovery involves a 

re-establishment of ion and water homeostasis. Chill-tolerant insects usually have tissues 

that are more resistant to Na
+
 leak during cold exposure (Des Marteaux and Sinclair 

2016). In chill-susceptible insects, pre-exposure to cold has been found to prevent Na
+
 

leak to some extent. The effects of temperature and K
+
 have been found to act 

independently during cold exposure (MacMillan et al. 2014). As mentioned earlier, ion 

homeostasis is maintained during acute cold exposure, it is likely the 'temperature effect' 

that is responsible for chill coma entry, whereas the 'potassium effect' is responsible for 

chill coma recovery. This explains why the CTmin and CCRT appear to be poorly 
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correlated (MacMillan et al. 2014). In the present study, we suggest that the 'temperature 

effect' during RCH at 4 °C and cold acclimation at 10 °C is not strong enough to change 

CTmin because it may require longer time or lower temperature of cold exposure. 

However, the 'potassium effect' during RCH at 4 °C and cold acclimation at 10 °C can 

reduce CCRT. 

 

4.2 Nervous system 

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

to the failure of properly co-ordinated behaviour and of the generation of vital motor 

patterns (Robertson 2004; Robertson and Money 2012). We measured DCMD activity 

and FP to determine the cessation of action potentials and the timing to K
+
 surging 

activity, respectively. The FP became negative abruptly around the same temperature at 

which the DCMD activity ceased (Figure 6). We used the negative shifts of FP (FP shifts) 

to indicate failing temperatures in the present study because they represent mass 

depolarization in the CNS, whereas the DCMD activity represents only a single neuron. 

There is fairly conclusive evidence that low temperature causes the 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 the present 

study, we show that in addition to the muscular system, the disturbance of K
+
 

homeostasis caused by low temperature also occurs in the CNS. Potassium plays an 

important role, not only in the muscular system, but also in the nervous system. We 

believe that this disturbance of K
+
 homeostasis in the CNS may be the mechanism 

underlying chill coma during cold exposure. 
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As our laboratory has studied phenomena underlying locust comas induced by 

environmental stressors, we found that in the locust, the sudden loss in K
+
 homeostasis 

and the temporary 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. 2010). Neuronal membranes are depolarized when [K
+
]o increases and a neuron 

discharges when its firing threshold is reached (Somjen 2002). If the [K
+
]o level becomes 

abnormally high, it will cause further depolarization, which in turn, can depress neuron 

excitability (Somjen 2002). In the present study, we support 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. A study using ouabain, a Na
+
/K

+
-ATPase inhibitor, showed 

that the Na
+
/K

+
-ATPase plays an important role in maintaining ion homeostasis needed 

for proper neuronal activity, including K
+
 clearance (Rodgers et al. 2010). The Na

+
/K

+
-

ATPase has been reported to have a temperature coefficient (Q10) around 1.5 – 3 (Leong 

and Manahan 1997; Nakamura et al. 1999; MacMillan and Sinclair 2011b; DiFranco et 

al. 2015). With the Q10 higher than 1, the Na
+
/K

+
-ATPase activity is temperature-

dependent. Low temperature reduces the Na
+
/K

+
-ATPase activity, leading to excess K

+
 in 

the extracellular space because K
+ 

clearance cannot keep up with K
+
 accumulation. After 

returning to normal temperature (room temperature), [K
+
]o is restored to normal levels 

and this is associated with recovery from the coma-like state. Because locust comas are 

reversible, it is probable that locusts enter this coma-like state as an adaptive strategy to 

cope with environmental stressors (Rodgers et al. 2010). 
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Again, pre-exposure to cold enhances the locust's cold tolerance upon subsequent 

cold exposures. There were short-term effects of cold neural failure when the preparation 

was allowed to recover at room temperature for 15 minutes before being subjected to 

another cold exposure (Figure 7). After 15 minutes, the FP shift in the second run 

occurred at the significantly lower temperature than the FP shift in the first run (Figure 

7). There was no significant difference in the failing temperatures of 30-min-recovery 

and 45-min-recovery trials (Figure 7). Additionally, we observed that the locusts that 

were allowed to recover for 45 minutes had impaired performance. This may be because 

the locusts were cut open and exposed for too long affecting their physiological processes 

negatively. 

We did not conduct the cold acclimation treatment in the semi-intact preparation. 

We exposed locusts to 4 °C for 2, 4 and 6 hours and allowed them to recover at room 

temperature for 1 hour. Initially, we predicted that the locusts that were exposed for 6 

hours would have the lowest failing temperature, but after RCH treatment at 4 °C, we 

found that the locusts that were exposed for 4 hours entered chill coma at the 

significantly lower temperature than the control locusts and the locusts that were exposed 

for 2 hours and 6 hours (Figure 8). Likewise, the time to FP shift of locusts that were 

exposed for 4 hours was significantly longer than the times to FP shift of the other three 

groups (Figure 9). 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 the 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 may be two reasons that the results of the locusts that were 
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exposed for 6 hours were different from our prediction: (1) the locusts were not healthy 

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. 

A possible explanation for the lower failing temperatures of the pre-chilled 

locusts is that the pre-chilled locusts synthesize heat shock proteins (hsps) during RCH 

treatment. The expression of hsps can be induced by stressors, such as a heat shock, cold 

shock and period of anoxia (Newman et al. 2003; Li and Denlinger 2008; Cui et al. 

2014). Hsps, under stressful conditions, help stabilizing proteins and cytoskeleton and 

enhance thermotolerance of insects. Because neural signalling requires proper protein-

protein interactions, hsps can exert their effects by stabilizing key signalling proteins 

(Chamberlain and Burgoyne 1998) and maintaining pre- or post-synaptic activity 

(Ramirez et al. 1999; Barclay and Robertson 2000). In locusts, heat shock has been found 

to play a role in stabilizing the cytoskeleton and ensuring the proper operation of 

membrane proteins such as ion channels and the Na
+
/K

+
-ATPase (Robertson 2004; 

Garlick and Robertson 2007). Ion channel activity in neurons is normally regulated by 

actin and microtubules; therefore, the stabilization of the cytoskeleton is essential for 

preserving neural function (Prat and Cantiello 1996; Garlick and Robertson 2007). A 

well-known hsp, hsp70, is found to improve neural thermoprotection in fruit fly 

(Karunanithi et al. 2002; Robertson 2004), but so far there is no detectable effect of heat 

shock on hsp70 expression in the locust MTG (Dehghani et al. 2011; Hou et al. 2014). 

There may be other hsps that play a role in protecting the locust against stress. 

Trafficking of the Na
+
/K

+
-ATPase in neuronal plasma membrane during pre-treatments 

may be another possible explanation. A study of hyperthermia suggested that the heat 
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shock pre-treatment increases the abundance of Na
+
/K

+
-ATPase in neuronal membrane 

which enhances the ability to manage abnormally high level of [K
+
]o and restores ion 

homeostasis (Hou et al. 2014). However, we did not conduct any molecular experiment 

to obtain clear evidence in the present study. 

Although the locusts that were exposed to 4 °C for 4 hours showed an 

improvement of cold tolerance, the amplitudes of FP shift of the control locusts and the 

RCH locusts were not significantly different (Figure 10). Measuring the FP can 

determine the timing of K
+
 surging activity. We think that the amplitude of FP shift can 

indicate the capacity of change in ion balance, particularly K
+
 balance. Because the 

locusts were cut open, we did not measure their CCRT. However, we presume that the 

locusts that had smaller amplitude of FP shift will recover faster than the other groups 

because they should require less time to return to normal level. Lastly, we looked at the 

relationship between starting temperatures and failing temperatures because we collected 

the data on different days that had different daily temperatures. Starting temperatures had 

no effect on failing temperatures in all four groups. (Figure 11). Therefore, we can 

eliminate this potential bias that might have occurred during data collection.  

 

4.3 Conclusion 

As climate changes around the globe, it affects the distributions of temperature-

dependent animals, such as insects. In the present study, we demonstrated that low 

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

changes consistent with disruptions in ion homeostasis, particularly K
+
, in the locust CNS 

which lead to the temporary neural shutdown. We also provided some evidence that pre-
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exposure to moderately low temperature can improve the locust's resistance to chill coma. 

In the whole animal preparation, both RCH at 4 °C and cold acclimation at 10 °C could 

enhance the locust's resistance to chill coma by reducing CCRT. In the semi-intact 

preparation, RCH at 4 °C for 4 hours lowered the failing temperature at which the K
+ 

surging occurred. We speculate that hsps and Na
+
/K

+
-ATPase are involved in the locust's 

cold tolerance. However, we did not perform any experiments to provide definitive 

evidence. Therefore, further studies are needed to investigate whether hsps and Na
+
/K

+
-

ATPase activity play roles in improving the locust's cold tolerance. 

In insects, their responses to environmental extremes are crucial because they play 

significant roles in most ecosystems. This study on cold stress and locust chill coma may 

advance our current idea of the neuronal mechanisms underlying chill coma entry and 

chill coma recovery and how chill-susceptible insects cope with low temperatures to 

survive and resume normal body function. Although the questions about mechanism 

remain, there is increasing support for the notion that the CNS has an important role in 

determining entry into and exit from chill coma. Our findings may contribute to better 

understanding of spreading depolarization (SD). Despite obvious differences in the 

design of the CNS, neural shutdown due to high [K
+
]o in locusts has been found to share 

many characteristics of SD in mammals (Rodgers et al. 2010; Spong et al. 2016). When 

SD occurs in mammalian cortical tissue, it is called cortical spreading depression (CSD). 

[K
+
]o changes during mammalian CSD are notably similar to those in the locust ganglion, 

both in terms of speed and amplitude of [K
+
]o increase. Therefore, SD-like events in the 

locust CNS have been proposed as a model to study the mechanisms underlying CSD, 

which is associated with human disorders including stroke, seizures and migraine. Our 
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study on cold-induced coma in locusts may provide useful information for determining 

the treatment of mammalian brain disorders. 
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4.4 Summary 

1. Chill coma in the locust may result from the shutdown of the nervous system 

generated by the surge of [K+]o during cold exposure. 

2. Locusts can recover from chill coma after returning to normal temperature, but it 

takes time to recover from this paralysis. 

3. In the whole animal preparation, RCH at 4 °C and cold acclimation at 10 °C 

enhanced the locust's cold tolerance by reducing CCRT, but not CTmin.  

4. We suggest that the 'temperature effect' during RCH at 4 °C and cold acclimation at 

10 °C is not strong enough to change CTmin, but the 'potassium effect' during RCH 

at 4 °C and cold acclimation at 10 °C can reduce CCRT 

5. In the semi-intact preparation, the K+ surging activity (FP shift) occurred around the 

same temperature at which the DCMD activity ceased. 

6. There were short-term effects of cold neural failure when the preparation was 

allowed to recover at room temperature for 15 minutes before being subjected to 

another cold exposure.  

7. The locusts that were exposed to RCH at 4 °C for 4 hours tolerated the longer 

exposure to cold and entered chill coma at the lower temperature. 

8. There was no relationship between starting temperatures and failing temperatures of 

cold exposure. 

9. We speculate that heat shock proteins and Na+/K+-ATPase are involved in the 

locust's cold tolerance, but further studies are needed to obtain definitive evidence. 
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