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Preface 
This thesis is the result of projects carried out at the section for Zoophysiology, 

Department of Biology from 2017 to 2020. This thesis is mainly concerned with the 

least cold-hardy insects, the chill-susceptible insects, and the effects of non-freezing 

cold exposure on these organisms. In particular, the links between cold exposure, 

skeletal muscle depolarization and injury accumulation have been emphasised in the 

projects of this thesis. Chapter 1 of this thesis includes an introduction to some of the 

central topics in this thesis including: 

- A broad overview of the classification of insect cold-hardiness

- The mechanisms to generate the resting membrane potential in insect muscle

- Mechanisms for hypothermia-induced injury accumulation

- Mechanisms to enhance cold tolerance

Following this, the experimental result are presented in the five manuscripts 

(Chapters 2-6). I am first author (or shared first author) on all five manuscripts of 

which three are accepted (Chapters 2-4), one manuscript is submitted (Chapter 5) and 

one manuscript (Chapter 6) is still a work in progress. 

In accordance with GSST rules, parts of this thesis were also used in the progress 

report for the qualifying examination. 

Aarhus, October 2020 

Jeppe Seamus Bayley 
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English abstract 
Cold exposure can adversely affect insects and the cold tolerance of different species 

is therefore one of the most important traits that defines their geographical 

distribution. The detrimental effects of cold exposure depends on the severity of the 

cold exposure (temperature and duration) and of the species tolerance. For cold, 

sensitive insects, it has been shown that many of the debilitating effects of cold 

exposure are linked to cold-induced depolarization of the excitable tissues. Thus, 

nerves and muscle of cold sensitive insects will quickly depolarize following cold 

exposure rendering the insect paralysed and vulnerable. Cold exposure also disrupts 

the regulation of ion homeostasis, which leads to haemolymph hyperkalaemia, 

exacerbating the tissue depolarization and eventually inducing injury accumulation. 

Conversely, cold tolerant insects prevent many of the dysregulations observed in their 

cold sensitive counterparts. Thus, cold tolerant insects resist cold-induced paralysis, 

protects their haemolymph ion homeostasis and resist injury accumulation during 

cold exposure. The ability to resist cold-induced paralysis and injury accumulation is 

partly explained by preservation of haemolymph ion homeostasis, but other cellular 

mechanisms are also likely to contribute. The research of this thesis is focused on the 

physiological link between cold induced cell depolarization and cell injury and how 

these associations differ with cold acclimation and adaptation. The research showed 

that cold exposure induces injury in Locusta migratoria (a cold sensitive insect) by 

depolarizing their muscle. This depolarization resulted in a debilitating Ca2+ influx 

which presumably upregulates necrotic/apoptotic pathways causing cell injury 

(Chapter 2). Further research showed that cold-acclimated locusts increased 

tolerance to depolarization (Chapter 4). The mechanisms that support depolarization 

tolerance requires further research but the data suggested the possibility that voltage 
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gated Ca2+ channels of cold-acclimated locust muscle are suppressed under 

depolarizing conditions (Chapter 3). Cold-acclimation of locusts was also associated 

with increased resistance to cold-induced depolarization by upregulating voltage-

gated K+ channels (Chapter 4). In a cold adapted species (Drosophila montana) 

resistance to cold-induced depolarization was even more pronounced. Here, 

preliminary evidence suggests the membrane potential of muscle from D. montana is 

preserved by increasing the thermal stability of the electrogenic component of the 

resting membrane potential (Chapter 6). Finally, I constructed and experimentally 

tested a mathematical model of the muscle membrane potential in insects in order to 

more firmly understand the components of the resting membrane potential in insects 

(Chapter 5). More work is required to identify all the key components of the resting 

membrane potential but this modelling approach shows promise to improve our 

understanding of the resting membrane potential in insects and how it is affected by 

temperature. In conclusion, this thesis provides evidence to explain how cold-induced 

depolarization is linked to cold-induced injury in cold sensitive insects. Furthermore, 

the results of this thesis show that cold-acclimation and adaption can affect the 

relationship between cold exposure, depolarization and injury accumulation and 

several mechanisms have been identified that can explain how this modulation 

occurs.  
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Dansk resumé 
Kuldeeksponering påvirker insekter negativt og forskellige arters kuldetolerance er 

derfor en af de vigtigste egenskaber der definerer den geografiske udbredelse af 

insekter. De ugunstige effekter ved kuldeeksponering afhænger af sværhedsgraden af 

kuldeeksponering (temperatur og varighed) og af arten. For insekter kuldesensitive 

insekter er det blevet vist at mange af de skadelige effekter af kuldeeksponering er 

forbundet med kuldeinduceret depolarisering af de excitable væv. Dermed 

depolariserer både nerve og muskelvæv hurtigt under kuldeeksponering hvilket 

efterlader insektet paralyseret og sårbart. Kuldeeksponering forstyrrer også 

reguleringen af ion homøostase, hvilket leder til hyperkaliæmi i hæmolymfen, 

forværrer vævenes depolarisering og endelig inducerer akkumulation af vævsskade. 

Omvendt er kuldetolerante insekter i stand til at forhindre mange af de 

dysreguleringer der ses i deres kuldesensitive modparter. Dermed er kuldetolerante 

insekter i stand til at modstå kuldeinduceret paralyse, beskytte hæmolymfens ion 

homøostase og modstå akkumulering af vævsskade under kuldeeksponering. Evnen til 

at modstå kuldeinduceret paralyse og akkumulation af vævsskade er delvist forklaret 

ved den forbedrede evne til at bevare hæmolymfens ion homøostase, men andre 

mekanismer bidrager sandsynligvis også. Forskningen bag denne afhandling er 

fokuseret på den fysiologiske forbindelse mellem kuldeinduceret depolarisering og 

vævsskade og hvordan disse sammenhænge varierer med kuldeakklimatisering og 

tilpasning. Forskningen vista at kuldeeksponering inducerer vævsskade i Locusta 

migratoria (et kuldesensitivt insekt) ved at depolarisere deres muskler. Denne 

depolarisering resulterer i skadelig Ca2+ flux ind i cellerne hvilket antageligvis 

opregulerer nekrotiske/apoptotiske processer og forårsager vævsskade (Kapitel 2). 

Yderligere forskning viste at kuldeakklimatiserede græshopper øgede deres tolerance 
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for depolarisering (Kapitel 4). For at forstå mekanismen der tildeler insekter tolerance 

til depolarisering er yderligere forskning påkrævet, men data indikerer at der er en 

mulighed for at spændingsfølsomme Ca2+ kanaler i græshoppemuskler er 

nedreguleret under depolariserende tilstande (Kapitel 3). Kuldeakklimatisering af 

græshopper var også associeret med forøget modstand mod kuldeinduceret 

depolarisering ved opregulering af spændingsfølsomme K+ kanaler (Kapitel 4). I en 

kuldetilpasset art (Drosophila montana) var modstanden mod kuldeinduceret 

depolarisering endnu mere udtalt. Her indikerer indledende evidens at 

membranpotentialet i muskler fra D. montana bevares ved at øge 

temperaturstabiliteten af den elektrogene komponent af hvilemembranpotentialet 

(Kapitel 6). Endelig konstruerede, og eksperimentelt testede, jeg en matematisk 

model af muskelmembranpotentialet i insekter med henblik på bedre at forstå de 

komponenter de indgår i hvilemembranpotentialet i insekter (Kapitel 5). Mere 

arbejde er påkrævet for at identificere alle de væsentlige komponenter der indgår i 

hvilemembranpotentialet, men denne modelleringstilgang viser potentiale til at 

forbedre vores forståelse af hvilemembranpotentialet i insekter og hvorledes dette 

påvirkes af temperatur. Det konkluderes at denne afhandling frembringer nye beviser 

der forklarer hvordan kuldeinduceret depolarisering er forbundet med kuldeinduceret 

vævsskade i kuldesensitive insekter. Ydermere, viser resultaterne af denne afhandling 

at kuldeakklimatisering og tilpasning kan påvirke sammenhængen mellem 

kuldeeksponering, depolarisering og vævsskade og adskillige mekanismer er blevet 

identificeret der kan forklare hvordan denne påvirkning foregår. 
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Chapter 1 
The skeletal muscle membrane potential and cold tolerance 

in insects 
 

Insects are the most species rich group of animals on the planet and representatives 

from this group can be found in almost every terrestrial habitat (Bale, 2002). The 

ability to tolerate cold exposure is one of the primary attributes that determine the 

geographical distribution of insect species (Addo-Bediako et al., 2000; Kimura, 2004; 

Sunday et al., 2010). Thus, to understand the mechanisms that limits the dispersal of 

insect species, we must also understand how cold impacts insect physiology and how 

insects modulate cold tolerance. The physiological effects of low environmental 

temperature on insects depends on the severity of cold exposure (temperature and 

duration) as well as the cold tolerance of the species. For the cold sensitive insect 

species one of the primary detrimental effects of cold exposure is membrane 

depolarization (Overgaard and MacMillan, 2017). Membrane depolarization leads to 

loss of tissue excitability that paralyses the insect and prolonged depolarization is 

associated with injury accumulation (MacMillan et al., 2014; MacMillan et al., 2015a; 

Manuscript A; Manuscript B). Conversely, cold-acclimated or adapted insects are able 

to resist or prevent cold-induced depolarization and injury accumulation (Andersen 

and Overgaard, 2019; Andersen et al., 2015; Andersen et al., 2017a; Manuscript C; 

Manuscript E). This introductory review, will briefly introduce the different categories 

of insect tolerance (freeze-tolerance, freeze-avoidance and chill-susceptibility). 

Following this, the mechanisms that generate the resting membrane potential in 

insect skeletal muscle are described. This is done to provide the background to 

understand how cold exposure disrupts the insect membrane potential. Having 
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established this background, I discuss the physiological processes that may be 

involved in cellular injury following tissue depolarization. Finally, possible mechanisms 

to enhance insect cold tolerance are discussed with special emphasis on mechanisms 

to resist or tolerate cold-induced depolarization. 

 
Types of insect cold tolerance 
Some insects can survive extreme sub-zero temperatures and several insect species 

have lower lethal temperatures below -50 °C in certain life stages (Sinclair, 1999). 

Other insects are much more cold-sensitive and accumulate injury and die even at 

pre-freezing temperatures (Overgaard and MacMillan, 2017). Consequently, it is 

necessary to classify insects based on their cold tolerance in order to compare the 

results of experiments on different insect species. The number of classifications 

needed to describe insect cold tolerance has been debated (Bale, 1993; Bale, 1996; 

Sinclair, 1999), but in the present review I use a simplified version of the classification 

scheme proposed by Bale (1993). According to this scheme, three types of cold 

tolerance are considered, namely: freeze-tolerance, freeze-avoidance and chill-

susceptibility.  This thesis is mainly concerned with injury accumulation occurring at 

pre-freezing temperatures in chill susceptible insects and the injuries occurring 

following ice formation are therefore not described in great detail. Regardless, to 

provide a perspective, the general classes of insect cold tolerance are described 

below.  

 
Freeze-tolerant insects 
As the name suggests, freeze-tolerant insects comprise a group of insects that 

generally experience no/limited injury accumulation at pre-freezing temperatures and 

continue to survive even after some ice formation in their bodies (Bale, 1996). Thus, 
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freeze-tolerance is defined by the ability to tolerate extensive extracellular freezing 

without accumulating injury, but in most freeze-tolerant species the cold exposure 

can become so severe that these species eventually accumulate injury through a 

number of pathways including excessive cell dehydration induced by extracellular 

freezing, protein-denaturation, membrane phase disruption, etc. (Toxopeus and 

Sinclair, 2018; Zachariassen, 1985). Freezing imposes different stresses on insect 

tissues depending on whether the ice formation is intracellular or extracellular. When 

extracellular freezing occurs, the osmolarity of the unfrozen fraction of the 

extracellular fluid will increase. When the extracellular osmolarity increases, this 

reduces the melting point of the remaining extracellular fluid and thus helps to limit 

further freezing (Zachariassen, 1980; Zachariassen, 1985). A further consequence of 

the increased extracellular osmolarity is efflux of intracellular water that causes 

cellular shrinkage until the intracellular fluid reaches an osmolarity that is in 

equilibrium with the extracellular compartment. Water efflux can stress the cells in 

several ways: Firstly, according to Zachariassen (1985) cell shrinking can reach a limit 

where the membrane is shrunk to a point where it presses against a matrix of 

intracellular structures. Furthermore, the water efflux result in increased osmolarity 

in the remaining cytosol leading to a series of detrimental effects including pH 

disturbances, protein denaturation/precipitation, changes in membrane potential, 

toxic accumulation of intracellular solutes, membrane phase changes, etc. (Ramløv, 

2000; Toxopeus and Sinclair, 2018; Zachariassen, 1985). Conversely, when 

intracellular freezing occurs, intracellular osmolarity increases, thereby inducing cell 

swelling (Zachariassen, 1985 and refs within). Such intracellular freezing may 

therefore lead to cell rupture and freeze-tolerant insects are generally considered 

intolerant of intracellular freezing (Bale, 1996). Thus, freeze-tolerant insects often 

promote extracellular freezing by synthesis of various proteins that can function as 

ice-nucleating agents in the extracellular compartment (Duman, 1982; Duman, 2001). 
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Ice-nucleating agents ensure that haemolymph freezing occurs at relatively mild sub-

zero temperatures in freeze-tolerant insects and this helps to prevent intracellular 

freezing (Toxopeus and Sinclair, 2018; Zachariassen, 1980; Zachariassen, 1985). A 

major adaptation related to freeze-tolerance is the synthesis of compatible 

osmolytes, which help control the rate of extracellular freezing and limit intracellular 

water efflux. Furthermore, freeze-tolerance is also associated with alterations in 

membrane composition to stabilize membrane fluidity (Koštál et al., 2016; Toxopeus 

and Sinclair, 2018; Zachariassen, 1985).  

 
Freeze-avoiding insects 
The other group of insects with considerable tolerance to cold are the freeze-avoiding 

insects. Insects belonging to this category are considered to be truly freeze-avoiding if 

they resist cold injury as long as they remain unfrozen (Bale, 1996). Thus, in contrast 

to freeze-tolerant insects that promote extracellular freezing, these insects must 

prevent ice formation. The freeze-avoiding strategy typically involves substantial 

lowering of the supercooling point (the temperature of spontaneous ice nucleation) 

which can be lowered to very low sub-zero temperatures (below -50 °C in some 

species) (Duman, 1982; Ramløv, 2000; Zachariassen, 1985). To reduce the 

supercooling points freeze-avoiding insects often accumulate very high 

concentrations of compatible osmolytes in the form of various polyols including: 

glycerol, sorbitol, mannitol, ethylene glycol and others (Duman, 2001; Zachariassen, 

1985). The synthesis of compatible solutes depress both the melting point and the 

supercooling point, although the supercooling point is depressed almost twice as 

much, through the colligative effects of these osmolytes in solution (Zachariassen, 

1985). Freeze-avoiding insects also remove ice-nucleating agents (a substance that 

can promote ice formation) to avoid spontaneous ice formation. For example it is 

known that gut contents can act as ice-nucleating agents and the gut of freeze-
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avoiding insects is therefore usually emptied in preparation for seasonal hypothermia 

(Zachariassen, 1985). Some proteins may also have ice-nucleating effects and these 

proteins are also removed from the haemolymph and intracellular compartment 

when possible (Duman, 2001; Duman et al., 2010). Another hallmark of freeze-

avoidance is the expression of antifreeze proteins that are synthesized to counteract 

ice-nucleating activity. Antifreeze proteins function by adhesion to the surface of a 

growing ice crystal which slows or inhibits growth of the ice crystal (Duman, 2001; 

Duman et al., 2010). Effectively this means that the melting and freezing temperature 

of the body fluids are dissimilar. Historically, all insects that were not freeze-tolerant, 

were classified as freeze-avoiding. Such a classification is problematic because many 

insects do not tolerate low temperature per se and such species will succumb at 

temperatures much higher than the spontaneous freezing point of their body-fluids. 

Insects that cannot tolerate low temperatures above their freezing point are termed 

chill-susceptible insects (Bale, 1996; Overgaard and MacMillan, 2017). 

 
Chill-Susceptible insects 
Chill-susceptible insects are the least cold tolerant category of insects and this group 

probably includes the majority of species including most species from the tropical and 

subtropical regions (Overgaard and MacMillan, 2017). Furthermore, many insects that 

are freeze-tolerant/avoiding in the winter have a chill-susceptible phenotype in the 

summer (Zachariassen, 1985) and the physiological challenges of chill-susceptible 

insects are therefore relevant for most species of insects. Chill-susceptible insects can 

be further subdivided depending on how chill-sensitive they are. However, it is a 

common feature of all members of this group that they accumulate injury at 

temperatures where no ice formation occurs with some chill-susceptible insects even 

accumulating injury at temperatures well above 0 °C (Bale, 1993). The causes of cold 

injury in chill-susceptible insects are still not fully understood, but accumulating 
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evidence show that cold-induced injury in chill-susceptible insects is linked to loss of 

ion homeostasis and depolarization (Fig. 1) (Andersen et al., 2017a; Koštál et al., 

2004; Koštál et al., 2006; MacMillan et al., 2015a; Overgaard and MacMillan, 2017). 

Thus, it seems that loss of ion balance (and other physiological perturbations) causes 

cellular depolarization which in turn leads to injury (MacMillan et al., 2015a). 

Evidence suggests that cold-induced depolarization causes injury by inducing 

excessive Ca2+ influx (Manuscript A). Considering the close association between 

depolarization and chill injury in insects it is important to understand the physiological 

properties of the resting membrane potential in insect skeletal muscle and how these 

are potentially affected by exposure to low temperature. 

Figure 1 – (a) The relationship between temperature and membrane potential in the 
muscles of a number of chill-susceptible insect species. (b) Haemolymph K+ 
concentration and insect survival for a number of insect species for different cold 
exposure severities (temperature and duration). The figure is modified from 
Overgaard and Macmillan (2017). 
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The resting membrane potential in insects 
During cold exposure, the excitable tissues of a chill-susceptible insect will quickly 

depolarize, resulting in a reversible state of paralysis called chill coma (Andersen et 

al., 2015a; Gibert and Huey, 2001; Hosler et al., 2000; MacMillan and Sinclair, 2011a; 

Robertson et al., 2017). During prolonged cold exposure, further depolarization 

occurs as a result of loss of ion balance and eventually, injury starts to accumulate 

(Koštál et al., 2004; MacMillan et al., 2015a; Manuscript A). The mechanistic link 

between cold injury and depolarization likely involves the activation of voltage gated 

Ca2+ channels (Manuscript A and see discussion below). Considering the links between 

cold-induced depolarization, paralysis and injury, it is therefore important to consider 

the physiological factors determining the resting membrane potential. This 

understanding is also critical to understand the disruptions occurring during cold 

exposure and to understand how cold-acclimation/adaption can modulate the effects 

of low temperature on resting membrane potential. The following section briefly 

describes how the insect muscle membrane potential is normally maintained and how 

it is disrupted by cold exposure. 

Two distinct components of the resting membrane potential will be considered: the 

electrogenic and the diffusional component. The two components differ markedly in 

their temperature sensitivity despite the fact that many elements of the 

transmembrane/intracellular environment affecting the membrane potential are 

likely to interact with both components. The following sections will elaborate on the 

properties of these 2 components.   

 
The electrogenic membrane potential 
The electrogenic component of the membrane potential relies on the action of 

electrogenic ion pumps: pumps that transport net charge across the membrane 
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during a pumping cycle. The effects of cold exposure on the electrogenic component 

of the membrane potential is discussed in further detail below. However, it is notable 

that much of the initial cold-induced depolarization is due to a reduction of the 

electrogenic component. The Na+/K+ pump is a common example of an electrogenic 

pump, pumping 3 Na+ out of the cell and 2 K+ into the cell during a pumping cycle and 

thus producing an electrogenic membrane potential (Clausen, 2013; Wareham et al., 

1974). The Na+/K+ pump therefore contributes to the membrane potential in two 

ways: firstly by affecting the distribution of Na+ and K+ across the membrane and 

secondly, by the electrogenic current occurring in each pump cycle. The magnitude of 

the electrogenic component of the membrane potential may vary depending on the 

tissue/species (Clausen, 2003; Djamgoz, 1987; Henon and Ikeda, 1981; Thomas, 1972; 

Wareham et al., 1974). In mammal skeletal muscle, the resting electrogenic 

contribution of the Na+/K+ pump has been estimated to be around 10 mV (Clausen 

and Flatman, 1977; Krivoi et al., 2008), whereas this magnitude in insects can be as 

large as almost 1/3 (20 mV) of the total membrane potential for some insects 

(Manuscript E; Rheuben, 1972; Wareham et al., 1975).  

When chill-susceptible insects are exposed to hypothermia, much of the initial 

depolarization in their muscles occurs because the activity of electrogenic pumps are 

reduced. This reduction in activity is likely due to the direct thermodynamic effects of 

temperature on pumping activity or caused by indirect effects on membrane fluidity. 

In L. Migratoria, cooling muscles from 20-30 °C to 0 °C has been shown to depolarize 

the membrane by 15-25 mV within minutes (Andersen et al., 2017a; MacMillan et al., 

2014; Manuscript A; Manuscript C). Similarly, muscles from many other chill-

susceptible insects have been shown to depolarize quickly upon cold exposure 

(Andersen et al., 2015a; Dawson et al., 1989; Hosler et al., 2000; Leech, 1986; 

Wareham et al., 1975). Furthermore, in some of these studies, the decrease was 
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attributed to an ouabain sensitive pump suggesting involvement of the Na+/K+ pump 

(Henon and Ikeda, 1981; Manuscript C; Wareham et al., 1974; Wareham et al., 1975). 

During short-term cold exposure, insect muscle depolarize primarily due to the 

reduced electrogenic component as short term cold exposure has minimal impact on 

the ion balance (Fig. 2).  If the cold exposure is sufficiently short, this state of paralysis 

is reversible however, as the cold exposure duration increases, ion homeostasis is 

gradually disrupted as well which affects the diffusional membrane component and is 

associated with further depolarization and injury accumulation (MacMillan et al., 

2014; MacMillan et al., 2015a; Overgaard and MacMillan, 2017). 

 

Figure 2 – The effect of cold exposure on Na+ and K+ homeostasis (A) and membrane 
potential (B) of locust muscle. In panel A, dashed lines represent the mean value from 
locusts that were kept at room temperature. In panel B, solid and dashed lines 
represent the mean (± SEM) resting membrane potential of muscles kept at room 
temperature. The arrow highlights the substantial initial depolarization which occurs 
before loss of ion homeostasis (compare panel A and B). The figure is modified from 
Macmillan et al. (2014). 

 

15



The diffusional membrane potential 
The diffusional membrane potential is the portion of the membrane potential 

generated by the uneven distribution of ions across the membrane. The effect of 

temperature on the diffusional component occurs primarily through the cold induced 

disruption of the ion homeostasis (Fig. 2). When the electrogenic component is near 

zero, the diffusional component can be described by the Goldman-Hodgkin-Katz 

equation (Goldman, 1943; Hodgkin and Katz, 1949). In most tissues, the membrane 

potential can be accurately described by considering only the contribution of Na+, K+ 

and Cl- ions to the membrane potential. In this case, the equation is: 

𝐸𝐸𝑚𝑚 =
𝑅𝑅 ∙ 𝑇𝑇
𝐹𝐹

∙ ln�
𝑃𝑃𝑁𝑁𝑁𝑁 ∙ [𝑁𝑁𝑎𝑎+]𝑒𝑒 + 𝑃𝑃𝐾𝐾 ∙ [𝐾𝐾+]𝑒𝑒 + 𝑃𝑃𝐶𝐶𝐶𝐶[𝐶𝐶𝑙𝑙−]𝑖𝑖
𝑃𝑃𝑁𝑁𝑁𝑁 ∙ [𝑁𝑁𝑎𝑎+]𝑖𝑖 + 𝑃𝑃𝐾𝐾 ∙ [𝐾𝐾+]𝑖𝑖 + 𝑃𝑃𝐶𝐶𝐶𝐶[𝐶𝐶𝑙𝑙−]𝑒𝑒

�                                               (1) 

Here R is the ideal gas constant, F is Faraday’s constant, T is the absolute temperature 

and PNa, PK and PCl are the permeabilities of the involved ions. The subscript e or i 

represent the intracellular or extracellular compartments and the brackets means the 

concentration of the relevant ion. The Goldman-Hodgkin-Katz equation is derived 

under the assumption that the membrane potential is constant (𝑑𝑑𝐸𝐸𝑚𝑚
𝑑𝑑𝑑𝑑

= 0) and that 

the currents across the membrane are carried by passive flux through ion channels 

(Goldman, 1943; Hodgkin and Katz, 1949). By knowing just the ion concentrations of 

Na+, K+ and Cl- and their permeabilities relative to K+, this elegant equation allows 

calculation of membrane potentials using only a few assumptions. However, as 

discussed above, the electrogenic current is frequently observed to generate more 

than 1/5 of the total membrane potential in insect muscle (Henon and Ikeda, 1981; 

Manuscript C; Manuscript E; Wareham et al., 1975) and thus, the assumption that 

transmembrane currents are carried exclusively as passive fluxes is violated. As an 

extension of the Goldman-Hodgkin-Katz equation, the Mullins-Noda equation, allows 

calculation of the membrane potential whilst taking into account, the electrogenic 
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contribution of the Na+/K+ pump. The derivation of this equation is done using similar 

assumptions as the Goldman-Hodgkin-Katz equation, but additionally takes into 

account the current carried by active pumping (Mullins and Noda, 1963).  The 

resulting equation is: 

𝐸𝐸𝑚𝑚 =
𝑅𝑅 ∙ 𝑇𝑇
𝐹𝐹

∙ ln�
𝑃𝑃𝑁𝑁𝑁𝑁 ∙ [𝑁𝑁𝑎𝑎+]𝑒𝑒 + 𝑟𝑟 ∙ 𝑃𝑃𝐾𝐾 ∙ [𝐾𝐾+]𝑒𝑒
𝑃𝑃𝑁𝑁𝑁𝑁 ∙ [𝑁𝑁𝑎𝑎+]𝑖𝑖 + 𝑟𝑟 ∙ 𝑃𝑃𝐾𝐾 ∙ [𝐾𝐾+]𝑖𝑖

�                                                                 (2) 

Here, r is the number of Na+ ions pumped out for every K+ ions pumped into the cell 

(i.e. r is typically 1.5). This equation was derived under chloride-free conditions, but 

may also be applied to cases where chloride is passively distributed and at 

equilibrium, since there is no net current carried by Cl- under these conditions. 

However, evidence from locust muscle suggest that Cl- is not passively distributed but 

instead actively transported through an unknown mechanism (Usherwood, 1968; 

Walther and Zittlau, 1998).  

As evident in equation 1 (i.e. temperature changes in the formula), the diffusional 

component is mildly affected by short-term cold exposure. Further depolarization of 

this component during long-term cold exposure occurs as the prolonged inactivity of 

membrane pumps and loss of osmoregulatory function results in further 

depolarization associated with loss of ion balance. This is because reduced active 

transport also increases the relative significance of passive leak to net ion 

homeostasis (Kristiansen and Zachariassen, 2001; MacMillan and Sinclair, 2011a; 

MacMillan and Sinclair, 2011b; Zachariassen et al., 2004). In the end, the 

consequence of this disruption is an increase in the concentration of K+ in the 

haemolymph (Andersen et al., 2017a; Gerber and Overgaard, 2018; Koštál et al., 

2004; Koštál et al., 2006). As predicted by the Goldman-Hodgkin-Katz equation 

(equation 1), this increase results in depolarization of the insect tissues. Since the 

Goldman-Hodgkin-Katz equation and the Mullins-Noda equation both estimate the 
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membrane potential using assumptions that are unsuited for insect muscle, other 

methods to estimate the membrane potential must be considered. The following 

section examines the potential of the charge difference modelling framework to 

simultaneously quantify both the electrogenic and the diffusional component of the 

insect muscle membrane potential. Using this approach has resulted in a highly 

accurate representation of the electrogenic component and of the behaviour of the 

resting membrane potential of insect skeletal muscle both before and during cold 

exposure (Manuscript D). 

 

The charge difference model 
The charge difference model was originally developed by Fraser and Huang (2004) 

and provides an alternative method to calculate the resting membrane potential 

compared to the Goldman-Hodgkin-Katz equation or the Mullins-Noda equations. The 

charge difference model takes both the electrogenic and the diffusional components 

of the membrane potential into account as well as the interaction between these two 

components. Importantly, the charge difference model calculates the membrane 

potential without assuming the electrogenic component to be low or for chloride to 

be passively distributed and therefore seems well suited to calculations of membrane 

potential in insect muscle. The calculations are based on the membrane capacitance 

and the net intracellular charge: 

𝐸𝐸𝑚𝑚 =
𝐹𝐹 ∙ ([𝐾𝐾+]𝑖𝑖 + [𝑁𝑁𝑎𝑎+]𝑖𝑖 − [𝐶𝐶𝑙𝑙−]𝑖𝑖 + 𝑍𝑍𝑥𝑥 ∙ [𝑋𝑋−]𝑖𝑖)

𝐶𝐶𝑚𝑚
                                                            (3) 

Here, [X-]i is the intracellular concentration of non-permeable osmolytes, Cm is the 

membrane capacitance per cell volume and Zx is the mean charge of [X-]i (the charges 

for Na+, K+ and Cl- are implicitly set to +1 or -1). The precise concentrations for this 

equation are calculated from the net flux for each ion and the cell volume. This charge 
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difference approach requires that the model is parameterised with physiologically 

realistic estimates of a range of parameters including Cm, the cell energy status, ion 

permeabilities etc. (Fraser and Huang, 2004; Manuscript D). In order to describe the 

resting membrane potential, the charge difference model must include terms for at 

least passive flux through ion selective Na+, K+ and Cl- channels as well as the Na+/K+ 

pump. Using this approach a very small, but non-zero, net intracellular charge is 

predicted to result in the resting membrane potential: for example, using parameters 

that represent an amphibian muscle (Fraser and Huang, 2004), a net charge 

difference of around 3.5 µmol negative charges / litre cell volume is predicted for a 

cell with a resting membrane potential of ca. – 90 mV. The calculated resting 

membrane potential of an amphibian skeletal muscle using this charge difference 

model, accurately reproduces recorded values (Fraser and Huang, 2004; Hodgkin and 

Horowicz, 1959). The charge difference model has also been shown to be efficient to 

model the resting membrane potential of insect skeletal muscle (Manuscript D). This 

model accurately reproduced recorded membrane potentials at 0 and 31 °C, in the 

presence of 10-30 mM extracellular K+ and in the presence of ouabain (Na+/K+ ATPase 

inhibitor) or DIDS (an anion transport blocker). One of the central predictions of this 

model was that, in addition to the terms for ion flux through channels and the Na+/K+ 

pump, the model also contained terms for flux through K+-Cl- and Na+-K+-2Cl- 

symporters that were key to enhance the electrogenic component (Manuscript D). 

Figure 3 is included here to provide an overview of the central elements of this insect 

charge difference model. 
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Figure 3 - A schematic of the insect muscle charge difference model. The membrane 
potential is calculated from the net charge (equation 3). X- represents the 
concentration of non-permeable solutes. The 3 squares represent ion channels for Na+, 
K+ and Cl-, respectively. The light green circle represents the Na+/K+ pump and the 
green circles represent the K+-Cl- and Na+-K+-2Cl- symporters. These ion fluxes and the 
accompanying water flux affect the net intracellular charge and thus, the membrane 
potential.   

Although further research is required establish all the key components of the resting 

membrane potential, the charge difference model has potential to improve our 

understanding of how cold exposure depolarizes insect muscle and how cold tolerant 

insects resist this. For insect muscle, this model is preferred over the Goldman-

Hodgkin-Katz or the Mullins-Noda equations since this model does not assume the 

electrogenic component to be low or for Cl- to be passively distributed. A further 

strength of the charge difference model is the modular nature of this model: different 

cell components can easily be added to the model and integrated in the existing 

framework of ion channels and transporters. Having established the main 

components of the resting membrane potential in insect skeletal muscle and how 
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these components may be quantified, the following section will examine the 

relationship between depolarization and cold-induced injury in chill-susceptible 

insects. 

 

Mechanisms for hypothermia-induced cell death 
There are two popular proposed mechanisms for how hypothermia induces cell death 

at pre-freezing temperatures: membrane phase transitions and depolarization 

(Overgaard and MacMillan, 2017; Teets and Denlinger, 2013; Toxopeus and Sinclair, 

2018). The two mechanisms are not mutually exclusive and it is possible that the 

relative importance of each mechanism differs depending on the specific species, 

tissue of interest and/or severity of cold exposure.  

 

Membrane phase transition-mediated cell death 

The cell membrane serves a number of crucial functions including: presenting a 

physical barrier between the cell interior and exterior and harbouring, and facilitating 

the activity of, membrane bound proteins such as ion-channels and ion-pumps (Hazel, 

1995). These functions tend to be strongly affected by membrane fluidity which in 

turn depends on the composition of lipid species in the membrane and on the 

temperature (Cornelius, 2001; Cossins et al., 1981; Hazel, 1995; Wu et al., 2004). 

Hypothermia is proposed to induce injury through membrane phase transitions by 

promoting the transition of membrane lipids to a crystal gel phase at low, but non-

freezing, temperatures (Arav et al., 1996; Hazel, 1995; Quinn, 1985). The temperature 

required to induce this phase transition depends on the lipid composition of the 

membrane (Hazel, 1995; Quinn, 1985). Injury is expected to occur through disruption 

of membrane functions including increased cell membrane leakage following the 
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membrane phase transition, particularly when the membrane is reheated (Hazel, 

1995; Quinn, 1985; Ramløv, 2000). Although there is no direct evidence for 

membrane phase transition-mediated cell death in insects, it is well known that 

modifications in membrane lipid composition play a central role for cold-acclimation 

and adaption. Thus, when a change in temperature is imposed, membrane function 

can be stabilized by regulating the membrane composition: a process known as 

homeoviscous adaption (Hazel, 1995; Teets and Denlinger, 2013). The specific 

membrane modifications seen during homeoviscous adaption depends on a number 

of factors such as the species, tissue, environmental temperature etc. However, 

typical modifications that improve cold tolerance include increasing the proportion of 

unsaturated fatty acids, altering the phospholipid head groups and decreasing the 

average fatty acid chain lengths (Colinet et al., 2016; Hazel, 1995; Koštál, 2010). 

Although exceptions are also seen, homeoviscous adaption is a widely observed 

acclimation/adaption response in a range of different poikilothermic animals 

including insects (Colinet et al., 2016; Cossins et al., 1977; Hazel, 1995; Koštál, 2010; 

Lee et al., 2006; Overgaard et al., 2005; Slotsbo et al., 2016). Membrane phase 

transitions at pre-freezing temperatures have been documented in tissues as diverse 

as mammalian and marine coral oocytes (Arav et al., 1996; Lin et al., 2014). Thus, 

considering this, as well as the close association between cold tolerance and 

modification of membrane composition in insects, membrane phase transition-

mediated cell death is likely to occur in insects under some conditions. However, 

membrane modifications could also confer cold tolerance for example by preserving 

the function of membrane-bound pumps and ion channels (Hazel, 1995). Thus, to 

learn more about the importance of membrane phase transitions for cold induced 

injury in chill-susceptible insects, future studies should directly measure membrane 

phase transition temperature in insects and investigate how this differs with species 

cold tolerance. 
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Depolarization-mediated cell death  
As outlined in the previous sections, hypothermia induces depolarization through two 

routes: reducing the electrogenic membrane potential and promoting hyperkalaemia. 

In many chill-susceptible insects, severity of cold exposure, development of 

hyperkalaemia and development of cell injury appear to be closely linked (Fig. 1) 

(Andersen et al., 2017a; Koštál et al., 2006; MacMillan et al., 2015b). Thus, 

hyperkalaemia tends to develop in parallel to injury with cold exposure and, 

simultaneous exposure to both hyperkalaemic solutions and cold, cumulatively 

induces injury (MacMillan et al., 2015a). Furthermore, when manipulating the 

membrane potential of locust muscle by controlling the extracellular K+ 

concentration, injury accumulation was similar for muscles with similar membrane 

potentials regardless of the experimental temperature, thus further demonstrating 

the tight link between cold-induced depolarization and injury (Fig. 4) (Manuscript A). 

Figure 4 – The relationship 
between cell viability and 
membrane potential in locust 
muscle. Membrane potential was 
manipulated by changing the 
extracellular K+ concentration 
and/or the temperature. 
Recordings were done at 0 °C 
(blue) or 31 °C (red). This figure 
shows that depolarization, not 
temperature, was the primary 
contributing factor for loss of 
viability (injury accumulation). 
Data is from manuscript A. 

The physiological link between cellular depolarization and chill injury has been 

proposed to involve loss of Ca2+ regulation (Boutilier, 2001; Hochachka, 1986). 

According to this paradigm, depolarization activates voltage gated Ca2+ channels and 
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the role of Ca2+ influx in depolarization-mediated cold injury is therefore discussed in 

the following section. 

 

The role of Ca2+ influx in injury accumulation 
In insect muscle, extracellular Ca2+ influx is involved in normal muscle function since 

voltage gated Ca2+ channels generate the upstroke of the action potential in insect 

skeletal muscle (Collet, 2009; Collet and Belzunces, 2007; Washio, 1972) and 

facilitates the contraction inducing Ca2+ influx (Collet, 2009; Huddart and Oates, 1970; 

Takekura and Franzini-Armstrong, 2002). However, under long term depolarizing 

conditions, extracellular Ca2+ influx has been associated with injury accumulation. 

During cold exposure, depolarization is thought to induce injury by inducing Ca2+ 

influx and promoting apoptosis/necrosis (Boutilier, 2001; Hochachka, 1986). Evidence 

from a diverse range of species including mammals and nematodes suggest Ca2+ can 

interact with numerous pathways to induce injury through apoptosis/necrosis 

(Mattson and Chan, 2003; Nicotera and Orrenius, 1998; Orrenius et al., 1989; 

Orrenius et al., 2003). When measuring viability of locust muscle under depolarizing 

conditions, injury accumulation was blocked when extracellular Ca2+ influx was 

blocked and depolarization-mediated injury accumulation was attributed to Ca2+ 

induced upregulation of apoptosis/necrosis (Manuscript A). Furthermore, studies on 

two insect species have found evidence that cold exposure affects the abundance of 

effectors and inhibitors of apoptosis/necrosis in a manner that suggests these 

processes are upregulated (Yi and Lee, 2011; Yi et al., 2007). The specific 

apoptotic/necrotic pathways that are affected during cold may depend on the 

amplitude/frequency of Ca2+ overload as well as other interacting signals for cell 

death and possibly tissue/species specific differences (Accorsi et al., 2015; Cooper and 

Granville, 2009; Elmore, 2007; MacLennan, 2000; Smedler and Uhlén, 2014). 
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Interestingly it is possible cold-induced membrane phase transitions are also linked to 

increased Ca2+ influx (Hazel, 1995; Ramløv, 2000). The two proposed routes of cold-

induced injury accumulation, membrane phase transition and depolarization, could 

therefore share mechanisms for the downstream induction of injury.  

Interestingly Ca2+ influx has also been shown to protect tissues from cold injury and 

has been shown to be a requirement for insect tissues to undergo rapid cold-

hardening (a very fast cold-acclimation process). Thus, in 2 species of insects, 

protocols intended to improve insect cold-hardiness were only effective when Ca2+ 

influx was possible and in the absence of extracellular Ca2+, insects undergoing rapid 

cold-hardening protocols accumulated injury to a similar extent as non-acclimated 

conspecifics (Teets et al., 2008; Teets et al., 2013). More research is needed to 

understand the involvement of Ca2+ influx in the development cold-hardiness and cold 

injury in insects. However, it is well known that the effects of Ca2+ influx depend on 

the amplitude, frequency and duration of the Ca2+ signal (Berridge et al., 2000; Koike 

et al., 1989; MacLennan, 2000; Mattson and Chan, 2003; Yano et al., 1998). Thus, the 

different involvement of Ca2+ influx during cold stress to induce injury (Manuscript A) 

and to induce rapid cold hardening (Teets et al., 2013) could be explained supposing 

that different severities of cold stress result in different Ca2+ influx profiles. 

Considering the detrimental effects of cold exposure on chill-susceptible insects, it is 

important for insects exposed to colder environments to improve their cold tolerance 

in order to thrive. The following section will discuss mechanisms employed by insects 

to increase their cold tolerance in ways linked to membrane polarization. 

 
Mechanisms for increasing cold tolerance in insects 
Numerous studies have shown how insect species, including chill-susceptible insects, 

vary markedly in their sensitivity to cold. These variations are found both in 
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differences in LT50 (the lethal time or temperature needed to kill 50%), differences in 

chill coma temperature (CTmin) or differences in the time to recovery after cold coma 

(Chill coma recovery time CCRT) (Andersen et al., 2015b; Des Marteaux and Sinclair, 

2016; MacMillan and Sinclair, 2011a; Overgaard and MacMillan, 2017). This enormous 

variation in cold tolerance has a huge ecological importance as it allows some species 

to inhabit cold environments, where others are restricted to warm tropical 

environments (Addo-Bediako et al., 2000; Andersen et al., 2015b). In addition, many 

insects change their cold tolerance phenotype seasonally after cold acclimatization, 

and controlled laboratory experiments have often shown large shifts in cold tolerance 

(measured as LT50, CTmin or CCRT) following cold acclimation (Andersen et al., 

2017a; Colinet and Hoffmann, 2012; MacMillan et al., 2017). There is increasing 

evidence that the plasticity (Acclimation) and evolved differences in cold tolerance 

(adaptation) are linked the physiological processes that secure ion and electrical 

homeostasis. In the following section, some of the possible mechanisms for increasing 

cold tolerance in insects will be considered. This section will particularly focus on 

mechanisms to resist or to tolerate depolarization. In this regard, mechanisms from 

the entire spectrum (from rapid cold-hardening to adaption) of cold tolerance are 

considered relevant as long as they improve resistance to cold-induced depolarization 

or improve depolarization tolerance. 

 

Depolarization resistance 
Since depolarisation is known to cause chill injury (manuscript A) it can be 

hypothesised that resistance to cold-induced depolarization will increase cold 

tolerance of insects. Such resistance to depolarisation could also help to ensure 

muscle function because stable membrane potentials are required to maintain 

excitability and thus activity (Findsen et al., 2014; Manuscript B). In accordance, cold 

tolerance has previously been associated with improved membrane potential stability 
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during cold exposure (Andersen et al., 2015a; Andersen et al., 2017a; Koštál et al., 

2004; Koštál et al., 2006; MacMillan et al., 2015c). Here, I discuss three possible 

mechanisms to improve membrane potential stability during cold exposure: 

Improving ion homeostasis, altering the relative permeability for Na+ relative to K+ 

(PNa/PK, equation 1) and enhancing the temperature stability of the electrogenic 

component. 

 

Improving ion homeostasis 

Hyperkalaemia is commonly associated with prolonged cold exposure in chill 

susceptible insects (Des Marteaux and Sinclair, 2016; Koštál et al., 2004; Koštál et al., 

2006; MacMillan et al., 2014) and, as predicted by the Goldman-Hodgkin-Katz 

equation (equation 1), hyperkalaemia depolarises the membrane (Manuscript A; 

Manuscript C). During cold exposure, loss of function of the osmoregulatory organs 

leads to a net movement of haemolymph Na+ and accompanying water into the gut. 

This loss of haemolymph volume thus becomes a primary driving force to induce 

hyperkalaemia (MacMillan and Sinclair, 2011b; MacMillan et al., 2015b). In contrast, 

the intracellular K+ concentration is typically reported to be fairly stable during cold 

exposure and thus contributes much less to hyperkalaemia (Coello Alvarado et al., 

2015; Koštál et al., 2004; Koštál et al., 2006; MacMillan et al., 2014). It is a common 

feature of both cold-acclimated and adapted insects that haemolymph ion 

homeostasis, including K+ concentration, is much more stable during cold exposure 

(Andersen et al., 2017a; Coello Alvarado et al., 2015; Koštál et al., 2004; Koštál et al., 

2006; MacMillan et al., 2015c). This improved ion homeostasis is associated with 

improved performance of the osmoregulatory organs of cold tolerant insects 

(Andersen and Overgaard, 2020; Andersen et al., 2017b; Gerber and Overgaard, 

2018). However, during cold exposure, the initial depolarization is commonly 
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attributed to the reduced electrogenic capabilities of insect muscle and is not 

associated with loss of ion-homeostasis (Fig. 2) (Andersen et al., 2017a; MacMillan et 

al., 2014). Furthermore, depolarisation resistance has also been observed in insects 

exposed to controlled extracellular K+ concentrations (Andersen et al., 2017a; 

Manuscript C; Manuscript E). Thus, although improved ion homeostasis clearly 

contributes to improved membrane potential stability during cold exposure, other 

mechanisms contribute as well. 

 

Reducing the PNa/PK ratio. 

Evidence suggests that the relative permeability of Na+ relative to K+ (PNa/PK, see also 

eq. 1) lies in the range 0.1-0.23 for locusts and D. melanogaster (Jan and Jan, 1976; 

Leech, 1986; Manuscript D) and the reversal potential for K+ has been estimated to be 

hyperpolarised relative to the membrane potential during short-term cold exposure 

in both locusts and cockroaches (Andersen et al., 2017a; Koštál et al., 2006; 

MacMillan et al., 2014; Wareham et al., 1974). Thus, as predicted by the Goldman-

Hodgkin-Katz equation, decreasing the PNa/PK ratio could improve the temperature 

stability of the membrane potential during cold exposure by increasing the 

contribution of the diffusional component to the resting membrane potential. This 

point is also illustrated in figure 5 where the effect of PNa/PK on the membrane 

potential was examined using Goldman-Hodgkin-Katz equation to calculate 

membrane potentials. 
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Figure 5 - The relationship between locust muscle membrane potentials and PNa/PK. 
Membrane potentials were calculated using the Goldman-Hodgkin-Katz equation at a 
temperature of 0 °C and assuming a range of PNa/PK values. For the calculations in 
panel A, ion concentrations were (mM): [Na+]e = 140 , [K+]e = 10, [Cl-]e = 160, [Na+]i = 
20, [K+]i = 130, [Cl-]i = 20 and PCl/PK = 0.2 (Manuscript D and refs within). The same 
calculations were repeated in panel B, except [Na+]e and [K+]e were 120 and 30 mM 
respectively. The dashed lines indicates the approximate recorded membrane 
potentials in locust muscle under the conditions in panel A and B respectively 
(Manuscript A; Manuscript C). This figure illustrates the possibility for insect muscle to 
resist depolarization under cold conditions by lowering the PNa/PK ratio. This 
mechanism also allows insects to resist depolarization during hyperkalaemia (> 10 
mM K+) as shown in Panel B where [K+]e was 30 mM.  

 

In these calculations, the diffusional component of the membrane potential is entirely 

responsible for the resting membrane potential since the Goldman-Hodgkin-Katz 

equation does not include an electrogenic component. There is evidence to support 

the idea that changing the PNa/PK ratio is important for cold tolerance. Thus, in 

experiments where membrane potentials of warm- and cold-acclimated locust muscle 

were compared, cold-acclimated locust muscle resisted depolarization during cold 

and hyperkalaemia. Here, increased permeability of voltage gated K+ currents in cold-

acclimated muscle moved the membrane potential closer to the hyperpolarised 
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Nernst potential for K+ and enabled cold-acclimated locusts to resist depolarization 

beyond ca. -40 mV (Manuscript C). Thus, this mechanism for depolarization resistance 

protects the muscles against extreme depolarization. Substantial temperature 

stability has also been reported in cold tolerant insects such as D. montana (Andersen 

and Overgaard, 2019; Andersen et al., 2015a; Manuscript E) but here, preliminary 

evidence suggests the PNa/PK ratio D. montana is similar to more chill-susceptible 

insects. Instead, membrane potential stability in D. montana seemed to be associated 

with enhanced temperature stability of the electrogenic component. 

 

Improving the temperature stability of the electrogenic component 

During cold exposure, the initial depolarization in chill-susceptible insect muscle is 

primarily caused by the temperature induced reduction of the electrogenic 

component (Fig.2) (Wareham et al., 1974; Manuscript C; Manuscript D; Manuscript E). 

Thus, by reducing the temperature sensitivity of the electrogenic component, this 

initial depolarization can be resisted. Evidence of this mechanism has been obtained 

in a study on Drosophila species that exhibited different cold tolerances. Here, the 

cold tolerant D. montana substantially resisted depolarization by maintaining the 

electrogenic component, even during cold exposure (Fig. 6). 
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Figure 6 – The temperature dependent effect of ouabain on the membrane potential 
in D. birchii, D. melanogaster and D. montana. The lighter columns represent 
recordings in the absence of ouabain, the darker columns represent recordings in the 
presence of 100 µM ouabain. For each species, the difference between the average 
membrane potentials recorded with/without ouabain is shown on the figure. The large 
effect of ouabain on D. montana muscle membrane potentials at 0 °C, implies that the 
electrogenic component was still large in this species at 0 °C. Data is from manuscript 
E.  

Further research is required to understand how the temperature sensitivity of the 

electrogenic component can be reduced. Part of the motivation for the work in 

manuscript D is to better understand how the electrogenic potential is generated and 

from this to understand which cellular modifications might allow this component to 

remain high at low temperatures. As discussed previously, the charge difference 

model for insects included terms for Na+, K+ and Cl- flux through ion channels as well 

as the Na+/K+ pump and K+-Cl- and Na+-K+-2Cl- symporters (Fig. 3). I speculate that the 

electrogenic component could be better maintained if the symporters and the Na+/K+ 

pumps were modulated somehow to be less sensitive to temperature. Increased 
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temperature stability of these components could possibly be modulated by changing 

protein isoforms and/or changing the membrane lipid components to stabilize 

membrane fluidity. According to the insect charge difference model, increasing the 

density of the Na+/K+ pumps and symporters could also help to counteract the 

reduced fluxes carried by each individual protein at the reduced temperature. 

Assuming that pump and symporter densities are substantially increased in cold-

hardy insect species, I would expect the activity of the symporters to be tightly 

regulated according to the temperature. The charge difference model also predicts 

that no regulation of the Na+/K+ pumps would be required even if the density of this 

pump increases drastically since this enzyme tends to reduce its own activity as 

intracellular Na+ decreases.  

Considering the association between cold exposure and both chill coma and injury 

accumulation, mechanisms to increase membrane potential stability clearly 

contribute to cold tolerance. However, Apart from depolarization resistance, it is 

notable that improved cold tolerance in insects has also been associated with 

depolarization tolerance (Manuscript C). Possible mechanisms to tolerate 

depolarization are discussed further in the following section. 

 
Supressing cold-induced injury accumulation 
Depolarization can induce injury in insects through a Ca2+ dependent process and 

suppression of the mechanisms inducing injury, downstream from depolarization, can 

therefore play an important role for the increased tolerance found after acclimation 

or in cold adapted species (manuscript A and C). For example, it is possible that 

depolarization tolerance is linked to suppression of Ca2+ influx or through mechanisms 

that prevent increasing intracellular Ca2+ concentrations from activating downstream 

effectors of cell injury. Experiments on flesh flies subjected to a rapid cold-hardening 
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protocol, have shown that these flies modulate their abundance of inhibitors and 

effectors of apoptosis to reduce apoptotic/necrotic activity following cold stress (Yi 

and Lee, 2011; Yi et al., 2007). There is presently little known of how or if cold-

acclimation or adaptation modulates cold induced Ca2+ influx. This situation is 

complex because Ca2+ influx, in addition to inducing injury, is also required for insects 

to undergo rapid cold-hardening (Teets et al., 2008; Teets et al., 2013). Inhibition of 

cold-mediated Ca2+ influx could therefore have a counterproductive effect if it did not 

stimulate the acclimation response. It is possible that cold-acclimation regulates Ca2+ 

flux differentially to be maintained/increased under some conditions and decreased 

under other conditions. In support of this idea, measurements on cold acclimated 

locust muscle showed that voltage gated Ca2+ currents and fibre excitability were 

increased at room temperature but not at 5 °C (Manuscript B). Future experiments 

are required to establish if this increased Ca2+ current is related to cold-sensing. 

Furthermore, parallel experiments found that muscles from cold-acclimated locusts 

were less excitable and contracted with less force when stimulated whilst incubated 

in a depolarizing 30 mM K+ solution and it can be speculated that this is caused by 

some form of inactivation of voltage gated Ca2+ channels (Manuscript B). As discussed 

previously, voltage gated Ca2+ channels generate the upstroke of the action potential 

(Collet, 2009; Collet and Belzunces, 2007; Washio, 1972) and facilitates the 

contraction inducing Ca2+ influx in insect skeletal muscle (Collet, 2009; Huddart and 

Oates, 1970; Takekura and Franzini-Armstrong, 2002). Cold-acclimated muscles, 

compared to warm acclimated muscles, are expected to depolarize less when 

exposed to 30 mM K+ solutions (Manuscript C) and thus, the fact that cold-acclimated 

muscles are more strongly affected under less depolarizing conditions could suggest 

that voltage gated Ca2+ currents are further inactivated, which could suggest that 

cold-acclimation reduces the damaging Ca2+ influx. Previously, voltage gated Ca2+ 

channels have been shown to be able to support sustained Ca2+ influx under 
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depolarizing conditions (Nishi and Berg, 1981; Thayer et al., 1987). Thus, reducing the 

voltage gated Ca2+ currents under depolarizing conditions could possibly be adaptive 

by reducing detrimental Ca2+ influx however, this would have to be experimentally 

verified. Furthermore, Ca2+ influx is believed to induce cell death by upregulating 

apoptotic/necrotic pathways (Boutilier, 2001; Hochachka, 1986). However currently, 

not much is known about these pathways in insects exposed to hypothermia (but see 

Yi and Lee, 2011; Yi et al., 2007). Therefore, future studies should further investigate 

the regulation of the apoptotic/necrotic signalling cascades during cold exposure. 

 

Conclusions and perspectives 
This introductory review outlined the physiological mechanisms that cause 

depolarization and injury in chill-susceptible insects and discussed possible 

mechanisms that allow cold tolerant insects to resist these disturbances. Cold 

exposure, through muscle depolarization, adversely affects chill-susceptible insects by 

contributing to induction chill coma (short-term cold exposure) and injury 

accumulation (long-term cold exposure) (Manuscript A; Manuscript C). The 

depolarizing effects of cold exposure occur through 2 routes. Firstly, during short-

term cold exposure, muscles are depolarized by a hypothermia-induced reduction of 

the electrogenic component of the membrane potential (Manuscript C; Manuscript D; 

Manuscript E). This depolarization is exacerbated during long-term cold exposure as a 

prolonged reduction of active transport leads to dysregulation of ion-homeostasis and 

haemolymph hyperkalaemia which impacts the diffusional membrane potential. If the 

duration of cold exposure is sufficiently short, insects will recover from paralysis with 

minimal injury. Conversely, during prolonged hypothermia, depolarization causes 

injury-accumulation through depolarization-mediated Ca2+ influx in chill-susceptible 

insects (Manuscript A). However, less is known about the down-stream mechanism of 
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injury accumulation. Evidence suggests cold-acclimation differentially regulates Ca2+ 

influx to be increased under non-depolarizing and decreased depolarizing conditions 

(Manuscript B). These findings are consistent with the observations that cold-

acclimation in insects seems to substantially increase depolarization tolerance 

(manuscript C) and that Ca2+ influx during cold exposure has also been associated with 

induction of rapid cold-hardening. However, direct measurements of the long-term 

profile of Ca2+ influx are needed to further understand the role of Ca2+ influx during 

different cold-exposure severities or in relation to cold-acclimation/adaption. This 

could be achieved by loading cells with Ca2+ sensitive dyes or by using Ca2+ selective 

electrodes.  

Cold tolerance is also strongly associated with improved membrane potential stability 

during cold exposure (Manuscript C; Manuscript E). Improved ion homeostasis 

improves the membrane potential stability during long-term cold exposure. 

Furthermore, cold-acclimation has also been shown to reduce the most extreme cold-

induced depolarization by increasing the permeability of voltage gated K+ channels 

which presumably lowers the PNa/PK ratio (Manuscript C). Even more pronounced 

membrane potential stability has been observed in cold adapted insects and here the 

improved membrane potential stability seems to be associated with more thermally 

stable electrogenic components (Manuscript E). However, data on ion permeability or 

the thermal stability of the electrogenic component in insect muscle is generally 

lacking. Thus, to understand the prevalence of these mechanism to stabilize the 

membrane potential during cold exposure, future experiments should quantify these 

components in more insect species with different cold tolerances. I suggest ion 

permeabilities could be estimated by measuring membrane conductance and using 

pharmacological blockers to ensure the membrane is permeable to only one ion (e.g. 

estimating Na+ permeability whilst blocking K+ and Cl- currents).  
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Finally, to improve our understanding of the resting membrane potential in insects, I 

believe a physiologically realistic mathematical model of the membrane potential 

would be an invaluable tool. In this regard, the charge difference model for insects 

(Manuscript D) shows promise since it is able to reflect many aspects of the 

physiology of insect muscle including the large, temperature sensitive, electrogenic 

component. A physiologically realistic model would be helpful since this would allow 

us to generate testable hypotheses, for example on the effects of changes in the 

thermal sensitivity of the flux rates various ion pumps or symporters, for the 

electrogenic component. Here I suggest future studies should further investigate the 

possible involvement of K+-Cl- and Na+-K+-2Cl- symporters on the insect muscle 

membrane potential. For example, the expression of these symporters in insect 

muscle could be verified using immuno-blotting. Additionally, the contribution of 

these symporters to ion flux could be estimated by measuring ion flux using 

radioactive isotopes and using appropriate pharmacological blockers for these 

symporters. Alternatively, other possible ion symporters/transporters that could also 

affect the electrogenic component should be considered.  
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Hypotheses 

1. Cold-induced depolarization causes injury 

2. Depolarization causes injury by inducing catastrophic Ca2+ influx. 

Main findings 
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Cold tolerance of insects is arguably among the most important
traits defining their geographical distribution. Even so, very little is
known regarding the causes of cold injury in this species-rich
group. In many insects it has been observed that cold injury
coincides with a cellular depolarization caused by hypothermia
and hyperkalemia that develop during chronic cold exposure.
However, prior studies have been unable to determine if cold
injury is caused by direct effects of hypothermia, by toxic effects
of hyperkalemia, or by the depolarization that is associated with
these perturbations. Here we use a fluorescent DNA-staining
method to estimate cell viability of muscle and hindgut tissue
from Locusta migratoria and show that the cellular injury is inde-
pendent of the direct effects of hypothermia or toxic effects of
hyperkalemia. Instead, we show that chill injury develops due to
the associated cellular depolarization. We further hypothesized
that the depolarization-induced injury was caused by opening of
voltage-sensitive Ca2+ channels, causing a Ca2+ overload that trig-
gers apoptotic/necrotic pathways. In accordance with this hypoth-
esis, we show that hyperkalemic depolarization causes a marked
increase in intracellular Ca2+ levels. Furthermore, using pharmaco-
logical manipulation of intra- and extracellular Ca2+ concentra-
tions as well as Ca2+ channel conductance, we demonstrate that
injury is prevented if transmembrane Ca2+ flux is prevented by
removing extracellular Ca2+ or blocking Ca2+ influx. Together
these findings demonstrate a causal relationship between cold-
induced hyperkalemia, depolarization, and the development of
chill injury through Ca2+-mediated necrosis/apoptosis.

cold injury | insect | hyperkalemia | depolarization | calcium

The ability to endure climatic extremes is arguably among the
most important traits determining the fundamental niche of

species (1, 2). This is also true for insects, in which species dis-
tribution patterns are found to correlate closely with species
thermal tolerance and with cold tolerance in particular (3–5).
From a physiological perspective, insects respond to stressful
cold with one of three strategies. Freeze-avoiding species are
able to stabilize their supercooled body fluids by increasing the
concentration of cryoprotectans and by removing ice nucleators
(6, 7). Such species can survive low temperature exposure as long
as the injurious ice crystallization is prevented (7–9). Another
strategy is used by freeze-tolerant species that have adapted to
survive substantial ice formation in their extracellular fluids (6,
10). However, the amount of extracellular ice formation in-
creases as temperature is lowered, leading to excessive cellular
shrinking and concentrations of solutes that are believed to be
major causes of injury in freeze-tolerant insects (5, 8). Chill-
susceptible insects comprise the third cold-tolerance category.
Insects in this group, which represents the great majority of all
insect species, die from effects of temperature that are unrelated
to ice formation (9, 11, 12). At present, very little is known about
the proximal cause of cold mortality in chill-susceptible species.
It is clear that chill-susceptible species develop cold injury

from either direct or indirect effects of low temperature that are
independent of the ice/water transition (13–15). It is also clear

that the development of chill injury increases with the duration
and intensity of the cold exposure (14, 16, 17). It has been
proposed that the direct cause of cellular chill injury is a cold-
induced membrane phase transition that disrupts cellular in-
tegrity (18–20). To our knowledge, no studies have directly
investigated membrane phase transitions in insects, but this hy-
pothesis is consistent with the observation that chill injury in-
creases with the duration and intensity of cold. An additional
hypothesis related to chill injury proposes that injury develops as
an indirect consequence of reduced active transport at low
temperature. This hypothesis suggests that hypothermia reduces
active transport rates more than passive diffusion rates (14, 21,
22) and that these disproportionate effects cause a dissipation of
ion balance, leading to chill injury (14–16). The hypothesis of
indirect chill injury is supported by correlative observations that
insect chill injury consistently coincides with a massive increase
in the extracellular K+ concentration (13, 15, 22, 23). However,
despite the overwhelming correlative evidence linking hyper-
kalemia and chill injury, no studies have directly demonstrated a
mechanistic link. Nevertheless, it has been suggested that injury
is caused by membrane depolarization induced by the combined
effects of hypothermia and hyperkalemia (23–25). A plausible
mechanism for this relation was proposed in two classic reviews
on hypothermia and hypoxia (26, 27). These reviews suggested
that chronic cell depolarization could activate voltage-gated
Ca2+ channels, causing an uncontrolled cellular influx of Ca2+

that initiates apoptotic and/or necrotic pathways. A link between
hypothermia and Ca2+ influx has previously been documented in

Significance

Insects comprise the largest class of animals and include nu-
merous species of direct importance to humans, including pests
and pollinators. Cold tolerance is arguably among the most
important traits determining the distribution of insects. Hypo-
thermia has been proposed to induce cell injury directly by
promoting membrane phase transitions resulting in cell leak.
Additionally, hypothermia induces hemolymph hyperkalemia,
and it has been proposed that hypothermia induces injury in-
directly through the resulting depolarization by inducing Ca2+

influx promoting apoptosis/necrosis. Here we show that de-
polarization is a principal mechanism for hypothermic cell injury.
Furthermore, we show that intracellular Ca2+ increases upon
depolarization and that this increase must flux through Ca2+

channels in the membrane to accumulate and induce injury.
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plants, mammals, and insects (28–34), in which it has been as-
sociated with either cell damage (28, 33, 34) or cold resistance
(29–32). However, while several authors have proposed that
apoptotic mechanisms are involved in insect chill injury (24, 32,
35–37), the hypothesized link between membrane potential (Vm)
and cell injury has not been directly documented. Thus, while
several findings imply a causal relationship between Vm and the
manifestation of chill injury, it remains to be shown that injury
onset can be achieved by Vm depolarization independent of
changes in temperature and/or extracellular K+. Furthermore, it
is unknown how depolarization could cause injury in insects.
In the present study we examine the hypothesis that cold-

induced cell injury develops primarily as a consequence of de-
polarization using muscle fibers and hindgut tissue from the
tropical (i.e., chill-susceptible) migratory locust (Locusta migra-
toria). Furthermore, we hypothesize that the mechanism of
depolarization-induced cell injury is caused by uncontrolled in-
flux of Ca2+ from the extracellular space, which triggers cell
death. The present study provides compelling evidence of a
causal relationship between cell depolarization and chill-induced
cell injury. In addition, by adding Ca2+ chelators or blocking the
Ca2+ channels, we provide evidence that development of cell
injury following depolarization is dependent on Ca2+ influx from
the extracellular compartment.

Results
Effects of Extracellular K+ and Temperature on Vm and Cell Viability.
The effects of hyperkalemia and hypothermia on muscle Vm
were examined by exposing muscle tissue to buffers containing
K+ concentrations of 5, 10, 30, 50, or 120 mM at either 31 °C or
0 °C. As expected, both hypothermia and hyperkalemia caused
depolarization of Vm (two-way ANOVA, effect of hypothermia:
F1,413 = 88.1; P < 0.0001; effect of hyperkalemia: F1,413 = 413.8;
P < 0.0001) (Fig. 1A). Cell viability was examined in a parallel set
of preparations using the same combinations of temperature
and hyperkalemia. In buffers with control K+ concentrations
(10 mM) viability remained high (∼90%) at both experimental
temperatures, indicating that the dissection protocol was rela-
tively noninvasive (Fig. 1B). Increasing extracellular K+ con-
centrations reduced viability so that injury started to develop to
an increasing degree under conditions in which Vm depolarized
further than −30 mV (two-way ANOVA, effect of hypothermia
on viability: F1,146 = 12.4; P < 0.001; effect of hyperkalemia on
viability: F1.146 = 183.5; P < 0.0001) (Fig. 1B). The additive ef-
fects of hypothermia and hyperkalemia are also evident from the
observation that onset of injury required a higher extracellular
K+ concentration at 31 °C than at 0 °C (viability was significantly
lower than in controls at 120 and 30 mM K+ for warm and cold
preparations, respectively). Combining data from warm and cold
preparations as a function of Vm revealed a single sigmoidal
pattern (Fig. 1C). That is, modest depolarization of the cells
caused no significant increase in cellular injury, while more ex-
treme depolarization gave rise to substantial injury. From the
sigmoidal fit, the Vm resulting in a 50% reduction in viability
(Vm50) relative to the controls was −14 mV.
An additional set of experiments was conducted on ileum

tissue to examine if the relationship between Vm and cellular
viability was found in other tissues when subjected to hypother-
mia or hyperkalemia. In accordance with the results from muscle
fibers, both low temperature and high K+ depolarized ileum cells
(two-way ANOVA, effect of hypothermia: F1,25 = 36.44; P <
0.0001; effect of hyperkalemia: F1,25 = 19.93; P < 0.0001) (Fig.
2A). Furthermore, as in muscle cells, low temperature and high
K+ both caused cellular injury (two-way ANOVA, effect of hy-
pothermia: F1,85 = 380.41; P < 0.0001; effect of hyperkalemia:
F1,85 = 91.19; P < 0.0001) (Fig. 2B).
Pharmacological interventions were used in a final set of ex-

periments examining the relationship between cell polarization

and cell viability. Muscle fibers were placed in a warm (31 °C)
10-mM K+ buffer and were depolarized with either 1 or 15 mM
tetraethylammonium chloride (TEA), a K+-channel blocker, to
test if injury developed in fibers depolarized in a manner in-
dependent of temperature and K+ concentration. As expected
TEA depolarized the fibers in a concentration-dependent man-
ner (one-way ANOVA, effect of TEA on Vm: F1,134 = 123.18;
P < 0.0001) (Fig. 3A). Furthermore, in accordance with our
hypothesis, injury developed in conjunction with the loss of cell
potential (one-way ANOVA, effect of TEA on viability: F1,40 =
66.49; P < 0.0001) (Fig. 3B). The 1-mM TEA treatment caused a
small (5-mV) depolarization that did not significantly reduce
fiber viability (∼87% viability) below control values (∼89% via-
bility), while 15 mM TEA caused both a substantial de-
polarization (∼22 mV depolarized relative to the control) and a
substantial loss of fiber viability (dropped to ∼48%) (Fig. 3B).

The Role of Ca2+ for Viability. To investigate if chronic de-
polarization induces an alteration in intracellular Ca2+ concen-
tration, the cellular Ca2+ concentration was followed by an injection
of Fluo-4 into muscle fibers. The subsequent fluorescence signal
was then measured in fibers exposed to control (10-mM K+) or
hyperkalemic buffers (50- or 120-mM K+). These experiments
showed that the fluorescence signal increased transiently in the
120-mM K+ buffer (two-way ANOVA, effect of K+: F2,104 =
1.268; P = 0.316; effect of time: F6,104 = 11.054; P < 0.001;
interaction: F12,104 = 4.257; P < 0.001). A similar trend was
observed in fibers subjected to the 50-mM K+ buffer but was not
statistically significant.
An additional series of experiments was conducted to in-

vestigate if cellular injury was induced by a depolarization-
induced flux of Ca2+ through Ca2+ channels. In these experiments
we manipulated extracellular or intracellular Ca2+ availability
as well as sarcolemmal Ca2+ flux using pharmacological inter-
ventions. These experiments were performed on muscle fibers
exposed to 10 mM or 50 mM K+ at 0 °C for 24 h. The results
show a significant effect of both K+ and the pharmacological
interventions (two-way ANOVA, effect of K+ on viability:
F1,125 = 24.9; P < 0.0001; effect of pharmacological intervention:
F3,125 = 16.52; P < 0.0001; interaction: F3,125 = 18.51; P <
0.0001). Thus, the control experiments confirmed that hyper-
kalemia induced a significant reduction in viability (Fig. 4B).
However, the viability of hyperkalemic fibers was retained when
Ca2+ was removed from the extracellular medium by adding
EGTA, a membrane-impermeable Ca2+ chelator. Removal of
intracellular Ca2+ with 1,2-Bis(2-aminophenoxy)ethane-N,N,N′,N′-
tetraacetic acid actoxymethyl ester (BAPTA-AM), a membrane-
permeable Ca2+ chelator, also prevented cellular injury. Finally,
blocking Ca2+ entry into the intracellular space using lanthanum
(III) chloride (LaCl3), a Ca2+ channel blocker, also prevented cel-
lular injury (Fig. 4B). Note also that none of these pharmacological
interventions affected cellular viability when applied in a control
(10-mM) buffer.

Discussion
Loss of Vm Initiates Cell Death. Locusts, like many tropical, sub-
tropical, and temperate insects, are considered to be chill sen-
sitive (3, 15). The mechanism for hypothermic injury in chill-
sensitive insects has been debated, and it has been suggested
that injury could occur directly through membrane phase tran-
sitions and/or indirectly through depolarization and loss of ion
balance. The present study was designed to examine if chill injury
in insects is caused by (i) direct effects of low temperature ex-
posure, (ii) cellular depolarization, or (iii) a toxic effect of
hyperkalemia apart from depolarization. Our results demon-
strate that cell injury develops in a manner that is dependent on
the degree of membrane depolarization. Thus, for muscle fibers,
hypothermia and hyperkalemia independently depolarized the
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Fig. 1. Relation between Vm and cellular viability in locust muscle exposed to hyperkalemia and hypothermia. Viability measurements were taken after
24 and 3 h, and Vm was measured after 45 and 5 min at 0 °C and 31 °C, respectively (Materials and Methods). (A) Vm as a function of extracellular K+

concentration. Note that the error bars are obscured by the symbols. (B) Muscle fiber viability as a function of extracellular K+ concentration. Note that cold
fibers at 10 mM K+ are hidden by the symbol for the warm fibers. (C) Muscle fiber viability plotted against Vm. The solid line shows a sigmoidal fit of all data,
and the dashed line indicates the estimated value for Vm50 (−14 mV). All data are expressed as mean ± SEM Single and double asterisks indicate the first
hyperkalemic treatment that results in a significant reduction in viability compared with the 10-mM control for the 0 °C and 31 °C treatments, respectively
(two-way ANOVA, Tukey’s multiple-comparisons test, P < 0.05). For average Vm: n = ≥40 fibers from six or more animals for each treatment; for average
viabilities: n = ≥13 animals for each treatment. (D) Composite images representative of different treatment groups. Living cells were stained green with SYBR
14, and dead cells were stained red with PI. Each image is 750 pixels across which corresponds to roughly 1 mm.
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Vm, and chill injury developed to the same degree at both tem-
peratures when they were depolarized to a similar Vm (Fig. 1 A–
C). Cooling causes cellular depolarization, possibly because it
reduces the electrogenic contribution of active ion transport to
the Vm, while hyperkalemia causes depolarization by reducing
the chemical gradient of K+ across the membrane (15, 25, 38, 39,
40). The effects of temperature and hyperkalemia on Vm are
therefore additive, and we observe the onset of injury at a lower
K+ concentration at low temperature compared with high tem-
perature treatments (Fig. 1B). The additive effects of hyper-
kalemia and low temperature on injury have been shown
previously (24), but here we show that injury can also develop at
high temperature if the cells are depolarized sufficiently by in-
creasing the K+ concentration (Fig. 1 A and B). To exclude

the possibility that the association between membrane depolar-
ization and injury is a muscle-specific phenomenon, we also in-
vestigated this relation in hindgut tissue (ileum). Again, we
found that hypothermia and hyperkalemia had additive effects
on Vm in ileum and that injury develops in parallel with the
degree of depolarization (Fig. 2). This supports the notion that
the detrimental effects of chronic depolarization occur in many
tissues when insects are exposed to stressful cold and cold-induced
hyperkalemia. Finally, to exclude the possibility that injury is
caused by effects of hyperkalemia independent of depolarization
(toxic effects) and low temperature (direct temperature effects),
we investigated if injury would develop when the Vm was phar-
macologically manipulated using TEA, a K+ channel blocker that
causes cellular depolarization. In accordance with our hypothesis,

Fig. 2. Vm and cellular viability in ileum cells exposed to hyperkalemia and
hypothermia. Vm (A) and cell viability (B) of ileum cells were measured at
31 °C or 0 °C. The preparations were exposed to 10 or 50 mM K+. Viability
measurements were taken after 24 and 3 h, and Vm was measured after
45 and 5 min at 0 °C and 31 °C, respectively (Materials and Methods). Data
are expressed as mean ± SEM; dissimilar letters indicate treatment groups
that differ significantly (two-way ANOVA, Tukey’s multiple-comparisons
test, P < 0.05). For average Vm: n = 22 cells from six animals for each
treatment; for average viabilities: n = 7 animals for each treatment.

Fig. 3. Pharmacological manipulation of Vm and cellular viability using TEA.
Vm (A) and cell viability (B) were measured in muscle fibers placed in a
control buffer (10 mM K+) with 0, 1, or 15 mM TEA added. Viability mea-
surements were taken after 3 h, and Vm was measured after 5 min at 31 °C
(Materials and Methods). Data are expressed as mean ± SEM; dissimilar
letters indicate treatment groups that differ statistically (one-way ANOVA,
Tukey’s multiple-comparisons test, P < 0.05). For average Vm: n = ≥41 fibers
from six or more animals for each treatment; for average viabilities:
n = ≥13 animals for each treatment.
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the addition of TEA caused cell injury in a manner that depended
on the extent of depolarization (Fig. 3). Thus, cell injury devel-
oped as a consequence of depolarization regardless of whether the
means of depolarization was hypothermia, hyperkalemia, or TEA
and regardless of whether depolarization was elicited in muscle or
ileum cells. It should be noted, however, that TEA appeared to
reduce cell viability further than predicted from the depolarization
alone. It is possible that this is due to other toxic effects of TEA
that have been reported previously (41, 42). To compare viability
experiments at different temperatures, we assumed that the pro-
cesses involved in reducing viability would be affected by tem-

perature with a Q10 of 2, allowing us to subject the tissues to
different “chronological times” that resulted in similar “physio-
logical exposure times” (Materials and Methods). Since we do not
know the thermal dependence of all processes involved in cell
death, it is not possible to confirm the validity of this assumption.
However, we note that the standard metabolic rate of several
members of Orthoptera has been found to scale with temperature
according to Q10 values of 2 to 3 (43).
As mentioned previously, low temperature has been suggested

to affect cell viability directly through effects on membrane flu-
idity and protein denaturation (18, 44). Such direct effects of low

Fig. 4. The role of Ca2+ in depolarization-induced cell damage. (A) Ca2+ fluorescence in fibers over time exposed to 10, 50, or 120 mM K+. (B) In vitro muscle fiber
viability after 24 h at 0 °C using 10- or 50-mM extracellular K+ buffers. Experiments were run in control buffer and in conjunction with the addition of EGTA (an
extracellular Ca2+ chelator), BAPTA-AM (an intracellular Ca2+ chelator), or LaCl3 (a Ca2+ channel blocker). Data are expressed as mean ± SEM; dissimilar letters
indicate treatment groups that differ statistically (two-way ANOVA, Tukey’s multiple-comparisons test, P < 0.05). The asterisk indicates a significant increase in
fluorescence relative to the other groups (two-way repeated-measures ANOVA, Tukey’s multiple-comparisons test, P < 0.05). For average viabilities: n = ≥9 animals
for each treatment. For average Ca2+ fluorescence: n = ≥4 fibers from two or more animals. (C) Examples of composite pictures representing each treatment group
(live cells are green, stained with SYBR 14, and dead cells are red, stained with PI). Each image is 750 pixels across, which corresponds to roughly 1 mm.
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temperature could promote K+ leakage from the cells, suggest-
ing that extracellular hyperkalemia develops as consequence
rather than as a cause of chill injury. However, in this study,
depolarization of muscles induced a similar degree of fiber injury
regardless of whether the means of depolarization was temper-
ature and/or hyperkalemia. Furthermore, in insect muscles, hy-
pothermia has been shown to induce fiber injury without a
significant loss of K+ from the muscles even under conditions in
which considerable injury has already developed (13, 23, 45). Given
that hyperkalemia can induce fiber injury in a depolarization-
dependent manner, hyperkalemia is clearly a mechanism of hy-
pothermic cell injury and not merely a side effect. Thus, the
results of this study support the hypothesis that chilling induces
injury indirectly through depolarization in chill-susceptible in-
sects. This strong evidence for indirect chill injury does not ex-
clude the possibility that more severe hypothermia could also
induce additional injury directly through membrane phase
transitions or protein denaturation. This suggestion would be
particularly interesting to examine, considering that no studies
have presently investigated membrane-phase transitions directly
in conjunction with chill injury in insects.

Cellular Injury Is Dependent on Ca2+ Availability. A prevalent theory
proposes that hypothermia could induce chill injury indirectly
through a depolarization-induced Ca2+ influx promoting apo-
ptosis/necrosis (26, 27). To establish if hyperkalemia (depolar-
ization) induces intracellular Ca2+ accumulation, we monitored
cytosolic Ca2+ levels following injection of Fluo-4. The results
show that elevated extracellular [K+] increases intracellular
[Ca2+] in muscle fibers. This was particularly clear when fibers
were subjected to 120 mM K+, where the fluorescence signal was
significantly brighter than in the other groups. Unfortunately, we
also observed that the Ca2+ fluorescence signal decreased in all
groups after 5–15 min, which restricted our ability to interpret
the temporal patterns of the Ca2+ signal involved. The precise
reason for this decrease is unknown, as Fluo-3 (a dye similar to
Fluo-4) has previously been shown to be stable in other insect
tissues (32). It is possible that the physiological Ca2+ signal in-
volved in chill injury is only transient, but we cannot exclude the
possibility that sequestration, diffusion, or enzymatic breakdown
of Fluo-4 is the cause of the deteriorating signal.
We also investigated the involvement of Ca2+ in cold injury by

exposing muscles to 24 h of 0 °C and 10 or 50 mM K+ while
manipulating both intra- and extracellular Ca2+ concentrations
pharmacologically and subsequently measuring cell viability (Fig.
4B). The combination of hypothermia and hyperkalemia resulted
in the development of injury only when it was possible for in-
tracellular Ca2+ to accumulate. That is, the removal of the ex-
tracellular Ca2+ through the addition of EGTA, the removal of
the intracellular Ca2+ through the addition of BAPTA-AM, and
blocking the Ca2+ channels entirely prevented the injury ob-
served in the hyperkalemic control. This clearly demonstrates
that cellular injury during hypothermia/hyperkalemia is mediated
by a Ca2+ signaling pathway. The observation that removal of
extracellular Ca2+ alone can block the onset of injury implies
that the principal source of the Ca2+ signaling originates from
the extracellular environment rather than from the organelles.
The fact that the addition of an intracellular Ca2+ chelator also
prevents injury suggests that the extracellular Ca2+ must cross the
membrane to induce injury. Finally, the removal of depolarization-
induced injury after blocking of Ca2+ channels suggests that
voltage-gated L-type Ca2+ channels are important in sensing the
depolarization and thus permitting Ca2+ influx. It is not precisely
determined how long intracellular Ca2+ is affected by hyper-
kalemia, but there is at least an initial influx of Ca2+ following
depolarization and this influx is important to determine cell vi-
ability. Taken together, these results show that Ca2+ regulation is
centrally involved in hypothermia-induced cell death.

Proposed Role for Ca2+ in Hypothermia. Determining exactly how
Ca2+ influx causes the loss of cell viability is beyond the scope of
this paper. Hypothermia has previously been shown to cause
apoptosis in Drosophila and flesh flies (36, 37), and depolariza-
tion is a known early event of apoptosis in mammalian cells (46).
Therefore our findings suggest that depolarization stimulates a
cellular influx of Ca2+ that initiates the loss of cell viability
through apoptotic or necrotic cascades (47, 48). It is interesting
that hypothermia is also linked with cellular Ca2+ influx, cyto-
solic Ca2+ accumulation, and apoptosis in both plants and
mammals (28–30, 33, 34). Thus, Ca2+ accumulation and apo-
ptosis generally seem to be linked to hypothermia. Our study
agrees with this view and adds that, in insect muscles and ileum
tissue, depolarization seems to be the mechanistic link that ini-
tiates Ca2+ influx and cell damage. Particularly in insect muscles,
the abundant voltage-gated L-type Ca2+ channel provides a
plausible mechanistic link between depolarization and Ca2+ in-
flux. This link is likely to be species and organ dependent. Thus,
in mammalian and plant cells, hypothermic Ca2+ influx has been
shown to be facilitated by alternative pathways rather than by
voltage-sensitive Ca2+ channels (28–30). Hypothermia-induced
Ca2+ influx has previously been demonstrated in insects (31,
32) and was suggested to act as a cold sensor. In these previous
studies, Ca2+ prevented cell injury by promoting rapid cold
hardening, as blocking Ca2+ channels reduced cell survival fol-
lowing hypothermia. Therefore, it seems that Ca2+ has a dual
role in hypothermia: Low influxes of Ca2+ at moderate hy-
pothermic exposure may promote cell survival by signaling rapid
cold hardening, whereas higher influxes of Ca2+ reduce cell
survival through apoptosis/necrosis. The dualistic effect of Ca2+

following hypothermia is also seen in plants, where Ca2+ accu-
mulation is associated with the induction of cold tolerance or
apoptosis depending on the circumstances (29, 30, 34). These
observations conform with the widely accepted hypothesis that
the downstream effect of a Ca2+ signal is highly dependent on
the intensity/frequency of the signal (49). In the present study, a
Vm50 occurred when the membrane was depolarized to about
−14 mV regardless of whether the muscles were kept at high or
low temperatures. This value is similar to previous observations
in locust muscles (23) in which the Vm50 was −17 mV. Based on
these observations, it is tempting to suggest the existence of a
critical threshold of polarization that, once exceeded, is re-
sponsible for cell death. However, such a threshold is unlikely to
be a constant across species and may depend on a large array of
physiological factors, including the duration of the cold expo-
sure. Given the involvement of Ca2+ channels in the promotion
of hypothermic cell injury and the dependence of this injury on
membrane polarization, we suggest that the value for Vm50 could
be highly dependent on the regulation of L-type Ca2+ channels.
It is also possible that the intracellular concentration of Ca2+ is
influenced by other mechanisms, such as the loss of active
transport of Ca2+ across the sarcolemma or into organelles (50).
Thus, temperature could be expected to affect cell injury by af-
fecting active transport of Ca2+. In any case, the present study
clearly demonstrates that at the examined temperatures de-
polarization was a principal determinant of cell injury (Fig. 1)
and strongly suggests the involvement of voltage-gated Ca2+

channels in chill injury. For example, we did not observe injury
when cells were exposed to hypothermia (which decreases active
Ca2+ transport) in the absence of hyperkalemia, demonstrating
that reduced active transport alone was insufficient to cause
Ca2+ overload.
In conclusion, we show that depolarization is a principal

mechanism for the induction of chill injury in insects. De-
polarization promotes chill injury, possibly through an apoptotic/
necrotic pathway, by increasing the influx of Ca2+ from the ex-
tracellular side to the intracellular side. Blocking Ca2+ channels
using LaCl3 prevents chill injury, indicating that L-type Ca2+
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channels represent an important pathway for pathological Ca2+

influx. It is well known that an insect’s susceptibility to accu-
mulate chill injury varies enormously with thermal acclimation,
adaptation, and the duration of the cold exposure (14, 15). These
differences in chill susceptibility can often be associated with
varying degrees of cold-induced hyperkalemia (and therefore
depolarization), but virtually nothing is known about how accli-
mation or adaptation affects the electrophysiological character-
istics of cells. Considering the involvement of Ca2+ signaling in
chill injury, we propose that future studies should investigate
further how acclimation and adaptation affect Ca2+ handling at
low temperature in insects.

Materials and Methods
Experimental Animals. Animals (Locusta migratoria, Linnaeus 1758) used in
this study were purchased from a commercial supplier (Peter Andersen ApS).
Animals, with roughly a 1:1 sex ratio, arrived as fourth- to fifth-instar ju-
veniles and were reared in well-ventilated 0.45-m3 cages placed in a
temperature-controlled room set to 25 °C. Cages were supplied with a 150-W
heat lamp set to a 12-h:12-h day:night cycle and were supplied with
cardboard egg cartons and steel mesh nets. This created a heterogeneous
thermal environment with a roughly 25–45 °C thermal gradient which
allowed the locusts to behaviorally thermoregulate during light hours. Locusts
had ad libitum access to food (fresh wheat sprouts and dry wheat bran) and
water and were maintained under these conditions until fully mature (sixth
instar, imago). Before experiments, adult locusts (age 1–5 wk) were placed
inside a cooling incubator (series KB 8000; Termaks A/S) set to 31 °C for 3–5 d
to ensure that all animals were preacclimated to similar thermal conditions.

Tissue Preparation. Most experiments in this study were conducted using the
mesothoracic posterior tergocoxal muscle, M90 (51). To examine if the re-
lation between Vm and cellular viability extended to other tissue types, we
also performed experiments on hindgut tissue, specifically the ileum.

Before experiments, locust heads were removed, and a ventral longitu-
dinal incision was made across the thorax using fine scissors. The preparations
were carefully pinned down (ventral side up) in Petri dishes with a silicone
elastomer base (Sylgard 184; Dow Corning Corp) and were submerged in
pretempered locust buffer for incubation (see below). For experiments on
muscle tissue, the mesothoracic posterior tergocoxal muscle was exposed
using fine-pointed forceps to carefully remove the gut and fat bodies. For
experiments using ileal tissue, we used a similar protocol but removed only
the fat bodies and Malpighian tubules. All dissections were carried out at
room temperature under a stereomicroscope.

Experimental Setup. Usingmuscle and ileum preparations, we estimated in situ
cellular Vm and in vitro viability following a range of chemical and pharma-
cological interventions that manipulated Vm and Ca2+ availability. These ex-
periments were performed at either 31 °C or 0 °C. Because biological
processes proceed faster at high temperatures, we assumed a Q10 of 2 to
create a comparable physiological exposure time for experiments run at dif-
ferent temperatures. Thus, viability experiments at 0 °C were performed with
24 h of exposure to the experimental buffer, while similar experiments at
31 °C were assessed after 3 h of exposure. Similarly, Vm was measured after
the muscle had equilibrated with the experimental buffer for 45 and 5 min at
0 °C and 31 °C, respectively. Throughout the experiments we routinely mea-
sured the temperature of the preparations and experimental setups using
K-type thermocouples connected to a TC-08 data logger (Pico Technology).

Buffers and Pharmacological Agents. Buffer solutions were based on a locust
buffer recipe from Hoyle (38) previously used for viability and Vm mea-
surements (23, 24): basal conditions: 10 mM KCl, 140 mM NaCl, 3 mM CaCl2,
2 mM MgCl2, 1 mM NaH2PO4, 90 mM sucrose, 5 mM glucose, 5 mM treha-
lose, 1 mM proline, 10 mM Hepes, adjusted to pH 7.2 using NaOH. In ex-
periments with hypo- and hyperkalemia, osmolality was maintained by
substituting KCl for NaCl. Manipulation of Vm through pharmaceutical
means was done by adding TEA in concentrations of 1 or 15 mM and sub-
sequently measuring Vm after 15–30 min. To examine the role of Ca2+ reg-
ulation in the development of chill injury, we used three pharmacological
agents, EGTA, BAPTA-AM, and LaCl3, to manipulate the availability of ex-
tracellular Ca2+, intracellular Ca2+, and transmembrane Ca2+ flux, re-
spectively. Thus, in experiments to exclude extracellular Ca2+, we replaced
CaCl2 with MgCl2 and added 500 μM EGTA, a membrane impermeable Ca2+

chelator. In experiments to remove intracellular Ca2+, we used 100 μM

BAPTA-AM, a membrane permeable Ca2+ chelator. BAPTA-AM was solubi-
lized in DMSO before it was added to the buffer. In these experiments the
muscle preparations were bathed in the BAPTA-AM solution for 60 min,
after which the preparations were rinsed twice in fresh buffer with the
desired K+ concentration (without BAPTA-AM). Finally, we performed ex-
periments with 250 μM LaCl3, a blocker of Ca2+ channels; in these experi-
ments NaH2PO4 was removed from the buffer to prevent precipitation of
lanthanum phosphate.

Measurement of Vm. Vm was measured by fixing the opened animals in
jacketed glass Petri dishes with the mesothoracic posterior tergocoxal muscle
or ileum freely accessible and submerged in ∼10 mL of the experimental
buffer. The temperature of the preparation was maintained by pumping
cooling liquid through the jacketed glass Petri dish using a temperature-
controlled water bath. Vm were measured using a chlorinated silver wire
as a reference electrode and inserting a Clark borosilicate glass microelec-
trode (1B150F-4; World Precision Instruments, Inc.) into the cells. Glass
electrodes were pulled using a Flaming-Brown P-97 electrode puller (Sutter
Instruments Co.) and were backfilled with 3 M KCl saline to have a resistance
of roughly 15–30 MΩ. An Electro 705 electrometer (World Precision Instru-
ments, Inc.) served as the central hub to which both reference and mea-
suring electrodes were connected. Data were digitalized using a Micro1401-
3 data-acquisition system (Cambridge Electronic Design) and were recorded
using Spike2 software (v8,0; Cambridge Electronic Design). Membrane
penetrations were registered as sudden drops in electrical potential, which
were interpreted as the electrode having successfully entered the cell. The
microelectrode was then retracted and reinserted for a minimum of three
stable repeats representative of that particular cell, after which the electrode
was moved to locate a new cell, and the procedure was repeated. The pro-
cedure was typically repeated for 10 min or until the Vm of eight separate cells
in one individual animal had been measured. For each cell, the Vm is reported
as the average of the repeated recordings. All Vm reported in this study are
based on measurements of at least five or six animals per treatment.

Cellular Viability. Cellular viability was quantified with a LIVE/DEAD sperm
viability kit (Thermo Fisher Scientific) used successfully in previous studies to
assess viability in insect tissue (23, 24, 32, 37). The LIVE/DEAD kit contains two
fluorescent stains: SYBR 14 (excitation λmax: 475 nm, emission λmax: 516 nm)
and propidium iodide (PI; excitation λmax: 535 nm, emission λmax: 617 nm).
Both dyes have high affinity toward the nucleotide constituents of the cell,
resulting in a dye–nucleus complex that emits either green (SYBR 14) or red
(PI) florescent light when excited by visible light. SYBR 14 is membrane
permeable and will stain all nuclei, while PI is membrane impermeable and
thus only stains cells in which the membrane integrity has been compro-
mised (52, 53). Accordingly, live cells will be stained green, and dead cells will
be stained red.

To examine cellular viability, tissue preparations were fixed in a large Petri
dishes, submerged in ∼50 mL experimental buffer solution, and sealed shut
to prevent evaporation or condensation during the experimental exposure.
Following treatment, the tissue of interest (muscle or ileum) was carefully
dissected out and placed on a glass slide. For dissections of the gut, the gut
was sealed at both ends with suture to prevent the high levels of K+ present
in the gut from leaking out. Subsequently, tissues were removed from the
preparation and placed on a glass slide where they were submerged in 30 μL
experimental buffer containing SYBR14 (40 μM). Here, tissues were in-
cubated for 10 min; then 30 μL of experimental buffer containing PI (84 μM)
was added, and the tissues were incubated for an additional 10 min, after
which the samples were ready for imagining. A coverslip was gently placed
on top of the preparation that was then imaged using a Zeiss Axio Imager.
A2 fluorescence microscope (Carl Zeiss AG). To determine the extent of DNA
staining by SYBR14 or PI, appropriate filters were used to fit with the
emission characteristics of these dyes.

Cell viability was calculated by counting the number of nuclei stained by
SYBR14 and PI, respectively. This was done using Fiji computer software using
methods similar to those of MacMillan et al. (24). Representative pictures of
stained muscle fibers are presented in Figs. 1D and 4C.

Ca2+ Imaging. In these experiments, femur muscle fibers were used instead of
mesothoracic posterior tergocoxal muscles, as this allowed us to extract
muscles with intact fibers and mount them in our measurement chamber. To
access the muscle fibers, approximately two-thirds of the femur was isolated
by removing the coxa, trochanter, and the distal part of the femur, and an
incision was made along the dorsal and ventral side of the femur.
This preparation was mounted in an experimental chamber with a Sylgard
(DowCorning) bottom by pinning needles through the exoskeleton to expose
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the fibers. The retractor unguis muscle was then removed to expose fibers of
the extensor tibia. The experimental chamber was placed in an upright
microscope at room temperature (ca. 23 °C), and the fibers were immersed in
basal 10-mM KCl locust buffer without CaCl2. The muscle was allowed to rest
for at least 5 min before one to three fibers were injected with Fluo-
4 pentapotassium salt (Thermo Fisher Scientific) using sharp electrodes
backfilled with the dye and connected to a TEC-05X amplifier. The dye was
injected for about 4 min using a constant 20-nA current. After injection,
fibers rested for at least 5 more minutes before imaging began. The dye was
excited using a polychrome V monochromator system (TILL Photonics) using
light with a wavelength of 488 nm, and Ca2+ signals were recorded using a
Nikon DS-Vi1 color microscope camera (Ramcon) using an exposure time of
100 ms and a gain of 2×. The fluorescence intensity was recorded using the
NIS elements D 4.1 software (Ramcon). Using this software, we measured an
intensity profile over a distance of about 280 μm and roughly parallel to the
fibers. After an adequate resting period postinjection, the fluorescence was

measured in the Ca2+-free buffer, and then the buffer was changed, as
previously described, to a buffer containing 3 mM Ca2+ and 10/50/120 mM
K+. The fluorescence intensity was measured immediately following the
buffer change and then every 5 min for 25 min. The fluorescence intensity
was expressed as ΔF/F where F is the fluorescence intensity in the Ca2+-free
buffer and ΔF is the change in intensity from F.

Data Analysis. All statistical analyses were performed as ANOVA. When a
significant difference was identified, a Tukey’s multiple-comparisons test was
used to separate treatment groups differing statistically (P < 0.05). All data
are expressed as mean ± SEM.
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A B S T R A C T

Cold exposure is known to induce stressful imbalances in chill susceptible insects, including loss of hemolymph
water, hyperkalemia and cell depolarization. Cold induced depolarization induces uncontrolled Ca2+ influx and
accumulation of injury through necrosis/apoptosis. Conversely cold induced Ca2+ influx has been shown to
induce rapid cold hardening and therefore also play a role to reduce cold injury. Cold acclimation is known to
reduce cold injury in insects and due to the involvement of depolarization and Ca2+ in the pathophysiology of
hypothermia, we hypothesized that cold acclimation modulates voltage gated Ca2+ channels and fiber excit-
ability. Using intracellular electrodes or force transducers, we measured the Ca2+ currents, fiber excitability and
muscle contractility in warm (31 °C) and cold (11 °C) acclimated locusts. Experiments were performed under
conditions ranging from mild conditions where the membrane potential is well regulated to stressful conditions,
where the membrane potential is very depolarized and the tissue is at risk of accumulating injury. These ex-
periments found that cold acclimation modulates Ca2+ currents and fiber excitability in a manner that depends
on the cold exposure. Thus, under mild conditions, Ca2+ currents and fiber excitability was increased whilst
muscle contractility was unaffected by cold acclimation. Conversely, fiber excitability and muscle contractility
was decreased under stressful conditions. Further work is required to fully understand the adaptive effects of
these modulations. However, we propose a model which reconciles the dualistic role of the Ca2+ ion in cold
exposure and cold acclimation. Thus, increased Ca2+ currents at mild temperatures could help to enhance cold
sensing capacity whereas reduced fiber excitability under stressful conditions could help to reduce catastrophic
Ca2+ influx during periods of severe cold exposure.

1. Introduction

Exposure to low temperatures is known to induce a series of adverse
effects in insects including: loss of hemolymph water and ion balance,
shut down of central nervous function, loss of muscle function, chill-
coma and cellular injury (Bayley et al., 2018; Koštál et al., 2004;
MacMillan and Sinclair, 2011; Overgaard and MacMillan, 2017;
Robertson et al., 2017). Many of these effects occur already at pre-
freezing temperatures in cold sensitive insects and the physiological
challenges in these insects are therefore not related to adaptations as-
sociated with freeze tolerance or freeze avoidance (Bale, 1996).

Following mild or short hypothermic exposure muscle tissue will
depolarize as the thermodynamic decrease in ion pump activity reduces
the electrogenic contribution to the membrane potential (MacMillan
et al., 2014; Wareham et al., 1975, 1974). This hypothermic exposure

has been shown to reduce excitability and voltage gated (L-type) Ca2+

currents at non-lethal hypothermic temperatures in several insects
species including the migratory locust, L. migratoria (Findsen et al.,
2016; Frolov and Singh, 2013; Hosler et al., 2000). These electro-
physiological changes result in a marked reduction of contractile force
at low temperature and this reduction in muscle performance is likely
to contribute to the impairment of neuromuscular function and activity
that is found in many cold exposed insects (Findsen et al., 2016, 2014;
Goller and Esch, 1990; Overgaard and MacMillan, 2017).

Chronic hypothermia exacerbates the negative effects on muscle
performance. This negative development is tied to the inability of in-
sects to maintain ion and water balance during hypothermia, which
results in accumulation of hemolymph K+ (Koštál et al., 2006, 2004;
MacMillan et al., 2015). Thus, hyperkalemia (in locusts we define hy-
perkalemia as concentrations of K+ > 10mM; Andersen et al., 2013;
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Findsen et al., 2013) results in a further depolarization of muscles and it
has been shown that this severe depolarization initiates a Ca2+ influx
that induces cell death in muscles and other tissues (Bayley et al.,
2018). Considering the close link between hyperkalemia and long term
hypothermia in chill susceptible insects (Koštál et al., 2004; Overgaard
and MacMillan, 2017), hyperkalemic solutions have been used to mimic
long term cold exposure (Bayley et al., 2018; Findsen et al., 2014).

Numerous studies have shown that cold acclimation improves cold
tolerance and performance of insects (Andersen et al., 2017; Des
Marteaux et al., 2018; Koštál et al., 2006; MacMillan et al., 2016). Such
acclimation may work over timescales of seasonal acclimatization to
the very fast responses that are induced by rapid cold hardening
(Andersen et al., 2017; Chen et al., 1987; Findsen et al., 2013; Gerken
et al., 2015). For example it has been shown that acclimation improves
K+ balance and organism/cell survival during cold stress in several
insect species (Andersen et al., 2017; Koštál et al., 2006, 2004). Inter-
estingly, it has also been shown that short-term acclimation in insects
(rapid cold hardening – RCH) involves Ca2+ signaling. Mild cold ex-
posures prior to a severe cold stress improves cold tolerance through a
signal mediated by increased intracellular Ca2+ such that Ca2+ influx
may include both positive (induction of RCH; sensu Teets et al., 2013)
and negative effects (initiation of apoptosis/necrosis; sensu Bayley
et al., 2018).

As highlighted above, Ca2+ signaling and transmembrane Ca2+

fluxes are involved in many aspects of insect cold physiology. These
aspects include reduction of muscle function through a reduction in the
voltage gated Ca2+ currents (Findsen et al., 2016; Frolov and Singh,
2013) as well as facilitation (Bayley et al., 2018) or prevention (Teets
et al., 2013) of hypothermic induced cell damage. It is therefore clear
that the regulation of voltage gated Ca2+ channels is of potential in-
terest to understand the physiology of insect cold tolerance/acclima-
tion. However, because of the involvement of Ca2+ in so many phy-
siological processes, it is difficult to predict the nature of this
regulation. On the one hand, an upregulation of Ca2+ currents and
excitability could enhance the ability of muscles to work under depo-
larizing conditions and increase the signal for the rapid cold hardening
response. On the other hand, a downregulation could act to reduce
hypothermia induced Ca2+ influx and protect the cells from apoptotic/
necrotic cell death.

In the present study, locust were acclimated to either 11 or 31 °C
prior to experiments, and subsequently exposed to conditions corre-
sponding to mild to stressful cold exposure. These acclimation regimes
have previously been shown to significantly affect the cold tolerance of
L. migratoria (Andersen et al., 2017; Gerber and Overgaard, 2018).
Experiments at room temperature were considered mild cold exposure
since locusts behaviorally prefer temperatures in the range 30–40 °C
(Coggan et al., 2011). Experiments using 30mMK+ were considered as
stressful conditions since this treatment strongly depolarized tissues in
locusts and increased their risk of accumulating injury (Bayley et al.,
2018; MacMillan et al., 2015).

We hypothesized that cold acclimation modulates the activity and
sensitivity of voltage dependent Ca2+ channels of skeletal muscle from
L. migratoria. This was investigated using a 3-electrode voltage clamp to
measure Ca2+ currents and by examining excitability and contractility
under mild and stressful conditions.

2. Materials and methods

2.1. Animal husbandry and acclimation

All experiments were conducted on adult (sixth instar) locusts. All
locusts had reached the adult life stage for roughly 2–5weeks prior to
experiments and the sex ratio was approximately 1:1. Animals were
purchased from commercial suppliers (Peter Andersen Aps, Frederica or
Monisskildpadder, https://www.monisskildpadder.dk/). There were no
detectable differences between contractility of muscles from either

supplier. Locusts were held in well-ventilated 0.45m2 cages at 25 °C
with a 12:12 h light/dark cycle. The locusts had ad libitum access to
water, fresh wheat sprouts and wheat bran and during light hours, a
heat lamp allowed for behavioral thermoregulation in the temperature
range from 25 to 45 °C.

The present study compares two temperature acclimation groups.
These were established by placing locusts at constant temperatures of
either 11 or 31 °C for 3–5 days prior to the experiments. During the
acclimation period locust still had ad libitum access to water and wheat
bran (although locusts were never observed to feed at 11 °C).

2.2. Experimental solutions

2.2.1. Standard locust solution
Standard Locust solution contained (in mM): 140 NaCl, 10 KCl, 2

MgCl2, 3 CaCl2, 1 NaH2PO4, 5 glucose, 20 Hepes (pH: 7.2, adjusted
using NaOH) (Findsen et al., 2014; Hoyle, 1953). In some experiments,
20 or 30mM KCl were used in place of the standard 10mM KCl. In
these experiments, NaCl was correspondingly reduced to conserve iso-
osmolarity.

2.2.2. Voltage clamp solution
To ensure that only Ca2+ currents were measured during voltage

clamping recordings, voltage gated K+ currents were blocked with
tetraethylammonium (TEA), CsCl and 4-aminopyridine. The solution
used during voltage clamping experiments contained (in mM): 9 NaCl,
4 CsCl, 123 TEA-Cl, 1 4-aminopyridine, 2 CaCl2, 5 glucose and 10
HEPES (pH: 7.1, adjusted using CsOH). Blebbistatin was also added to
the solution (final concentration 100 µM) to minimize muscle contrac-
tions during electrical stimulation.

2.3. Electrophysiological measurements

2.3.1. Muscle preparation
Locusts were decapitated and the hind legs were sampled. An inci-

sion was made along the dorsal and ventral side of the femur to expose
the muscle fibers after which the proximal end of the femur was re-
moved along with the coxa and trochanter. Part of the distal end of the
femur was also removed leaving about 2/3 of the femur. This pre-
paration was placed in a jacketed glass chamber with a sylgard bottom
(Dow Corning, Midland, Michigan, USA) and fixed by pinning needles
through the remaining exoskeleton to expose the medial muscle fibers.
The fibers were then immersed in the appropriate experimental solution
(standard locust solution or voltage clamp solution) and the retractor
unguis muscle was removed to expose the extensor tibia. Fibers used for
electrophysiological experiments were mainly large and fast fibers
corresponding to regions 3c–d of Hoyle’s classification (Hoyle, 1978).
The experimental chamber was installed in a Nikon upright microscope
(Eclipse FN1, DFA, Glostrup, Denmark) and before experiments, the
preparation was allowed to rest and equilibrate with the experimental
solution for 20–30min. Experiments were carried out at either 20 or
5 °C, and temperature was controlled by running water through the
jacketed chamber using a thermostat (Lauda alpha RA 8, Lauda-
Brinkmann, Delran, NJ, USA).

2.3.2. Electrodes for intracellular measurements
Intracellular glass electrodes were pulled from borosilicate glass

capillaries (1B150F-4, WPI, Saratosa, FL, USA) using a Flaming-Brown
P-97 electrode puller (Sutter instruments, Navato, CA, USA). Electrodes
were backfilled with 2MK-Citrate and had resistances in the range of
3–20MΩ. All electrodes were connected to a TEC-05X voltage clamp
amplifier (NPI, Tamm, Germany). Data was sampled at 40 kHz and
control of experimental protocols for electrode stimulation were per-
formed using Signal v6 and a Power1403-3 analog/digital converter
(CED, Cambridge, UK).
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2.3.3. Ca2+ currents measured using a 3-electrode voltage clamp
Three electrode voltage clamping was performed in muscle fibers

immersed in voltage clamp solution as described previously (Adrian
et al., 1970; Ashcroft and Stanfield, 1982; Findsen et al., 2016). Briefly,
two electrodes were inserted at distances l and 2 l (600 and 1200 µm in
these experiments) from the apodemal end of the fiber. The membrane
potentials recorded by these electrodes were named V1 and V2, re-
spectively. A third electrode was placed a distance 2l+ l′ from the
apodemal end and it was used to pass current. V1 was used as a feed-
back for the current electrode whereas V2 was not controlled by this
electrode. Currents were elicited using 500ms pulses from a holding
potential of −80mV to potentials between −70 and 20mV in 10mV
steps with each stimulation occurring every 1.5 s. Membrane current
densities (Im) were calculated using the following equation:

=I a V V
R l

·( )
3· ·m

i

2 1
2 (1)

where a is fiber radius and Ri is intracellular resistivity, which was
assumed to be 180Ω cm in the voltage clamp solution at 20 °C and
300 Ω cm at 5 °C (Adrian et al., 1970; Ashcroft and Stanfield, 1982;
Kornhuber and Walther, 1987). Fiber radius could be calculated using
other cable parameters. Firstly, the length constant (λ) was calculated
using the following equation (Adrian et al., 1970):
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Using λ, intracellular resistance (ri) was calculated assuming the
fiber to be a finite cable and using the following equation (Adrian et al.,
1970; Ashcroft and Stanfield, 1982):
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In this equation, I0 is the current being passed through the current
electrode and k is the distance from the current electrode to the cuti-
cular end of the fiber. Currents recorded from traces where the muscles
were clamped at a potential of −60mV or more hyperpolarised were
assumed to be leak currents. Leak current was subtracted from all
current recordings assuming linear current voltage relationship.

Hereafter, fiber radius (a) was calculated using the following
equation:

=a R
r·
i

i (4)

Using the obtained values for λ and ri, it was possible to determine
the membrane resistance, and thus the membrane conductance as well
from the relation between λ, membrane resistance and intracellular
resistance:

= r
r
m

i (5)

Here rm is the membrane resistance per unit length of fiber. Thus, by
calculating this value, membrane conductance could be obtained as the
inverse of the membrane resistance.

Finally, peak conductance and the half-activation potential were
calculated by fitting I-V curves to the following function (Frolov and
Singh, 2013):

=
+

I V G V E
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( ) ( )
1 exp( ( )/ )

max rev

a,1/2 (6)

Gmax is the peak conductance, Erev is the reversal potential, Va,1/2 is the
half-activation potential and S is a factor determining the slope of the
curve.

2.3.4. Muscle excitability measured using a 3-electrode current clamp
Muscle fibers were immersed in standard or 30mMK+ locust so-

lution for these experiments. Electrodes were positioned at the centre of
a fiber with one electrode placed at a distance of approximately 400 µm
from the most central electrode and another positioned approximately
600 µm to the other side of the central electrode. Thus, the distance
between the furthest spaced electrodes was around 1000 µm.
Membrane conductance could be determined using finite cable theory
where membrane conductance was calculated by sending a 30 nA,
400ms hyperpolarising pulse from either of two lateral electrodes at
different times and measuring the response of the two electrodes not
sending the current. Plotting the membrane potential responses to these
currents as a function of distance from the current source allows de-
termination of input conductance and the length constant by fitting the
data to the following function (Weidmann, 1952):
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Here, x is the distance from the current source, Gin is the input con-
ductance, and L is the fiber length. Membrane conductance (Gm) is then
calculated using the following equation:
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Fiber excitability could then be ascertained by injecting a constant
current 500ms depolarizing pulse through one of the electrodes and
checking for action potential development with the others. In insects,
the response to stimulation has been reported to vary depending on the
fiber type and/or the composition of the bathing solution (Hoyle, 1978;
Washio, 1972). Thus, some fibers under certain conditions respond to
excitation using an intracellular electrode by producing an action po-
tential, whereas others respond with a graded depolarization (Washio,
1972). Under control conditions (10mMK+) in the present study, ex-
citability tests often resulted in relatively clear all-or-none action po-
tential responses following stimulation with a 100 nA pulse. Conse-
quently, muscle excitability was determined by calculating the
proportion of fibers responding to the current injections by developing
clear action potentials. In the excitability test using hyperkalemic so-
lution, the fibers responded in a graded manner with a reduced am-
plitude following stimulation with a 150 nA pulse. In the absence of
distinct all or none AP’s we quantified fiber excitability by measuring
the depolarization amplitude following stimulation (i.e. higher depo-
larization amplitude=higher excitability).

2.4. Measurements of contractile force

2.4.1. Muscle preparation
Measurements of contractile force were performed using a protocol

described previously by Findsen et al. (2014). Briefly, locusts were
decapitated and the hind legs removed such that a part of the coxa and
trochanter remained attached to the hind leg. 2/3 of the tibia was cut
off and a loop of suture was tied to the remaining tibia whilst another
loop was tied around the joint between the trochanter and femur. An
incision was then made on both the dorsal and ventral side of the femur
to allow for electrical field stimulation. To avoid build-up of force in the
bending springs of the joint and to prevent the flexor and extensor
muscle from pulling against each other during stimulation, the cuticle
around the joint and semilunar process were removed with a pincer
leaving only the tendons of the joint intact. The preparation was then
mounted in a jacketed and temperature controlled glass chamber. The
suture loop on the coxal end was attached to two metal pins protruding
perpendicularly from a vertically oriented Plexiglas plate that also held
the field stimulation electrodes. The suture loop at the tibial end was
attached to a steel hook, which in turn was connected to a force
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transducer (FORT250, WPI, Saratoga, FL, USA). See Findsen et al.
(2014) (Fig. 2A) for a sketch of the final preparation. The preparation
was then submersed in standard locust solution (10mMK+) in the
jacketed chamber where experimental temperature was controlled
using a thermostat (Thermo-Haake DC30-W19/B, ThermoFisher Sci-
entific, Waltham, MA, USA). In all experiments, preparations were in-
itially mounted in standard locust solution at room temperature (ap-
proximately 22 °C) for at least 30min before experiments.

2.4.2. Measurement of force
Prior to experimentation, muscles were adjusted to optimal length,

judged by maximising twitch force. Isometric contractions were evoked
using a pair of platinum electrodes to produce 1ms pulses with a su-
pramaximal voltage difference (24–30 V/cm). Tetanic contractions
were elicited every 10min using 60 Hz stimulation trains of 2 s dura-
tions. The force frequency relation of the muscles was also estimated in
some experiments. This was done by stimulating the muscles as speci-
fied above, except muscles were stimulated every minute using stimu-
lation frequencies ranging from 0.625 to 150 Hz. The entire experi-
ments, including dissection and muscle mounting, were always carried
out in 7 h or less. Because of variation in the force produced by each
muscle all force data was normalized relative to the initial stable force
of each muscle. Following experimental interventions (low tempera-
ture, 5 °C, or hyperkalemia, 20/30mM) muscles were always allowed to
recover in normokalemic (10mMK+) solutions at room temperature
(ca. 22 °C). The average force of recovered muscles was around
88 ± 3% (Hypothermia experiments,± SEM) and 77 ± 4%
(Hyperkalemia experiments,± SEM) of the initial force. Data was
sampled at 1.5 kHz using an analog/digital converter from Cambridge
Electronic Design (Micro1401-3, Signal v6, Cambridge, UK).

2.5. Statistics

To compare experimental groups we used either a 2-proportion z-
test (when comparing proportions) or an unpaired student’s t-test.
When comparing multiple groups we used 2-way ANOVA with a post
hoc Tukey’s honest significant difference test. Data is presented as
mean ± SEM or as estimated probability ± SE of proportion.
P < 0.05 was considered significant for all analyses.

3. Results

3.1. Ca2+ currents, resting membrane conductance and excitability

The 3-electrode voltage clamp was used to measure the effect of
temperature and acclimation on the voltage gated Ca2+ current.
Chamber temperature and acclimation status were both found to affect
maximal Ca2+ currents significantly (effect of chamber temperature:
F1,70= 12.63; P < 0.001; effect of acclimation status: F1,70= 7.98;
P < 0.01; effect of interaction: F1,70= 1.97; P=0.16; Fig. 1B). The
effect of acclimation was most evident at room temperature (approxi-
mately 22 °C) where the cold-acclimated fibers, on average, produced
1.7 fold more current than the corresponding warm-acclimated fibers.
In contrast, cold-acclimated fibers produced currents that were similar
to the warm-acclimated fibers at 5 °C.

To determine peak channel conductance and the half-activation
potential, the peak Ca2+ currents recorded at every voltage step were
fitted to Eq. (6). In accordance with the measurements of current
(Fig. 1A and B) we found maximal conductance to be 2 fold higher in
cold-acclimated locusts compared to warm-acclimated fibers when
measured at room temperature (effect of chamber temperature:
F1,70= 48.99; P < 0.0001; effect of acclimation status: F1,70= 14.99;
P < 0.001; effect of interaction: F1,70= 14.82; P < 0.001; Fig. 1C).
Again, we found no difference between acclimation groups when

Fig. 1. Effect of temperature and acclimation status on Ca2+ current densities and peak membrane conductance. (A) Representative Ca2+ current traces for warm-
(WA) and cold-acclimated fibers (CA). Red traces are recorded at room temperature and blue traces at 5 °C. (B) The relationship between membrane potential and
peak Ca2+ current densities. Circles and squares represent warm- and cold-acclimated locusts respectively (blue squares are often concealed by blue circles). (C) Peak
membrane conductance for each combination of chamber temperature and acclimation status. Dissimilar letters indicate treatment groups that differ statistically (2-
way ANOVA with post hoc Tukey’s honest significant difference test). n≥ 17 fibers from four or more animals for each experimental group. Data is presented as
mean ± SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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maximal conductance was compared at low temperature. Furthermore,
the potential to activate half of the channels (Va,1/2, Eq. (6)) was similar
in all groups with a value around −38mV. We found no significant

effect of neither chamber temperature nor acclimation status on Va,1/2
(effect of chamber temperature: F1,70= 0.17; P= 0.68; effect of accli-
mation status: F1,70= 0.23; P=0.63; effect of interaction:
F1,70= 0.24; P= 0.63).

To investigate if resting membrane conductance was affected by
temperature or acclimation, we estimated resting conduction using Eq.
(8). These estimations revealed a significant effect of temperature as
resting membrane conductance decreased at low temperature while
there was no significant effect of acclimation status (effect of tem-
perature: F1,70= 23.31; P < 0.0001; effect of acclimation status:
F1,70= 1.65; P=0.20; effect of interaction: F1,70= 0.019; P=0.89;
Fig. 2).

A high Ca2+ current and low resting membrane conductance both
contribute to a high excitability. The combined effects of increased
Ca2+ currents and constant resting membrane conductance should
therefore be associated with an increased excitability for cold-accli-
mated fibers at room temperature. Fiber excitability was estimated at
room temperature using a single electrode, to inject a constant depo-
larizing current pulse with a 100 nA amplitude while two other elec-
trodes simultaneously recorded action potential development. The
amplitude and duration of the pulse were chosen so that some fibers
would respond with an action potential, whereas others would not. This
test confirmed that cold-acclimated fibers were significantly more ex-
citable at room temperature: 57% of cold-acclimated fibers produced an
action potential upon stimulation compared to 32% of warm-accli-
mated fibers (P < 0.05, 2-proportion z-test; Fig. 3A and B). Neither
resting membrane conductance nor radius were statistically different
between warm- and cold-acclimated fibers (P > 0.05, unpaired t-test).

To determine if cold-acclimated fibers were characterized by altered
excitability during depolarizing conditions, we examined fiber excit-
ability in a 30mMK+ depolarizing solution. Similar to the previous
experiment, this was done by injecting a constant current depolarizing

Fig. 2. Effect of temperature and acclimation status on resting membrane
conductance (Gm). WA=warm-acclimated fibers, CA= cold-acclimated fibers.
Red bars= chamber temperature at room temperature, blue bars= chamber
temperature at 5 °C. Dissimilar letters indicate treatment groups that differ
statistically (2-way ANOVA with post hoc Tukey’s honest significant difference
test). n≥ 17 fibers from four or more animals for each experimental group.
Data is presented as mean ± SEM.

Fig. 3. The effect of acclimation status on fiber excitability. (A) Representative membrane potential traces for warm- (WA) and cold-acclimated fibers (CA) in control
(10mMK+) or hyperkalemic (30mMK+) solution. Black and grey traces are separate examples from each experimental group. (B) The proportion of fibers that
produced an action potential (AP probability) in response to the chosen test pulse in 10mMK+ solution. (C) The mean amplitude of graded action potentials (GAP)
from muscle fibers acclimated to cold or warm conditions and submerged in 30mMK+ solution. WA=warm-acclimated fibers, CA= cold-acclimated fibers.
Dissimilar letters indicate treatment groups that differ statistically. The data in panel (B) is analyzed with a 2-proportion z-test and is presented as estimated
probability ± SE of proportion. The data in panel (C) is analyzed with an unpaired student’s t-test and is presented as mean ± SEM. n≥20 fibers from five or more
animals for each experimental group.
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pulse with a 150 nA amplitude and using two other electrodes to
measure the resulting depolarization. Under the hyperkalemic condi-
tions we never observed action potentials. The depolarization ampli-
tude was therefore measured instead of calculating the proportion of
action potential firing fibers. The results showed statistically higher
amplitudes in warm-acclimated fibers (P < 0.05, unpaired t-test;
Fig. 3A and C) suggesting that membrane excitability was decreased in
the cold-acclimated fibers when they are exposed to depolarizing con-
ditions. Neither resting membrane conductance nor radius was statis-
tically different between warm- and cold-acclimated fibers (P > 0.05,
unpaired t-test).

3.2. Contractile force at room temperature and under depolarizing
conditions

To investigate if increased Ca2+ currents and increased fiber ex-
citability helped to preserve force of cold-acclimated locusts, we tested
the muscles under various depolarizing conditions (low temperature or
hyperkalemia). The absolute force output of muscles from either ac-
climation group was high at room temperature (30 ± 2 g and
26 ± 3 g for warm- and cold-acclimated muscles, respectively).
However, because of variability in force amongst individual muscles we
normalized force (relative to the initial stable force produced by the
muscles) for subsequent statistical tests.

The effect of low temperature (5 °C) was a mild reduction in force
for both acclimation groups as force was reduced to approximately 70%
(Fig. 4A). Furthermore, the recovery of force was high in both groups.
Thus, when muscles returned to room temperature, the force was re-
covered to 96% and 93% for warm- and cold-acclimated fibers re-
spectively. The frequency to produce 50% force was also similar be-
tween acclimation groups (both when tested at high and low
temperature). Thus, muscles from warm-acclimated insects required a
stimulation frequency of 13.6 ± 1.0 Hz and 2.4 ± 0.4 Hz to reach
50% of maximal force at room temperature and 5 °C, respectively. The
corresponding frequencies for cold acclimated muscles were 14 ± 2Hz
and 2.0 ± 0.03 Hz for room temperature and 5, respectively.

In a separate set of experiments, we depolarized muscles by chan-
ging the solution to a hyperkalemic solution (either 20mMK+ or
30mMK+). 20mMK+ only reduced force output slightly (and simi-
larly in both acclimation groups), but when the muscles were further
depolarized by using 30mMK+ solution, the decrease in force was
greater. This was particularly true for the muscles from cold-acclimated
fibers that were characterized by a significantly greater decrease in
force than warm-acclimated fibers (2-Way Anova, effect of K+:
F1,21= 35.43; P < 0.001; effect of acclimation: F1,21= 8.74;
P < 0.01; effect of interaction: F1,21= 5.4; P < 0.05, Fig. 4B).

4. Discussion

4.1. Cold acclimation increases voltage gated Ca2+ currents and fiber
excitability at room temperature

The development of cold-induced cell injury has previously been
shown to be dependent on the influx of extracellular Ca2+ through
Ca2+ channels in L. migratoria (Bayley et al., 2018). Conversely, influx
of extracellular Ca2+ through Ca2+ channels was also shown to be
involved in cold sensing during rapid cold hardening in S. bullata and E.
solidaginis such that cell survival was improved following subsequent
cold exposure (Teets et al., 2013). In both cases, the Ca2+ influx is
likely to be facilitated by opening of voltage-gated Ca2+ channels, since
both chronic and acute hypothermia is associated with a substantial
depolarization (MacMillan et al., 2014; Overgaard and MacMillan,
2017; Rheuben, 1972; Wareham et al., 1974). Finally, voltage gated
Ca2+ channels are also involved in excitation-contraction coupling
where Ca2+ ions are responsible for both initiation of contraction and
propagation of the muscle action potential in normally functioning

insect muscle (Collet, 2009; Findsen et al., 2016; Washio, 1972). Con-
sidering the putative role of Ca2+ flux in these aspects of insect muscle
physiology, we hypothesized that cold acclimation would involve
adaptive changes in the activity and sensitivity of voltage dependent
Ca2+ channels. To test this, we measured the Ca2+ current and mem-
brane excitability under resting conditions as well as hypothermic/
hyperkalemic conditions. Furthermore, we investigated whether any
changes in voltage gated Ca2+ channel behavior were associated with
changes in muscle contractions.

Using a 3-electrode voltage clamp, we examined the activation
profile of muscle fibers of both warm- and cold-acclimated locusts. The
currents elicited from the fibers are comparable in magnitude to pre-
vious results from this laboratory (Findsen et al., 2016). Furthermore,
maximal membrane conductance determined in the present study is
also similar to other studies of insect muscle (Ashcroft and Stanfield,
1982; Frolov and Singh, 2013; Jan and Jan, 1976). As seen in Fig. 1C,

Fig. 4. The effect of acclimation on force output of muscles exposed to hy-
pothermia or hyperkalaemia. (A) The force of muscles exposed to 5 °C relative
to the force of the muscles when exposed to room temperature (ca. 22 °C). (B)
The force of muscles exposed to hyperkalaemia relative to the force of the
muscles when exposed to normokalaemia. WA=warm-acclimated fibers,
CA= cold-acclimated fibers. Dissimilar letters indicate treatment groups that
differ statistically (2-way ANOVA with post hoc Tukey’s honest significant
difference test). n≥ 5 muscles from three or more locusts for each experimental
group. Data is presented as mean ± SEM.
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we found cold acclimation to induce a 2-fold increase in maximal
voltage gated Ca2+ channel conductance when muscles were examined
at room temperature. The mechanism causing this increase is not
known but could involve regulation/phosphorylation of the channels,
recruitment of otherwise inactivated channels or increasing channel
density by synthesis of new channels (McDonald et al., 1994). The in-
creased current density in cold-acclimated fibers translated into a sig-
nificant increase in fiber excitability as judged from the increased
probability of action potential generation (Fig. 3B). Increased excit-
ability was not associated with reductions in resting membrane con-
ductance or with increased fiber diameter. Thus, increased excitability
is likely to be caused by the increased Ca2+ current densities since the
voltage gated Ca2+ channels are responsible for action potential gen-
eration and propagation in insect muscles (Findsen et al., 2016; Frolov
and Singh, 2013; Washio, 1972). Despite the increase in excitability of
cold-acclimated muscle fibers, we did not detect any significant changes
in force production of the muscles (Fig. 4A) and both absolute force and
the force frequency relation were similar between muscles from cold-
and warm-acclimated locusts at room temperature.

4.2. Cold acclimation increases temperature sensitivity of voltage gated
Ca2+ currents

In both acclimation groups, current densities at 5 °C were lower than
at room temperature suggesting that channel opening is temperature
sensitive. Interestingly we found that the positive effect of cold accli-
mation on voltage gated Ca2+ channel conductance disappeared when
temperature was lowered to 5 °C (Fig. 1B and C). Thus, hypothermia
induced a larger decrease in current densities in the cold-acclimated
fibers. Our experiments cannot reveal why Ca2+ currents decrease
more with decreasing temperature in the cold-acclimated animals, but
the voltage gated Ca2+ channel is capable of entering several gating
modes (Imredy and Yue, 1994; McDonald et al., 1994; Pietrobon and
Hess, 1990) and it is possible that cooling causes a greater degree of
inactivation in the cold-acclimated animals. Ca2+ channels have pre-
viously been implicated in the induction of hypothermic cell injury
where the cumulatively depolarizing effects of hypothermia and hy-
perkalemia causes an increased influx of Ca2+ that results in cell injury
(Bayley et al., 2018; MacMillan et al., 2015). The relative decrease in
Ca2+ current densities of cold-acclimated fibers at 5 °C is seemingly not
adaptive in terms of maintaining excitability and contractility, however
it could reduce depolarization-induced Ca2+ influx through this
channel which may help to limit chill injury. In contrast to the study by
Findsen et al. (2016) or Frolov and Singh (2013), we did not see any
effect of temperature on the voltage dependency of activation. Differ-
ences between species, developmental stage and/or pre-experimental
acclimation treatment could be the cause of this discrepancy.

4.3. Cold acclimation does not affect resting membrane conductance

It has been suggested that resting membrane conductance is lower
in hypothermia-tolerant tissues and/or species compared to their hy-
pothermia sensitive counterparts (Hochachka, 1986). A reduced resting
membrane conductance limits ion leak across membranes, which pro-
motes homeostatic capacity under conditions where active transport is
generally reduced. In our experiment, membrane conductance de-
creased when fibers were exposed to hypothermia. This finding is in
agreement with previous studies on insect muscles where temperature
was also found to decrease membrane conductance (Kornhuber and
Walther, 1987; Rheuben, 1972). However, we did not observe sig-
nificant differences in resting membrane conductance between accli-
mation groups.

4.4. Cold acclimation reduces muscle force output and excitability under
depolarizing conditions

Cold exposure causes depolarization in insect skeletal muscle
(Andersen et al., 2017; Hosler et al., 2000). The initial depolarization is
thought to be due to a temperature induced slowing of electrogenic
active ion transport (Overgaard and MacMillan, 2017; Wareham et al.,
1974). Furthermore, prolonged cold exposure causes further depolar-
ization due to a progressive hyperkalemia (Andersen et al., 2017; Koštál
et al., 2006; Overgaard and MacMillan, 2017). In order to investigate
the effects of cold acclimation on muscle performance under increas-
ingly depolarizing conditions, we investigated the effects of hy-
pothermia on contractile force and the effects of hyperkalemia on force
and excitability. In accordance with previous findings we found that
cooling reduced contractile force, albeit to a lesser extent than pre-
viously reported (Findsen et al., 2016, 2014). This reduction in force
was similar in both acclimation groups, which is consistent with similar
current densities for voltage gated Ca2+ channels at 5 °C. The depo-
larization induced by room temperature and 20mMK+ is expected to
be similar to the depolarization induced by 5 °C and 10mMK+ (Bayley
et al., 2018; MacMillan et al., 2014). Thus, the force output of muscles
from both acclimation groups was depressed to a similar extent in
20mMK+ solution compared to the force output of muscles in
10mMK+ at 5 °C. However, the force output of cold-acclimated fibers
decreased more compared to warm-acclimated fibers when muscles
were exposed to 30mMK+ solution (Fig. 4B). To investigate this fur-
ther we performed an excitation test whilst incubating muscle fibers in
a 30mMK+ solution. This test showed that fibers from cold-acclimated
animals responded to a stimulation pulse with decreased depolarization
amplitude compared to the warm-acclimated fibers (Fig. 3A and C). The
differences between the two treatment groups were small and both
warm- and cold-acclimated animals showed a large reduction in ex-
citability. Nevertheless, this test suggests that excitability is further
decreased in cold acclimated fibers which would contribute to de-
creased force under depolarizing conditions. It is possible that cold-
acclimated locusts became less excitable in the 30mMK+ solution due
to an increased voltage-dependent inactivation of the Ca2+ channels.
We were unfortunately not able to measure the voltage dependency for
Ca2+ channel inactivation in this study but encourage further studies to
examine the putative connections between reduced excitability and
force production in cold acclimated animals. Together our results show
that cold acclimation depresses force output when muscles are suffi-
ciently depolarized. It should be noted, that the changes in contractile
force could also be affected by other effects of cold acclimation. For
example, alterations in contractile proteins, sarcoplasmic Ca2+ release
or neuronal/synaptic stimulation.

4.5. Conceptual model for the voltage gated Ca2+ channel modulation by
cold acclimation

Our findings suggest the impact of voltage gated Ca2+ channel
modulation on whole animal physiology differs, depending on the en-
vironmental conditions (temperature and hemolymph [K+]). A con-
ceptual model, based on our findings is presented in Fig. 5.

Based on our findings we propose that the modulation of voltage
gated Ca2+ channels serve two distinct purposes depending on the state
of membrane polarization. Mild conditions correspond to conditions
were the membrane potential is maintained or slightly depolarized
(Fig. 5, left side). In the present study, experiments using room tem-
perature and 10mMK+ correspond to mild cold exposure since locusts
behaviorally prefer higher temperatures (Coggan et al., 2011). Stressful
conditions correspond to conditions where severe hypothermia and/or
the associated hyperkalemia depolarize the insects to an extent where
the insect is at risk of accumulating injury (Andersen et al., 2017;
Bayley et al., 2018; MacMillan et al., 2015). In the present study, ex-
periments using 30mMK+ corresponds to stressful conditions.
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Experiments using 5 °C or room temperature and 20mMK+ fall
somewhere between these two categories. Under mild conditions,
where temperature and membrane polarization is only slightly de-
creased, we have shown that cold acclimation results in increased
maximal Ca2+ currents. This increase was linked to increased muscle
excitability but since force output and the force-frequency relation were
unchanged, no direct effects on locomotor function were detected.
However, the Ca2+ channels have previously been implicated in cold
sensing and initiation of the rapid cold hardening response (Teets et al.,
2013). In the study by Teets et al. (2013) it was suggested that Ca2+

influx was necessary to initiate the rapid cold hardening response so it
is possible that increased Ca2+ flux is linked to cold sensing. To confirm
this hypothesis, future studies should investigate whether cold accli-
mation does enhance the rapid cold hardening response.

Under stressful hypothermia (Fig. 5, right side), insect tissues will
depolarize as a result of the hypothermia and the associated progression
of hyperkalemia (MacMillan et al., 2015; MacMillan and Sinclair,

2011). Under such conditions, it has been shown that Ca2+ flux through
Ca2+ channels initiate a damaging cascade in insect tissues (Bayley
et al., 2018; Yi et al., 2007; Yi and Lee, 2011). Given the abundance of
voltage gated Ca2+ channels in the muscle membrane, this channel
represents a plausible pathway for catastrophic Ca2+ influx following
severe hypothermia. We propose that cold-acclimated voltage gated
Ca2+ channels respond to such stressful conditions by inactivation
which could limit the damaging Ca2+ influx. Inactivation of voltage
gated Ca2+ channels was not measured directly, however fiber excit-
ability appeared to be reduced under stressful conditions in cold-ac-
climated fibers. This change in excitability was not associated with
significant changes in resting membrane conductance or fiber radius
(two other factors that could affect excitability) suggesting that the
Ca2+ current could be decreased under these conditions. Future studies
should aim to determine if cold acclimation really reduces Ca2+ over-
load under stressful conditions.

Fig. 5. Working model for the impact of modulation of voltage gated Ca2+ channels by cold acclimation. Under mild conditions, membrane potential is maintained
or only slightly depolarized. Under stressful conditions the combined effects of hypothermia and/or the associated hyperkalemia depolarizes the cells and induces
cellular injury. The dark green boxes are supported by evidence from the present study, the light green box is partially supported by evidence from the present study,
the yellow box is supported by evidence from the literature and the white boxes are hypothesized effects of cold acclimation. The black arrowheads represent well-
documented mechanistic links and the white arrowheads are hypothesized mechanistic links. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Bayley JS, Sørensen JG, Moos M, Koštál V, Overgaard J. Cold
acclimation increases depolarization resistance and tolerance in mus-
cle fibers from a chill-susceptible insect, Locusta migratoria. Am J
Physiol Regul Integr Comp Physiol 319: R439–R447, 2020. First
published August 26, 2020; doi:10.1152/ajpregu.00068.2020.—Cold
exposure depolarizes cells in insects due to a reduced electrogenic ion
transport and a gradual increase in extracellular K� concentration
([K�]). Cold-induced depolarization is linked to cold injury in chill-
susceptible insects, and the locust, Locusta migratoria, has been
shown to improve cold tolerance following cold acclimation through
depolarization resistance. Here we investigate how cold acclimation
influences depolarization resistance and how this resistance relates to
improved cold tolerance. To address this question, we investigated if
cold acclimation affects the electrogenic transport capacity and/or the
relative K� permeability during cold exposure by measuring mem-
brane potentials of warm- and cold-acclimated locusts in the presence
and absence of ouabain (Na�-K� pump blocker) or 4-aminopyridine
(4-AP; voltage-gated K� channel blocker). In addition, we compared
the membrane lipid composition of muscle tissue from warm- and
cold-acclimated locust and the abundance of a range transcripts
related to ion transport and cell injury accumulation. We found that
cold-acclimated locusts are depolarization resistant due to an elevated
K� permeability, facilitated by opening of 4-AP-sensitive K� chan-
nels. In accordance, cold acclimation was associated with an increased
abundance of Shaker transcripts (gene encoding 4-AP-sensitive volt-
age-gated K� channels). Furthermore, we found that cold acclimation
improved muscle cell viability following exposure to cold and hyper-
kalemia even when muscles were depolarized substantially. Thus cold
acclimation confers resistance to depolarization by altering the rela-
tive ion permeability, but cold-acclimated locusts are also more
tolerant to depolarization.

acclimation; cold exposure; depolarization; insect

INTRODUCTION

Cold hardiness is arguably among the most important traits
defining the biogeographical distribution of insects (36, 57).
This is also true for the “chill-susceptible” insect species that
live in temperate and tropical environments. These species are
defined as chill-susceptible since they experience mortality at
temperatures well above the freezing point of their body fluids
(39, 44, 46) and do not possess extreme adaptations to tolerate
or avoid freezing at extreme sub-zero temperatures (4, 49). The
primary challenge associated with hypothermia for chill-sus-
ceptible species is to maintain physiological homeostasis dur-

ing cold exposure despite having slowed biochemical and
physiological processes. There are several proposed causes for
the development of hypothermia-induced injury in chill-sus-
ceptible insects, but hypothermia-induced depolarization has
received particular interest as an important mechanism for chill
injury (5, 39, 41, 49). According to this paradigm, cold expo-
sure results in cell depolarization by virtue of the combined
effects of reduced electrogenic ion transport and disruption of
ion homeostasis. Once depolarization exceeds a certain thresh-
old, accumulation of injury follows (5, 44). The mechanism for
injury accumulation has not been fully established, but chill
injury has been linked to opening of voltage-gated Ca2� influx
(5), which activates apoptotic/necrotic pathways (62, 63).

The electrogenic component of the membrane potential is
generated by pumps such as the Na�-K� pump that transport
net charge across the membrane during a pumping cycle (18,
47). In insect muscle, this component has been reported to
contribute to a considerable fraction (ca. 20–30%) of the total
membrane potential (42, 52, 59). During cold exposure, the
electrogenic contribution is reduced when pumps are slowed
(45, 59, 60). This reduction in pump activity is caused by the
direct effect of hypothermia on pumping rates but could also be
caused by the indirect effect of cold-induced changes in mem-
brane fluidity, which can also reduce pump activity (28, 51).
Prolonged periods of reduced active ion transport also lead to
a gradual loss of hemolymph ion homeostasis (2, 39, 46). In
insects, this loss of ion balance is particularly linked to the
gradual loss of osmoregulatory capacity of the Malpighian
tubule and hindgut causing a cold-induced increase in hemo-
lymph K� concentration ([K�]) (3, 39), which depolarizes the
membrane potential as predicted by the Goldman-Hodgkin-
Katz equation (27, 32). The proposed mechanisms of hypo-
thermia-induced depolarization and injury accumulation are
summarized in Fig. 1.

Chill-susceptible insects have been shown to improve cold
tolerance significantly following cold acclimation (12, 17, 39).
This improvement is consistently associated with improved
maintenance of cell polarization and ion balance during cold
exposure (2, 40, 43). Furthermore, there is evidence that
cold-acclimated insect muscles also resist depolarization when
subjected to hyperkalemic experimental salines (2). Resistance
to depolarization could increase cellular cold tolerance, but to
our knowledge there are no studies that have examined how
cold-acclimated insects can limit depolarization during hypo-
thermic and hyperkalemic conditions.Correspondence: J. S. Bayley (jeppe.bayley@bio.au.dk).
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In this study, we used the model insect Locusta migratoria
(the migratory locust) to examine how a chill-susceptible insect
can improve cold tolerance and depolarization resistance fol-
lowing cold acclimation. We considered two physiological
processes that could potentially help to improve resistance to
depolarization in hyperkalemic salines and/or during cold ex-
posure. First, we hypothesized that locusts could mitigate the
cold-induced depolarization by maintaining electrogenic
Na�-K� transport during hypothermia. Second, we hypothe-
sized that cold acclimation would increase the relative K�

permeability to hyperpolarize the membrane potential. The
second hypothesis is motivated by the observation that locusts
under acute cold exposure, before the ion imbalance associated
with sustained hypothermia, exhibit reversal potentials for K�

that are hyperpolarized relative to the membrane potential (2,
45). These observations suggest that it is feasible to reduce the
depolarizing effects of cold exposure by increasing the relative
permeability for K�, which drives the membrane potential
closer to the K� reversal potential.

To test these ideas, we compared warm- and cold-acclimated
locusts by measuring 1) the electrogenic contribution of the
Na�-K�-ATPase using ouabain to block the ATPase (8) and 2)
the contribution of voltage-gated K� channels to the mem-
brane potential using the K�-channel blocker 4-aminopyridine
(4-AP) (53, 56). Furthermore, the effect of cold acclimation
was also investigated by measuring the general membrane lipid
composition and the transcript abundance of genes encoding
key proteins involved in responses to cold stress. Finally, we
investigated how depolarization resistance affected the devel-
opment of chill injury under cold and hyperkalemic exposure.

MATERIALS AND METHODS

Animal husbandry and acclimation. Locusts (L. migratoria, Lin-
naeus, 1758) used in this study were purchased from a commercial
supplier (Peter Andersen ApS, Fredericia, Denmark). Locusts arrived
as juvenile (4th–5th instar) and were reared in ventilated 0.45-m3

cages in a temperature-controlled room set to 25°C. A 150-W heat
lamp, set to a 12:12-h day-night cycle, created a thermal gradient
during daytime (ca. 25–45°C) to allow for behavioral thermoregula-
tion, while nighttime was at room temperature. Locusts had ad libitum
access to food (fresh wheat sprouts and dry wheat bran) and water and
were maintained under these conditions until fully mature (6th instar,
imago).

Before the experiments, adult locusts were acclimated at a constant
temperature of 11°C (cold acclimation, CA) or 31°C (warm acclima-
tion, WA). Locusts used for experimentation had been adult for 10–38
days (average ca. 23 days). During the acclimation period the locusts
had ad libitum access to wheat bran and water. For most experiments,
equal numbers of males and females were used and acclimation lasted
3–5 days. This acclimation regime was chosen since it has previously
been shown to affect the cold tolerance of L. migratoria (2). In
experiments measuring mRNA transcript, we were unsure when
transcript rates were likely to differ between acclimation groups. A
time series was set up, with samples collected after 1, 2, or 4 days at
each acclimation temperature in an attempt to determine if cold
acclimation affected gene expression after one of these acclimation
durations. The acclimation duration was recorded as a factor in
subsequent statistical analyses.

Experimental salines. To measure membrane potentials and viabil-
ity in locust skeletal muscle under controlled extracellular conditions,
the muscle preparations were placed in an experimental saline. Stan-
dard locust saline contained (in mM) 140 NaCl, 10 KCl, 2 MgCl2, 3
CaCl2, 1 NaH2PO4, 5 glucose, and 20 HEPES (pH 7.2, adjusted using

1 4
52

3

Fig. 1. Model showing the proposed mechanistic relationship between cold exposure and injury accumulation in chill-susceptible insects. A: Cold exposure
depolarizes muscle directly by reducing the rates of electrogenic pumping and indirectly by slowing active transport in the osmoregulatory tissues, which
adversely affects ion balance. Membrane depolarization beyond a certain threshold results in uncontrolled Ca2� influx that induces cell injury, presumably
through apoptotic/necrotic pathways. The numbered circles in A refer to the physiological processes outlined in B that we hypothesized could be modulated by
cold acclimation to mitigate the effects of cold exposure. B: A simplified muscle membrane displaying elements hypothesized to affect the cold injury cascade.
1, Preservation of the activity of electrogenic pumps during cold exposure, would preserve the membrane potential. 2 and 3, The balance of K� and Na�

permeability affects the membrane potential resulting from a given distribution of K� and Na� ions across the membrane. Reducing the ratio of Na� to K�

permeability will hyperpolarize the membrane and potentially prevent injury. 4, Changing Ca2� permeability under cold/depolarizing conditions affects the Ca2�

influx. Reducing Ca2� permeability could prevent depolarization-induced injury accumulation. 5, Membrane fluidity decreases with cold exposure, affecting the
stability and activity of pumps and channels embedded in the membrane. Changes in membrane composition following cold acclimation (homeoviscous adaption)
could help to mitigate the detrimental effects of cold exposure.
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NaOH) (21, 33). In experiments designed to investigate the effects of
hyperkalemia, 30 or 50 mM KCl was used in place of the standard 10
mM KCl. In these experiments, NaCl was correspondingly reduced to
conserve osmolarity. To investigate how cold acclimation affected the
regulation of membrane potential and the development of injury
during hypothermia, 1 mM 4-aminopyridine (4-AP) was added to the
standard saline in some experiments. Finally, to estimate the contri-
bution of the Na�-K� pump to the resting membrane potential,
ouabain (1 or 100 �M) was added in some experiments.

Measurements of membrane potential. Membrane potentials were
measured in the mesothoracic posterior tergocoxal muscle, M90 (55),
using previously described protocols (2, 5). Before experiments,
locusts were decapitated and the thorax was opened with a ventral
longitudinal incision. The opened locust body was pinned in a jack-
eted glass chamber with a silicone elastomer base and covered with
standard locust saline. The mesothoracic posterior tergocoxal muscle
was then exposed by removing the gut and fat bodies. The temperature
of the preparation was controlled (set to either 0 or 31°C) by a water
bath (RC 6 CS; Lauda-Brinkmann) pumping heated/cooled water
through the jacketed glass chamber. Membrane potentials were mea-
sured with a chlorided silver wire reference electrode and a glass
microelectrode, which was inserted intracellularly (1B150F-4; World
Precision Instruments). Glass electrodes were pulled using a Sachs-
Flaming micropipette puller (model PC-84; Sutter Instrument) and
were backfilled with 3 M KCl to have resistances around 10–20 M�.
The electrodes were connected to an Electro 705 electrometer (World
Precision Instruments), and data were digitalized using a Micro1401-3
data-acquisition system (Cambridge Electronic Design).

In experiments where ouabain was added, ouabain was incubated
for different durations depending on whether the experiments were
carried out at 0°C or 31°C. This was done since the binding of ouabain
has been reported to be temperature sensitive (9). We incubated
muscles with ouabain at 31°C for 30 min and, assuming a Q10 value
for ouabain binding of 2, incubated muscle with ouabain at 0°C for
240 min. In other experiments, we similarly assumed that equilibra-
tion to experimental saline could be affected by temperature. Thus
measurements at 31°C (and without ouabain) were done after 5–15
min, whereas measurements at 0°C (and without ouabain) were done
after 30–40 min. When possible, the membrane potential from mul-
tiple fibers from each locust was measured. On average, seven fibers
were measured from each locust, and never more than eight.

Cell viability. To measure cell viability, locusts were dissected as
described above, pinned in a large petri dish with an elastomer base,
and submerged in the appropriate locust saline. The petri dish was
sealed with Parafilm and placed in a custom-built polystyrene box
with temperature control set at 0°C. Muscles were exposed to the
chosen locust saline for 24 h, after which cell viability was estimated
with a LIVE/DEAD sperm viability kit (L7011; Thermo Fisher
Scientific), which has previously been used to measure cell viability in
insects (2, 5, 44, 62). The viability kit contains two fluorescent stains:
SYBR 14 [excitation maximum wavelength (�max): 475 nm; emission
�max: 516 nm] and propidium iodide (excitation �max: 535 nm;
emission �max: 617 nm). Each stain binds to DNA in the nucleotide,
forming a complex that emits green (SYBR 14) or red (propidium
iodide) light. SYBR 14 is membrane permeable and will stain all cells,
whereas the membrane-impermeable propidium iodide only stains
cells with compromised membrane integrity (24, 25). To measure
viability, the mesothoracic posterior tergocoxal muscles were care-
fully dissected out and placed on a glass slide at room temperature.
Thereafter, the muscles were submerged in 30 �L of the appropriate
locust saline containing 40 �M SYBR 14. After a 10-min incubation
period, 30 �L of locust saline containing 84 �M propidium iodide
were added, and the preparations were incubated for 10 more minutes.
Hereafter, a coverslip was placed very carefully on top of the prepa-
ration and imaged using a Zeiss Axio Imager.A2 fluorescence micro-
scope (Carl Zeiss AG). When the extent of DNA staining was
recorded, appropriate filters were applied to match the emission

characteristics of each stain. Cell viability was calculated by counting
the number of nuclei stained by SYBR 14 and propidium iodide using
methods similar to those previously described (44).

mRNA transcription. For experiments measuring mRNA transcrip-
tion, locusts were acclimated at 1, 2, or 4 days at a constant temper-
ature of 11°C (cold acclimation) or 31°C (warm acclimation). Fol-
lowing each acclimation period, locusts were decapitated and thoracic
muscles were quickly removed, weighed, and placed in 0.2-mL
Eppendorf tubes on dry ice. RNA was extracted from the muscles
using an RNeasy mini kit (74016; Qiagen) by following the kit’s
instructions, and RNA extracts were kept in a �80°C freezer until the
sample mRNA transcript abundance was quantified. For each sample,
the amount of extracted RNA was estimated from a separately frozen
aliquot using a Qubit RNA BR assay kit (Q10210; Thermo Scientific)
and a Qubit 2.0 fluorometer (Q32866; Invitrogen). Variation in RNA
extraction efficiencies meant some samples did not contain sufficient
RNA to be tested with all primer pairs. Samples with insufficient RNA
yield were discarded, resulting in uneven numbers of male and female
samples available for further analysis. To account for this, the sex of
the animals was recorded and included as a factor in subsequent
statistical analyses. cDNA was then synthesized from 650 ng of total
RNA from each sample using the Omniscript reverse transcript kit
(205113; Qiagen). To synthesize cDNA from the mRNA, the appro-
priate volume of RNA extract was added to ensure a final RNA
concentration after dilution of 4 ng/�L in the cDNA synthesis mixture
irrespective of the RNA concentration in the original RNA extract.
The instructions of the reverse transcriptase kit were followed, and
cDNA was synthesized using a DNA Engine thermal cycler set to
37°C for 60 min (PTC-200; Bio-Rad).

The objective of this experiment was to investigate if cold/warm
acclimation led to differential transcription in genes related to transmem-
brane ion transport and/or apoptotic signaling. Primers for the quantita-
tive RT-PCR analysis of the 13 target genes (Supplemental Tables S1 and
S2; all Supplemental material is available at https://datadryad.org/stash/
share/rAsc8tpofx0xR9nErgzuYlqfJwuEmwqbdQkP9a1tQYQ) were
chosen using gene sequences from L. migratoria found in the NCBI
database (https://www.ncbi.nlm.nih.gov/). When possible, primers were
determined by searching for the sequences of annotated genes in the L.
migratoria genome database. For some genes of interest, primers were
designed for unannotated sequences in the L. migratoria genome that
were inferred to be homologs to corresponding annotated genes from the
Drosophila melanogaster genome (based on high blast similarity: E-
score � 4 � 10�63; see Supplemental Table S1). All primers (supplied
by Sigma-Aldrich) produced an amplicon of 80–120 base pairs with
primer GC content of 50–60%. Depending on the primer pair, melting
temperatures ranged from 61.8 to 68.1°C, and the average difference in
melting temperature within a pair was 1.7°C.

Real-time quantitative PCR (qPCR) was performed using Brilliant
II SYBR Green qPCR master mix (600831; AH Diagnostics). Each
reaction was run in duplicate with 5 �L of cDNA (corresponding to
20 ng of RNA extract) and 900 nM primer (final volume: 15 �L). The
amplification was run using a Stratagene Mx3005P (Agilent Technol-
ogies) with the following cycling conditions: 95°C for 10 min to
activate the DNA polymerase and then 40 cycles of 95°C for 30 s and
x°C for 60 s, where x was a temperature just under the melting
temperature for the primer pair (60–65°C depending on the primer
pair). Melting curves were inspected to confirm the formation of a
single amplicon from the reactions. Any primer pairs that did not
produce a consistent product were disregarded and not used for further
analysis.

Phospholipid analysis. Locusts were warm- or cold-acclimated for
5 days, after which thoracic muscles were harvested, weighed, and
stored in Eppendorf tubes at �80°C. Prior to lipid analysis, the
muscles from individual locusts were pooled in groups of four to six
males or females, and approximately equal numbers of each sex were
used for further analysis. Lipids were extracted using previously
described methods (38). Briefly, total lipids were extracted from
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dissected muscle tissue in chloroform-methanol solution (2:1), and the
solvents were evaporated. Dry total lipid extract was then separated
into polar and nonpolar classes by dissolution and liquid–liquid
extraction between 3 mL of acetonitrile in water (80:20) and 3 mL of
hexane. The lower aqueous acetonitrile phase containing polar lipids
was used as a source of phospholipids (PLs).

The samples were analyzed using high-performance liquid chro-
matography (HPLC) combined with electrospray ionization mass
spectrometry (ESI/MS) using an LTQ-XL mass spectrometer
(Thermo Fisher) equipped with ESI, Accela 600 pump HPLC system,
and Accela AS autosampler (all from Thermo Fisher) and using
previously described methods (13, 38). The mobile phase flow rate
was 200 �L/min with a gradient change of A:B:C as follows: 0 min,
92:8:0; 7 min, 97:3:0; 12 min, 100:0:0; 19 min, 93:0:7; 20–29 min,
90:0:10; 40–45 min, 40:0:60; and 48 min, 100:0:0; followed by
equilibration of column, 50–65 min, 92:8:0. Data were acquired and
processed by means of XCalibur 2.1 software (Thermo Fisher). The
responses of analyzed PLs were corrected by comparison to the
signals of internal standards that were obtained from Avanti Polar
Lipids (Alabaster, AL): phosphatidylcholine (PC) 17:0/17:0; phos-
phatidylethanolamine (PE) 17:0/17:0, both at 40 �g/mL, and phos-
phatidylglycerol (PG) 17:0/17:0; phosphatidylserine (PS) 17:0/17:0,
both at 20 �g/mL. The corrected areas under individual analytical
peaks were expressed in percentages with the assumption that the total
area is 100%.

Data analysis. Results from the qPCR experiments were analyzed
using calculations based on the DART-PCR algorithm (50). Tran-
scription results were subsequently normalized using calculations
based on the NORMA-Gene algorithm (29).

In experiments investigating the effects of temperature, K� con-
centration, or pharmacological interventions on membrane potentials,
or experiments comparing the relative transcription level of genes,
statistical analyses were performed as ANOVAs. In cases where an
ANOVA detected a significant difference, Tukey’s multiple compar-
ison tests were performed to identify groups that differed statistically.
Data on muscle membrane lipids were analyzed using principal
component analysis (mean centered, using a Matlab function). In
addition, statistical analysis of the relative abundance of the individual
lipids found in muscle muscles was performed as two-tailed Student’s
t tests using the Holm–Bonferroni correction for multiple compari-
sons. Finally, we summarized the phospholipid fatty acid data by
calculating five general metrics (proportion of saturated, proportion of
monounsaturated, and proportion of polyunsaturated fatty acids, av-
erage length, and average degree of saturation). The effect of accli-
mation on these five general metrics was also compared using two-
tailed Student’s t tests adjusted using the Holm–Bonferroni correction
for multiple comparisons. For all statistical analyses except statistics
using the Holm–Bonferroni correction, P � 0.05 was considered
statistically significant. For statistics using the Holm–Bonferroni cor-
rection, thresholds are reported in Supplemental Table S3. All data are
expressed as means 	 SE.

RESULTS AND DISCUSSION

Cold acclimation decreased ouabain sensitivity of the mem-
brane potential and modified membrane lipid composition.
There is abundant evidence supporting the hypothesis that
depolarization and chill injury are mechanistically linked in
chill-susceptible insects (2, 5, 10, 39, 40, 44, 49), and cold
acclimation has been shown to cause depolarization resistance
and improve cold tolerance in muscles of L. migratoria (2). In
the present study, we investigated how locusts can modify their
physiology to resist cold-induced depolarization and the asso-
ciated injury. One hypothesis that could explain depolarization
resistance is if cold acclimation allows for increased electro-
genic Na�-K� pump activity during cold exposure. To test
this, we measured membrane potential of muscle fibers from
both warm-acclimated (31°C; WA) and cold-acclimated lo-
custs (11°C; CA). Measurements were performed in standard
locust saline at 31°C or 0°C in the presence or absence of
ouabain (a blocker of Na�-K� pumps). Muscles from both
acclimation groups had membrane potentials around �57 mV
at 31°C (Fig. 2A), whereas muscles from either acclimation
group exposed to 0°C depolarized substantially (to around �42
mV; Fig. 2B). Irrespective of acclimation status, at 31°C
muscles also depolarized substantially following exposure to
100 �M ouabain, suggesting that the cold-induced depolariza-
tion was caused by slowing of the electrogenic pump. Thus, as
previously reported for moth (60), cockroach (59), and another
locust species, Scistocerca gregaria (42), we found that the
electrogenic component at warm temperature is responsible for
a large portion of the resting membrane potential (ca. 15 mV;
Fig. 2, A and B).

The electrogenic pumps are slowed by low temperature,
which is also inferred by the much smaller effect of ouabain at
0°C. When membrane potentials of cold- and warm-acclimated
locusts are compared at 31°C and 0°C in standard locust saline
without ouabain, it is clear that the electrogenic component of
the membrane potential is equally sensitive to low temperature
in both acclimation groups (compare Fig. 2, A and B). Accord-
ingly, there was no support for the hypothesis that cold-
acclimated locusts preserve membrane potential via augmented
pump activity at low temperature. However, the membrane
potentials of warm-acclimated muscles were significantly more
sensitive to 1 �M ouabain than cold-acclimated muscles (Fig.
2, A and B). The reason for such a difference in ouabain
resistance is not known, but ouabain resistance has been linked
to a change in the isoform of the 
-subunit of the Na�-K�

Fig. 2. Effect of ouabain on membrane po-
tential (Vm) in cold (CA)- and warm-accli-
mated (WA) locust fibers. Membrane poten-
tial of warm (red symbols)- and cold-accli-
mated (blue symbols) fibers were measured
at 31°C (A) and 0°C (B). *P � 0.05 indicates
a membrane potential that differs between
warm- and cold-acclimated fibers at that
ouabain concentration (3-way ANOVA with
post hoc Tukey’s honest significant differ-
ence test). Data are presented as means 	
SE; n � 27 fibers from 4 or more animals for
each experimental group. In some cases, the
error bars are obscured by the symbols.
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pump in rats (6). By measuring the transcription abundance of
the Na�-K� pump 
1 and 
2, we attempted to investigate if
such a change had occurred in the locusts. Unfortunately, it
was only primers for the 
2-isoform that resulted in formation
of a specific product in our experiments (judged by a uniform
melting curve). Although we observed significant interactions
between sex, acclimation duration, and acclimation status in
the transcription abundance of 
2, we found no general effect
of acclimation (3-way ANOVA; see Supplemental Table S2).
Accordingly, we cannot relate the electrophysiological finding
of ouabain resistance (which did not depend on sex) directly to
differences in 
2 transcription abundance. Further research is
needed to determine how the cold-acclimated fibers increase
ouabain resistance. Posttranslational modifications, changes in
transcription levels for the 
-isoforms, and/or changes in
translation rates are some of the possibilities to produce this
effect (58).

Ectotherms, including insects, are known to adjust their
membrane composition in response to thermal acclimation (14,
28, 37). This response, termed homeoviscous adaptation, is
believed to secure appropriate membrane fluidity despite
changes in temperature, and adjustments in the membrane lipid
composition following acclimation could therefore also be
hypothesized to influence the function of imbedded ion pumps
and channels (26). For example, it has been shown that accli-
mation (45 vs. 31°C) for 30 days alters the phospholipid head
group composition in mitochondrial membranes of locust mus-
cle and that these chemical changes are associated with
changes in membrane phase transition temperature (19, 35).
Considering that many membrane linked functions are chal-
lenged at low temperature, we investigated whether 5 days of
cold acclimation also modified the phospholipid composition
of whole muscle in a manner consistent with homeoviscous
adaptation. The lipidomic analysis identified 88 phospholipid
types, and as shown in Fig. 3A, a principal component analysis
revealed separation of the two acclimation groups along the
two first principal components. The phospholipid head groups
and fatty acid chains were generally similar in type and
proportions to those found previously in locusts (22), but only
2 of the 88 individual phospholipid types differed significantly
between the two acclimation groups (unpaired t tests and the
Holm–Bonferroni correction for multiple comparisons; see
Supplemental Table S3). Several other phospholipids were
borderline to the conservative level of significance set by
the Holm–Bonferroni correction (Supplemental Table S3), and
responses found here are consistent with the general patterns
seen across cold-acclimation studies of insects (reviewed in
Ref. 37). Thus the general indices of phospholipid fatty acid
composition showed tendencies in the direction of more poly-
unsaturated fatty acids in cold-acclimated animals at the ex-
pense of saturated and monounsaturated fatty acids (Fig. 3B).
We can only speculate why 5 days of adult acclimation did not
result in more profound modifications of phospholipid compo-
sition of locusts. However, the degree of membrane reorgani-
zation following temperature acclimation in insects seems to be
variable among different acclimation regimes and/or insect
species (reviewed in Ref. 37). Nevertheless, considering the
modest responses observed here, it is unlikely that reorganiza-
tion of membrane lipid composition is the foundation for the
observed changes in depolarization resistance and tolerance.

While it is clear that the chemical composition of phos-
pholipids and/or changes in membrane fluidity can affect
cell function or activity of imbedded pumps (15, 16, 61),
there are to date no studies that have directly shown how
such modifications change membrane function or membrane
electrophysiology in insects. As suggested by Gibbs (26),
such questions could, for example, be performed in model
systems such as D. melanogaster, where membrane lipids
can more easily be manipulated using mutant lines or
mRNA interference (mRNAi) (as also exemplified in Cae-
norhabditis elegans; see Ref. 48).

Cold acclimation confers depolarization resistance and en-
hance Shaker channel transcription. As for other animals, the
resting membrane potential in insects is sensitive to the un-
equal distribution of ions and their relative permeabilities as
described by the Goldman-Hodgkin-Katz equation (27, 32).
However, in contrast to many vertebrates, insects have a
substantial resting membrane permeability for Na� in muscles.
Insects muscle has been recorded to have Na� permeabilities
constituting 10–30% of K� permeability (34, 42), whereas
vertebrate skeletal muscles are typically characterized by a
relative Na� permeability around 1% of K� permeability (31).
Accordingly, the resting membrane potential of insects is more
sensitive to the Na� distribution, and increasing the relative

Fig. 3. Multivariate analysis of phospholipid composition of warm (WA)-
and cold-acclimated (CA) locust muscle. A: the variance in 88 identified
phospholipid species was analyzed using principal component analysis, and
the resulting scores of warm (red symbols)- and cold-acclimated (blue
symbols) locust muscles are plotted along the 2 major principal compo-
nents (PC1 and PC2). Data for the proportion of individual phospholipid
species are found in Supplemental Table S3 (https://datadryad.org/stash/
landing/show?id�doi%3A10.5061%2Fdryad.4b8gtht8v). B: table of gen-
eralized metrics of membrane phospholipid composition. Avg. CL, average
chain length; Avg. Sat., average degree of saturation of fatty acids; MUFA,
monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA,
saturated fatty acids. P values (P-val) were calculated using Student’s
unpaired t test; threshold indicates the Holm–Bonferroni-corrected thresh-
old for significance.
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K� permeability with decreasing temperature could help cold-
acclimated locust to preserve a polarized membrane potential.

To test this hypothesis, we measured membrane potentials of
warm- and cold-acclimated muscle fibers at 0°C in experimen-
tal salines containing 10–50 mM KCl. In the absence of 4-AP,
CA muscles depolarized less at 30 mM K� compared with WA
fibers (Fig. 4A). Thus, in agreement with previous results, cold
acclimation conferred depolarization resistance in locusts ex-
posed to hyperkalemia (2). Since the difference between accli-
mation groups only manifested itself when membranes were

depolarized beyond �40 mV, we hypothesized that voltage-
gated channels might be involved in the resistance to depolar-
ization. To test this, we repeated the measurements in the
presence of a blocker (4-AP) of voltage-gated K� channels.
Under these conditions, there were no significant differences
between membrane potentials of muscles from either acclima-
tion group (Fig. 4B). This finding suggests that the depolariza-
tion resistance found in cold-acclimated locust is a conse-
quence of increased relative membrane permeability for K�.
To investigate this further, we measured the transcription
levels of a number of K� channels (Supplemental Tables S1
and S2) in animals that were either warm- or cold-acclimated
for 1, 2, or 4 days. Among these candidate genes, it was only
transcription of the Shaker gene that was consistently and
significantly different between warm- and cold-acclimated lo-
custs (Supplemental Table S2). The initial analysis of these
data revealed that acclimation (F1,78 � 13.5; P � 0.001) and
sex (F1,78 � 13.9; P � 0.001) affected the transcription values,
while duration of acclimation had no significant effect
(F2,78 � 0.4; P � 0.67). For this reason, animals of the same
sex exposed to the same acclimation status were analyzed
together irrespective of acclimation duration in the post hoc
test. As shown in Fig. 4C (and Supplemental Table S2),
transcription of the Shaker channel gene was ~1.3- to 1.5-fold
higher in cold-acclimated animals of both sexes, providing
support to the hypothesis that cold acclimation increases the
amount of voltage-gated K� channels to defend membrane
polarization at low temperature. In the muscle tissue of D.
melanogaster larvae, the Shaker channel has been reported to
activate in the same range of membrane potentials (�50 to
�20 mV), where depolarization resistance was reported in the
present study (53, 54). The K� channels encoded by the Shaker
gene exist in several isoforms, and some are typically regarded
as carriers of transient (fast inactivating) currents in insects
(23). However, a noninactivating, 4-AP-sensitive isoform of
the Shaker channel has also been reported (56).

Although our data suggests that depolarization resistance in
cold-acclimated locusts could be afforded through an increase
in the abundance of a Shaker-type K� channel, we caution that
protein expression is not always directly related to gene tran-
scription (58). Future studies should therefore establish if cold
acclimation actually results in increased Shaker channel abun-
dance in insect muscle. By the same logic, it is possible that
some of the other 4-AP-sensitive, voltage-gated K� channels
increase in abundance following cold acclimation, even if their
transcript abundance is unaffected (or unmeasured in the pres-
ent study).

Cold acclimation increased depolarization tolerance. Previ-
ous studies have shown that depolarization and chill injury are
strongly linked in chill-susceptible insects such as locusts (5,
49). Considering this, we investigated if injury accumulation
under depolarizing conditions differed between warm- and
cold-acclimated muscles. To test this, we measured cell via-
bility after exposing locusts to salines with 10–50 mM KCl
with or without 1 mM 4-AP. In the absence of 4-AP, hyper-
kalemia reduced cell viability in the warm-acclimated but not
the cold-acclimated group (2-way ANOVA, effect of acclima-
tion: F1,30 � 9.31; P � 0.001; effect of K�: F2,30 � 27.92;
P � 0.0001; effect of interaction: F2,30 � 6.29; P � 0.01; Fig.
5A). A similar pattern was observed when locusts were incu-
bated with 1 mM 4-AP (2-way ANOVA, effect of acclimation:

10 20 30 40 50

−40

−30

−20

K+ concentration (mM)

V
m

 (
m

V
)

Without 4−AP

*

*A

WA
CA

10 20 30 40 50

−40

−30

−20

K+ concentration (mM)

V
m

 (
m

V
)

With 4−AP
B

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6

Males Females

S
ha

ke
r 

tr
an

sc
rip

tio
n *

*

C

Fig. 4. Effect of cold acclimation on membrane potential (Vm) sensitivity to
hyperkalemia. Membrane potentials for warm (WA)- and cold-acclimated
(CA) fibers in standard locust saline in which K� concentration ([K�]) is
varied (A) or standard locust saline in which [K�] is varied while the K�

channel blocker 4-aminopyridine (4-AP) is present (1 mM; B). *P � 0.05,
significant difference in membrane potential between acclimation groups
exposed to the same K� concentration (2-way ANOVA with post hoc Tukey’s
honest significant difference test). C: transcription level of the Shaker gene in
male/female locusts relative to the warm-acclimated level in the same sex.
Data were pooled from locusts acclimated for 1, 2, or 4 days, and both sexes
consistently transcribed significantly more Shaker mRNA compared with the
warm-acclimated locusts (*P � 0.05, 3-way ANOVA with post hoc Tukey’s
honest significant difference test). For the membrane potential measurements,
n � 23 fibers from 3 or more animals for each experimental group, and for the
gene transcription measurements, N � 11 animals of each sex acclimated to
warm or cold conditions. Data are presented as means 	 SE. In some cases, the
error bars are obscured by the symbols.
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F1,30 � 21.41; P � 0.001; effect of K�: F2,30 � 3.4; P � 0.05;
effect of interaction: F2,30 � 5.36; P � 0.05).

In Fig. 5B we relate cell viability to membrane potential. In
this analysis, we used membrane potentials from the relation-
ship between membrane potential and K� (Fig. 4) and related
this to measurements of viability under similar experimental
conditions (Fig. 5A). As shown in Fig. 5B, viability of warm-
acclimated fibers could be fitted to a sigmoidal function (black
line) of membrane potential. This sigmoidal relation was fitted
using all warm-acclimated muscle (irrespective of 4-AP con-
centration) and displayed along with the 95% confidence in-
tervals (dashed line). The sigmoidal relation of warm accli-
mated locusts was similar to our previous findings (5), shown
as a gray line); however, the viability of muscles from cold-
acclimated locusts clearly differed from this relationship. Thus
the viability of cold-acclimated muscle remained high, regard-
less of the 4-AP concentration and K� concentration. Accord-
ingly, cold acclimation confers depolarization tolerance to
protect locusts from cold-induced injury. A similar ability to
reduce injury accumulation under depolarizing conditions was
reported previously (2). However, in the present study, cold
acclimation appears to suppress injury accumulation more than
previously reported (2), perhaps due to different experimental
protocols.

The exact mechanism for loss of cell viability following
cold/depolarization exposure is not fully understood. However,
hypothermia-induced injury is associated with Ca2� influx (5),
and both necrosis and apoptosis are processes associated with
Ca2� influx and depolarization (7, 30). In the present study, we
examined this link by measuring the transcript abundance of a

number of genes involved in the regulation of apoptosis/
necrosis (Supplemental Table S1). The transcripts that were
successfully measured were the locust homologs of caspases-1
and -9, thought to be involved in the apoptotic cascade as
effectors and/or initiators of apoptosis (1, 11, 62), and Dro-
sophila inhibitor of apoptosis protein (diap), an inhibitor of
apoptosis (1). For some of these transcripts, interactions be-
tween acclimation status (warm or cold acclimation) and sex or
acclimation duration were detected. However, these effects
were not consistent across both sexes and therefore did not
reflect the nature of the viability results, where suppression of
cell injury in cold acclimated animals occurred irrespective of
sex. It is obviously possible that apoptotic/necrotic pathways in
cold-acclimated insects could have been affected through
genes not measured in the present study or that some of the
genes measured were modified posttranscriptionally (58). Fi-
nally, considering the mechanistic link between Ca2� influx
and cold injury in chill-susceptible insects (5), it would be
interesting in future studies to measure the long-term Ca2�

influx following prolonged cold exposure to investigate if the
buildup of Ca2� is reduced by cold acclimation, since this
would also be expected to suppress injury accumulation.

Perspectives and Significance

In the present study, we demonstrated that cold acclimation
of locusts induced depolarization resistance as well as depo-
larization tolerance in muscle tissue. The depolarization resis-
tance manifests itself at membrane potentials depolarized fur-
ther than –40 mV, and our findings suggest that this resistance
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Fig. 5. Effect of acclimation on the relation
between membrane potential (Vm) and cell
viability. A: relation between K� concentra-
tion and viability of warm (WA)- and cold-
acclimated (CA) fibers. *P � 0.05. B: rela-
tion between membrane potential and viabil-
ity of warm- and cold-acclimated fibers. C:
representative images used for quantification
of cell viability. In B, the sigmoidal fit (black
line) represents all data from warm-accli-
mated fibers, regardless of 4-aminopyridine
(4-AP) concentration, along with the 95%
confidence interval for this fit (black dashed
lines). For comparison, the sigmoidal fit
from a previous study (5) is presented, as
well (gray line). The values for Vm were
derived from the relationship between K�

and Vm reported in Fig. 4. For membrane
potentials, n � 23 fibers from 3 or more
animals for each experimental group; for
viability, N � 6 animals for each experimen-
tal group. Data are presented as means 	
SE. In some cases, the error bars are ob-
scured by the symbols.
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is conferred by upregulation of a voltage-gated K� channel
(Shaker type). Cold-acclimated locusts were also characterized
by a significantly higher depolarization tolerance under cold-
stress conditions. Future research should investigate if this
increased cold tolerance is associated with a suppression of
cold-induced Ca2� influx or the associated apoptotic/necrotic
pathways known to induce chill injury. Previous studies have
shown that cold-acclimated insects recover from cold-induced
paralysis more quickly (20, 39). Since this recovery relies on
the repolarization of the excitable cells, it would also be
interesting to examine if the mechanism for depolarization
resistance reported here contributes to the improved recovery
rate of such insects.
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Aim 
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Main findings 

1. The best model considered in the present study included: 
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through the Na+/K+ ATPase 

b. Flux of K+ and Cl- through a K+-Cl- symporter 
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Abstract 25 

Abiotic stressors, such as cold exposure, can depolarize insect cells causing cold coma and cell death. 26 

During cold exposure, insect skeletal muscle depolarization occurs through a 2-stage process. Firstly, short-27 

term cold exposure reduces the activity of electrogenic ion pumps, which depolarizes insect muscle 28 

substantially. Secondly, during long-term cold exposure, extracellular ion homeostasis is disrupted causing 29 

further depolarization. Consequently, it is often found that cold hardy insects improve their membrane 30 

potential stability during cold exposure, which is partly achieved through maintenance of ion homeostasis 31 

during cold exposure. Less is known about the adaptations permitting cold hardy insects to maintain 32 

membrane potential stability during the initial phase of cold exposure before the ion balance is disrupted. 33 

To address this problem, the present study constructed a mathematical “charge difference” model of the 34 

insect muscle membrane potential, which was parameterized with known literature values for ion 35 

permeabilities, ion concentrations and membrane capacitance. The validity of this model was tested first by 36 

comparing simulated and recorded membrane potentials at 0 and 31 °C and at 10-50 mM extracellular [K+]. 37 

Subsequently, we tested the model predictions by using pharmacological inhibitors of the Na+/K+ ATPase, 38 

Cl- channels and symporters. Our results confirm the importance of both Na+/K+ ATPase activity and ion-39 

selective Na+, K+ and Cl- channels, but also suggest that additional symporters (K+-Cl- and Na+-K+-2Cl-) are 40 

needed to describe how membrane potentials respond to temperature and [K+] changes. While further 41 

work is required to establish how the resting membrane potential is generated in insect muscle, we argue 42 

that this “charge difference” model will be a useful tool to generate testable hypotheses of how insects can 43 

preserve membrane polarization in the face of stressful cold exposure. 44 

Keywords: Insect, cold exposure, membrane potential, depolarization, electrogenic ion transport 45 
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Introduction 46 

In insects, as in almost all animals, functional nerves and muscles support their existence by facilitating 47 

sensory input, central processing of stimuli, locomotion and more. In order for these excitable tissues to 48 

fulfill their function, their resting membrane potentials must be maintained (Andersen et al., 2015; Findsen 49 

et al., 2014; Robertson et al., 2017). For insects, maintenance of the resting membrane potential in skeletal 50 

muscle may be disrupted by stressful external stimuli such as hypoxia/anoxia or cold exposure (Dawson et 51 

al., 1989; Hosler et al., 2000; Rodgers et al., 2010). In chill susceptible insects such as Locusta migratoria, 52 

cold exposure induced depolarization of muscle leads to cold induced paralysis (chill coma) and eventually 53 

death (Bayley et al., 2018; Findsen et al., 2013; Gibert and Huey, 2001). Conversely, cold-acclimation 54 

increases cold tolerance and part of this response has been shown to occur through cellular modifications 55 

to conserve the muscle membrane potential (Bayley et al., 2020). Furthermore, studies on drosophilids 56 

have shown that the most cold hardy species are able to entirely resist cold induced depolarization of 57 

muscle membranes at temperatures where most chill susceptible insects depolarize to the extent of 58 

inducing chill coma (Andersen et al., 2015; Andersen and Overgaard, 2019). Thus, understanding how 59 

insects can adapt to cold exposure requires further insight into how different cellular components 60 

contribute to maintaining the resting membrane potential in muscle and how these components are 61 

impacted by cold exposure. 62 

In insects, the muscle membrane potential is often divided into 2 components with distinct temperature 63 

sensitivities (Hosler et al., 2000; MacMillan and Sinclair, 2011; Overgaard and MacMillan, 2017). The first 64 

component, the electrogenic component, arises through active ion transport of an uneven number of 65 

charges across the membrane producing a net current during each pumping cycle. In different insect 66 

species, different enzymes/pumps have been suggested to be responsible for the electrogenic component. 67 

However, in many species (including locusts and drosophilids) the Na+/K+ pump is responsible for a 68 

substantial (1/5-1/3 of the total resting membrane potential) electrogenic component (Bayley et al., 2020; 69 

Henon and Ikeda, 1981; Wareham et al., 1974). Since the electrogenic component is dependent on active 70 

ion pumps to generate a current, this component is also very temperature sensitive. Thus, when chill 71 

susceptible insects are exposed to cold, their muscles depolarize within minutes as cold environment 72 

reduces enzymatic activities and hence electrogenic pumping (MacMillan et al., 2015b, 2014; Wareham et 73 

al., 1974).  74 

The second component is related to the transmembrane ion gradients and further depolarization of insect 75 

muscle occur during long-term cold exposure when the chronic reduction in active transport, primarily in 76 

the osmoregulatory organs, ultimately leads to disruption of the extracellular ion homeostasis (Andersen et 77 
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al., 2017; Gerber and Overgaard, 2018; Koštál et al., 2004). This component of the resting membrane 78 

potential was originally described through the work of David E. Goldman (Goldman, 1943), Alan Lloyd 79 

Hodgkin and Bernard Katz (Hodgkin and Katz, 1949) and their work resulted in the formulation of the 80 

Goldman-Hodgkin-Katz (GHK) equation that describes the membrane potential as being explained mainly 81 

by the transmembrane distribution of ions and their permeabilities. This classical equation requires only a 82 

few parameters to accurately estimate resting membrane potentials in tissues where the basic assumptions 83 

of the equation are valid. Thus, the equation has been widely used to describe the resting membrane 84 

potential in a range of species and tissues (Adrian, 1956; Enyedi and Czirják, 2010; Heinemann et al., 1992; 85 

Hodgkin and Katz, 1949) including some insect muscle (Jan and Jan, 1976; Lea and Usherwood, 1973; Leech, 86 

1986). However, the derivation of the GHK equation includes an assumption that all ion fluxes are due to 87 

the passive Nernst-Planck fluxes and thus, that active (electrogenic) ion transport is negligible (Fraser and 88 

Huang, 2007; Hodgkin and Katz, 1949). This assumption is violated in insect muscle due to the electrogenic 89 

flux discussed above which also contributes to overall ion flux. A variant of the GHK equation has been 90 

developed, which includes a term for the electrogenic flux of the Na+/K+ pump (Mullins and Noda, 1963). 91 

However, part of the derivation of this equation is an assumption that Cl- is passively distributed across the 92 

membrane and at least in locust muscle, evidence suggests that this is not the case (Usherwood, 1968; 93 

Walther and Zittlau, 1998).  94 

Recently an alternative method to describe the resting membrane potential has been proposed (Fraser and 95 

Huang, 2004). The charge difference (CD) model describes the membrane potential without the need to 96 

make specific assumptions about the relative magnitudes of ion fluxes (passive or active) or ion 97 

distributions. The CD model is very flexible as the model can easily be customized to different species or 98 

tissues. Thus, fluxes from different ion channels or transporters can straightforwardly be added to or 99 

removed from the existing network of fluxes in the model. Furthermore, this model can be used to perform 100 

iterative calculations allowing the effect of some perturbation on volume or ion content to be included in 101 

the model. This model has previously been used to accurately model muscle electrophysiology in a number 102 

of vertebrates including frog and rat skeletal muscle and agrees with the GHK equation under conditions 103 

where the GHK assumptions are valid (Fraser et al., 2011; Fraser and Huang, 2004). In this study, we 104 

explore the use of the CD model to quantify the electrophysiology of locust skeletal muscle including the 105 

short-term effects of temperature. Thus, we compare model predictions from different versions of the CD 106 

model and the GHK equation with empirical measurements of membrane potentials obtained in previous 107 

studies (Bayley et al., 2020, 2018) where measurements were done at 0 or 31 °C using standard locust 108 

salines containing 10-50 mM K+. Furthermore, in the present study, we measured locust muscle membrane 109 

potentials recorded in standard locusts salines containing ouabain, DIDS and/or bumetanide and compared 110 
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the results to model predictions. Finally, in the present study, we measured the intracellular concentration 111 

of Na+, K+ and Cl- after incubating muscles in 10 or 30 mM K+ standard locust salines and compared the 112 

empirical results with model predictions. We used L. migratoria as our model insect for this study since the 113 

electrophysiology of this animal is well known compared to other chill susceptible insects. Our results 114 

suggest that the GHK equation is inadequate to describe the resting membrane potential of insects, 115 

especially when modelling the effects of cold exposure. Compared to this, the CD model shows a large 116 

potential to improve our understanding of the cellular components of the resting membrane potential in 117 

insects. However, the CD models considered in the present study could not explain all experimental 118 

observations and we argue that further research is still needed to establish in detail which cellular 119 

components are needed to produce a physiologically realistic locust muscle model. 120 

121 

Materials and methods 122 

Empirical data 123 

The present study consists of 2 parts. In the first part, we investigated and developed models based on the 124 

GHK equation or the CD equations. To do this we compared membrane potential predictions from the 125 

models to previously obtained measurements of membrane potentials in locust muscle (Bayley et al., 2020, 126 

2018). In the second part, once reasonable models had been established, model predictions were 127 

compared to new experiments which pharmacologically targeted specific components in the model (i.e. 128 

ouabain to block Na+/K+ ATPase).  129 

Measurements of membrane potentials at 0 or 31 °C using standard locust solutions with 10-50 mM KCl 130 

were obtained from 2 previous studies (Bayley et al., 2020, 2018). Measurements of membrane potentials 131 

at 31 °C using standard locust solutions with 10 mM KCl and in the absence or presence of ouabain (to 132 

block the Na+/K+ ATPase), DIDS (to block Cl- channels and symporters) and/or bumetanide (to block K+-Cl- 133 

and Na+-K+-2Cl- symporters) were obtained in experiments of the present study. Furthermore, 134 

measurements of intracellular ion concentrations for Na+, K+ or Cl- following incubation in standard locust 135 

saline containing 10-30 mM KCl were obtained in experiments of the present study. 136 

137 

Mathematical simulations 138 

The empirically obtained data of membrane potentials was compared to models based on the GHK 139 

equation and to different variations of the CD (charge difference) model. To compare the empirical data to 140 
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the GHK equation, the measurements obtained at different experimental temperatures (0 or 31 °C) were 141 

fitted the equation: 142 

𝐸𝐸𝑚𝑚 =
𝑅𝑅 ∙ 𝑇𝑇
𝐹𝐹

∙ ln�
[𝐾𝐾+]𝑒𝑒 + 𝑃𝑃𝑁𝑁𝑁𝑁/𝑃𝑃𝐾𝐾 ∙ [𝑁𝑁𝑎𝑎+]𝑒𝑒 + 𝑃𝑃𝐶𝐶𝐶𝐶/𝑃𝑃𝐾𝐾 ∙ [𝐶𝐶𝑙𝑙−]𝑖𝑖
[𝐾𝐾+]𝑖𝑖 + 𝑃𝑃𝑁𝑁𝑁𝑁/𝑃𝑃𝐾𝐾 ∙ [𝑁𝑁𝑎𝑎+]𝑖𝑖 + 𝑃𝑃𝐶𝐶𝐶𝐶/𝑃𝑃𝐾𝐾 ∙ [𝐶𝐶𝑙𝑙−]𝑒𝑒

�   (1) 143 

Here, Em is the membrane potential, Pion is the permeability of the specified ion, [ion] is the concentration 144 

of the specified ion and the subscript i/e means intracellular or extracellular, respectively. Finally, R is the 145 

ideal gas constant, T is the temperature and F is the Faraday constant. To fit the GHK equation, PNa/PK and 146 

PCl/PK were treated as unknown variables and [K+]i, [Na+]i and [Cl-]i assumed to be 130 mM, 20 mM and 20 147 

mM based on measurements of intracellular ion concentration from the present study, as well as previous 148 

studies (Andersen et al., 2013; Andersen et al., 2017; Findsen et al., 2013; but see also Fig. 3). The predicted 149 

response of the resulting model, GHKt, to a change in temperature or inhibition of an ion channel could 150 

then be obtained by modifying the appropriate parameter in the model (e.g. changing the temperature 151 

from 31 to 0 °C or setting PCl to 0).  152 

As an alternative to the GHK equation, we also applied variants of the CD model developed by Fraser and 153 

Huang (2004). In the CD model, the membrane potential was calculated using the following equation: 154 

𝐸𝐸𝑚𝑚 =
𝐹𝐹 ∙ ([𝐾𝐾+]𝑖𝑖 + [𝑁𝑁𝑎𝑎+]𝑖𝑖 − [𝐶𝐶𝑙𝑙−]𝑖𝑖 + 𝑍𝑍𝑥𝑥 ∙ [𝑋𝑋−]𝑖𝑖)

𝐶𝐶𝑚𝑚 ∙ 𝐴𝐴𝑚𝑚
  (2) 155 

Here, Em is the membrane potential, F is faradays constant, [ion]i is the intracellular concentration for the 156 

given ion, [X-]i is the intracellular concentration of all non-permeable osmolytes, Cm is the membrane 157 

capacitance and Zx is the mean charge of [X-]i (the charges for Na+, K+ and Cl- are implicitly set to +1 or -1). 158 

Am, the membrane area per volume, is calculated by assuming the muscle fibers are cylinders with a radius 159 

of 75 µm (Bayley et al., 2019; Fraser and Huang, 2004). This equation assumes the net extracellular charge 160 

is 0 and predicts a small net intracellular charge. The intracellular concentrations depend on the fluxes of 161 

the membrane permeable ions and on the cell volume. Here, the fluxes of ions are assumed to occur 162 

passively as described by the equations of Goldman, Hodgkin and Katz (Goldman, 1943; Hodgkin and Katz, 163 

1949): 164 

𝐽𝐽𝑖𝑖𝑖𝑖𝑖𝑖 = 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖 ∙ 𝜀𝜀 ∙ ([𝑖𝑖𝑖𝑖𝑖𝑖]𝑒𝑒 ∙ 𝑒𝑒−𝜑𝜑 − [𝑖𝑖𝑖𝑖𝑖𝑖]𝑖𝑖 ∙ 𝑒𝑒𝜑𝜑)   (3) 165 

𝜑𝜑 =
𝑍𝑍𝑖𝑖𝑖𝑖𝑖𝑖 ∙ 𝐹𝐹 ∙ 𝐸𝐸𝑚𝑚

2 ∙ 𝑅𝑅 ∙ 𝑇𝑇
 166 

𝜀𝜀 =
2 ∙ 𝜑𝜑

𝑒𝑒𝜑𝜑 − 𝑒𝑒−𝜑𝜑
 167 
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Where, Jion is the flux of a given ion, Pion is the permeability, Zion is the valence and [ion] is the extracellular 168 

or intracellular concentration. The flux of the Na+/K+ pump was based on the model by Hernandez and 169 

colleagues (Hernandez et al., 1989; Hernández and Chifflet, 2000).  170 

𝐽𝐽𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝 =
𝑁𝑁
𝐴𝐴

(𝛼𝛼 − 𝛽𝛽)   (4) 171 

Thus, the resulting flux of Na+ and K+ from the action of the Na+/K+ pump was: 172 

𝐽𝐽𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝,𝑁𝑁𝑁𝑁 = −𝐽𝐽𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝 ∙ 3   (4𝑎𝑎) 173 

𝐽𝐽𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝,𝐾𝐾 = 𝐽𝐽𝑝𝑝𝑝𝑝𝑚𝑚𝑝𝑝 ∙ 2   (4𝑏𝑏) 174 

Where, N is the density of the Na+/K+ pumps. 𝛼𝛼 is the product of the forward rate constants, 𝛽𝛽 is the 175 

product of the reverse rate constants and A is a function of all the rate constants, and ligand 176 

concentrations. More details on the components of the equation may be found in Hernandez et al. 177 

(1989,2000) but briefly: 𝛼𝛼, 𝛽𝛽 and A all depend on the concentrations of [Na+]i, [Na+]e, [K+]i, [K+]e, [inorganic 178 

phosphate], [ATP], [ADP] and the membrane potential. To compensate for the temperature sensitivity of 179 

Na+/K+ pump flux, the flux was scaled exponentially based on the reported temperature sensitivity of the 180 

pump in an assay from homogenized Drosophila melanogaster (MacMillan et al., 2015b). Using the 181 

temperature scaling of this study is equivalent to assuming Q10 factor of 6.9 between 0 and 30 °C. However, 182 

repeating the calculations and scaling the Na+/K+ pump flux assuming a Q10 factor of 2-3 yielded similar 183 

predictions for the temperature effect on the membrane potential.  184 

Both the Na+-K+-2Cl- (NKCC) and K+-Cl- (KCC) symporters are known to be expressed in vertebrate muscle 185 

(Lauf and Adragna, 2000; Lindinger et al., 2002; Wong et al., 1999). To our knowledge, no studies have 186 

directly investigated if these symporters are present in insect muscle. They are, however, expressed in the 187 

muscle membranes of the invertebrate Caenorhabditis elegans (Han et al., 2015) suggesting that these 188 

symporters are commonly found in skeletal muscle membranes. In cases where these fluxes were included 189 

in the calculations, they were calculated as previously described (Fraser and Huang, 2004): 190 

𝐽𝐽𝑁𝑁𝐾𝐾𝐶𝐶𝐶𝐶 = 𝑃𝑃𝑁𝑁𝐾𝐾𝐶𝐶𝐶𝐶 ∙ �[𝑁𝑁𝑎𝑎+]𝑒𝑒 ∙ [𝐾𝐾+]𝑒𝑒 ∙ [𝐶𝐶𝑙𝑙−]𝑒𝑒2 − [𝑁𝑁𝑎𝑎+]𝑖𝑖 ∙ [𝐾𝐾+]𝑖𝑖 ∙ [𝐶𝐶𝑙𝑙−]𝑖𝑖2�    (5𝑎𝑎) 191 

𝐽𝐽𝐾𝐾𝐶𝐶𝐶𝐶 = 𝑃𝑃𝐾𝐾𝐶𝐶𝐶𝐶 ∙ ([𝐾𝐾+]𝑒𝑒 ∙ [𝐶𝐶𝑙𝑙−]𝑒𝑒 − [𝐾𝐾+]𝑖𝑖 ∙ [𝐶𝐶𝑙𝑙−]𝑖𝑖)    (5𝑏𝑏) 192 

In cases where the effects of low temperature were simulated, the temperature sensitivity of the 193 

symporters were assumed to be the same as the sensitivity of the Na+/K+ pump. 194 
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The net fluxes for each ion were summed (influx considered positive) and the cell volume was calculated 195 

using the following formula (Fraser and Huang, 2004) which assumes that water flux follows ion flux with 196 

no time lag: 197 

𝑉𝑉𝑡𝑡+1 = 𝑉𝑉𝑡𝑡 ∙
𝐽𝐽𝑇𝑇𝑖𝑖𝑡𝑡𝑁𝑁𝐶𝐶 ∙ 𝐴𝐴𝑚𝑚 + Π𝑖𝑖

Π𝑒𝑒
  (6) 198 

Here Vt is the volume at time t, JTotal is the total flux of all ions from t to t+1, Π𝑖𝑖 and Π𝑒𝑒 is the osmolarity of 199 

the intracellular and the extracellular compartments, respectively.  200 

Calculations using the CD model were carried out as described in (Fraser and Huang, 2004). Briefly, 201 

calculations were run in a series of iterations, with the equations calculated in order of equation 2-6, using 202 

short time-steps for each iteration until stable values are attained for all ion concentrations and the 203 

membrane potential. After each iteration, the concentrations of all ions and the impermeable osmolytes 204 

were updated according to their fluxes and the change in cell volume was calculated. 205 

Table 1 lists the default values for parameters that were used for the model unless otherwise stated. The 206 

parameters are derived from several sources as listed in the table.  207 

208 
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Parameter Symbol Value References 

Membrane Na+ permeability PNa 7.6 ∙ 10−8 cm/s (Jan and Jan, 1976; Lea and 

Usherwood, 1973)2 

Membrane K+ permeability PK 3.8 ∙ 10−7 cm/s (Jan and Jan, 1976; Lea and 

Usherwood, 1973)2 

Membrane Cl- permeability PCl 6.4 ∙ 10−7 cm/s (Ashcroft and Stanfield, 

1982; Lea and Usherwood, 

1973) 

Ratio of permeabilities PNa: PK: PCl 0.2:1:1.7 (Ashcroft and Stanfield, 

1982; Jan and Jan, 1976; Lea 

and Usherwood, 1973; 

Leech, 1986)2 

Na+/K+ pump density N 5 ∙ 10−13 mol/cm2 Model derived to maintain 

[ion]i
1

Intracellular ATP concentration [ATP]i 6 mM (Fraser and Huang, 2004) 

Intracellular ADP concentration [ADP]i 6 ∙ 10−3 mM (Fraser and Huang, 2004) 

Intracellular phosphate concentration [P]i 4.95 mM (Fraser and Huang, 2004) 

Mean valence of impermeable solutes Zx -0.6 Model derived to maintain 

[ion]I
1  

Membrane capacitance Cm 7 µF/cm2 (Jan and Jan, 1976; 

Kornhuber and Walther, 

1987) 

Table 1 - The default values for parameters used in the simulations. Where possible, parameter values 209 

were obtained from the literature. 1See also Fig. S1 (supplementary data) for more details.  2These values 210 

were based on the reported literature, but adjusted as discussed in the following text. 211 

The value for Cl- permeability was straightforwardly obtained since the value for this parameter has been 212 

reported in 2 separate publications (Ashcroft and Stanfield, 1982; Lea and Usherwood, 1973). An absolute 213 

value for K+ permeability has also been reported (Lea and Usherwood, 1973) but to obtain this value the 214 

authors assumed that only K+ currents were permitted under conditions where Cl- currents were abolished. 215 

However, evidence suggests that the resting insect membrane is permeable to both Na+ and K+ with PNa/PK 216 

reported to be in the range 0.1-0.23 (Jan and Jan, 1976; Leech, 1986). Applying the assumption that, upon 217 
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removal of the Cl- permeability (Lea and Usherwood, 1973), the remaining permeabilities are distributed as 218 

PNa/PK = 0.2, the absolute value of PK was calculated as (Hodgkin and Katz, 1949): 219 

𝑦𝑦 = [𝐾𝐾+]𝑒𝑒 +
𝑃𝑃𝑁𝑁𝑁𝑁
𝑃𝑃𝐾𝐾

∙ [𝑁𝑁𝑎𝑎+]𝑒𝑒  (7𝑎𝑎) 220 

𝑤𝑤 = [𝐾𝐾+]𝑖𝑖 +
𝑃𝑃𝑁𝑁𝑁𝑁
𝑃𝑃𝐾𝐾

∙ [𝑁𝑁𝑎𝑎+]𝑖𝑖  (7𝑏𝑏) 221 

𝑃𝑃𝐾𝐾 = 𝐺𝐺𝑚𝑚 ∙
(𝑅𝑅 ∙ 𝑇𝑇)2

𝐹𝐹3 ∙ 𝐸𝐸𝑚𝑚
∙
𝑦𝑦 − 𝑤𝑤
𝑦𝑦 ∙ 𝑤𝑤

 (7𝑐𝑐) 222 

Here Gm is the membrane conductance reported by Lea and Usherwood (1973) under Cl- free conditions, Em 223 

is the resting membrane potential and the ion concentrations are assumed based on other studies of locust 224 

muscle (Andersen et al., 2017; Findsen et al., 2013). Once PK has been calculated, PNa was easily calculated 225 

as 𝑃𝑃𝑁𝑁𝑁𝑁 = 𝑃𝑃𝑁𝑁𝑁𝑁
𝑃𝑃𝐾𝐾

∙ 𝑃𝑃𝐾𝐾.226 

227 

Models of the present study 228 

In the following text, simulations are related to experimental data. Simulations where the GHK equation 229 

was fitted to experimental data are referred to as GHKt models where the subscript indicates if the fit was 230 

made to data recorded at 31 or 0 °C. The CDbasic model refers to a version of the CD model where PKCC and 231 

PNKCC were 0 and PNa/PK was 0.05 (thus adjusting the absolute values of PNa and PK using equation 7c) and all 232 

other parameters were as listed in table 1. The CDNKCC model refers to a version of the CD model where all 233 

parameters were as listed in table 1 (i.e. PNa/PK was 0.2) and where fluxes for both the K+-Cl- and the Na+-K+-234 

2Cl- symporters are included in the calculations (PKCC/PK is set to 0.4 and PNKCC/PK is set to 2). 235 

236 

Experimental animals 237 

Locusts (Locusta migratoria) used in this study were purchased from a commercial supplier 238 

(Monisskildpadder, https://www.monisskildpadder.dk/). Locust were purchased as 5th instart juveniles and 239 

kept in ventilated 0.45 m3 boxes in temperature controlled rooms (25 °C). A 150 W heat lamp (12:12 hour 240 

day/night cycle), created a thermal gradient (25-45 °C) permitting locust thermoregulation during daytime 241 

whilst the temperature was room temperature during night time. Locusts had ad libitum access to food 242 

(fresh wheat sprouts and dry wheat bran) and water, and were kept under these conditions until fully 243 
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matured (6th instar, imago). In the present study, Locusts used for experiments had been adult for 15-23 244 

days and equal numbers of males and females were used. 245 

246 

Experimental salines 247 

Standard locust saline contained (in mM): 140 NaCl, 10 KCl, 2 MgCl2, 3 CaCl2, 1 NaH2PO4, 5 glucose, 20 248 

HEPES (pH: 7.2, adjusted using NaOH) (Findsen et al., 2014; Hoyle, 1953). In some experiments, 30 mM KCl 249 

was used in place of the standard 10 mM KCl. In these experiments, NaCl was correspondingly reduced to 250 

conserve osmolarity. To investigate the possible involvement of Cl- channels and symporters in generating 251 

the resting membrane potential set point, 140 µM 4,4’-diisothiocyano-2,2’-stilbenedisulfonic acid (DIDS) or 252 

1 mM bumetanide, was added to the standard saline in some experiments. Finally, to estimate the 253 

electrogenic contribution of the Na+/K+ pump to the resting membrane potential, 1 mM ouabain was added 254 

in some experiments. 255 

256 

Membrane potential 257 

Using the same protocol as previously described (Andersen et al., 2017; Bayley et al., 2018), membrane 258 

potentials were measured in the mesothoraric posterior tergocoxal muscle, M90 (Snodgrass, 1929). Locusts 259 

were decapitated and the thorax was cut open with a ventral longitudinal incision. The opened locust body 260 

was pinned in a jacketed glass chamber with a silicone elastomer bottom and submerged in the appropriate 261 

locust saline, where the locust rested for 30 minutes before experiments commenced. The muscles of the 262 

thorax were exposed by removing the gut and fat bodies with a pair of tweezers. Temperature control was 263 

achieved by pumping water through the jacketed glass chamber using a RC 6 CS thermostat (Lauda-264 

Brinkmann). Membrane potentials were measured with a chlorinated silver wire reference electrode and a 265 

glass microelectrode, which was inserted intracellularly (1B150F-4; World Precision Instruments, Inc.). Glass 266 

electrodes were pulled using a Sachs-Flaming micropipette puller, model PC-84 (Sutter Instruments Co.) 267 

and were backfilled with 3 M KCl to have resistances around 3-5 MΩ. The electrodes were connected to an 268 

Electro 705 electrometer (World Precision Instruments, Inc.) and data digitalized using a Micro1401-3 data-269 

acquisition system (Cambridge Electronic Design). Each locust contributed with measurements from 8 270 

fibers. All measurements of membrane potentials in the present study were done at 31 °C and the 271 

experimenter was blind to the contents of the experimental salines. 272 

273 
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Measurement of ion concentrations 274 

The locusts were dissected similarly to the dissections for membrane potential measurements and pinned 275 

in containers with sylgaard coated bottoms. Thereafter, the locusts were covered in the desired 276 

experimental saline and warmed to 31 °C. After equilibrating with the experimental saline for 1 hour, 277 

muscles were scraped out and placed in previously weighed Eppendorf tubes to determine the muscle wet 278 

weight. Following this, the Eppendorf tubes were heated in an oven at 60 °C for 12 hours and then re-279 

weighed to determine the muscle dry-weight. After establishing the muscle water content, 200 µL of pure 280 

water was added along with a steel ball and samples were homogenized using a tissuelyser (TissueLyser LT, 281 

QIAGEN) at 50 Hz for 10 minutes. The homogenates were centrifuged (3K30 centrifuge, Sigma centrifuges) 282 

at 4 °C, 13000 g for 20 minutes. To measure Cl- content, the appropriate volume of homogenate required to 283 

result in a 40-60 nmol Cl- content in each well, was transferred to a 96 well plate and the Cl- concentration 284 

was determined using a colorimetric assay kit using the manufacturer’s instructions (Chloride assay kit, 285 

MAK023, Sigma-Aldrich, Steinem, Germany) using a colorimetric plate reader (1420 Victor 3, Perkin Elmer). 286 

To measure Na+ and K+, 5 µL of homogenate was transferred to 5 mL Li-buffer (Flame photometer standard 287 

1000 ppm, Sherwood Ltd) and the concentration of Na+ and K+ were determined using a flame photometer 288 

(model 420, Sherwood Scientific Ltd, Cambridge, United Kingdom). To correct for residual extracellular 289 

content around the muscles, the intracellular ion concentration was adjusted using the following formula: 290 

[𝐼𝐼𝑖𝑖𝑖𝑖]𝑖𝑖,𝑐𝑐𝑖𝑖𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐𝑡𝑡𝑒𝑒𝑐𝑐 =
[𝐼𝐼𝑖𝑖𝑖𝑖]𝑖𝑖 − 𝑓𝑓𝑒𝑒 ∙ [𝐼𝐼𝑖𝑖𝑖𝑖]𝑒𝑒

1 − 𝑓𝑓𝑒𝑒
291 

Here [Ion]I,corrected is the corrected intracellular ion content, [Ion]I is the measured intracellular ion content, 292 

[Ion]e is the extracellular ion content and fe is the residual extracellular fraction. Previous investigations in 293 

insects using the inulin method have estimated fe to be 4 % (MacMillan et al., 2012; Wood, 1963). However, 294 

the inulin method underestimates the extracellular space of muscles, and it has been suggested that this is 295 

due to the inability of inulin to penetrate the mucopolysaccharide barrier of skeletal muscle (Poole-Wilson 296 

and Cameron, 1975). Furthermore, the present study used the mesothoraric posterior tergocoxal muscle 297 

for all measurements whereas most previous studies used muscle tissue from the extensor tibialis of the 298 

locust femur. The use of the mesothoraric posterior tergocoxal muscle presents an improvement for 299 

membrane potential measurements since this muscle is easier to isolate without inflicting damage on the 300 

muscle however, it is challenging to completely blot the muscle of extracellular hemolymph for ion 301 

concentration measurements. Considering these facts, we assumed a constant extracellular fraction of 22.4 302 

% based on previous estimates in rat muscle using the sucrose method (Clausen, 2008).  303 

304 
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Statistics 305 

Statistical comparisons were done using 2-way ANOVA with a post hoc Tukey’s honest significance 306 

difference test. When data is presented with error bars, it is presented as mean ± SEM. P < 0.05 was 307 

considered significant for all purposes. 308 

309 

Results 310 

Comparing measurements of membrane potentials to simulations 311 

Measurements of membrane potentials at 31 or 0 °C in standard locusts salines using 10-50 mM KCl, 312 

obtained from 2 previous studies (Bayley et al., 2020, 2018), were compared to predictions from the GHK 313 

equation or from the CDbasic or CDNKCC models. Using the GHK equation, it was possible to find a 314 

combination of ionic permeabilities that allowed the membrane potential to be accurately described at 31 315 

°C. Thus, the average difference between measurements and GHK31 predictions at the different [K+]e was 316 

0.7 mV. However, this model underestimated the depolarization induced by 0 °C (Fig. 1A) and here, the 317 

average difference between observed and simulated effects of different [K+]e was 8.1 mV. Conversely, 318 

fitting the GHK equation to the membrane potentials at different [K+]e measured at 0 °C, produced a model 319 

that described the membrane potential using a different set of ionic permeabilities. This model accurately 320 

described the membrane potentials at low temperature (average difference: 2.2 mV) but underestimated 321 

the hyperpolarizing effect of 31 °C (average difference 11.2 mV). The CDbasic model produced predictions 322 

that were similar to the GHK31 model, although the accuracy at 0 °C was slightly improved (Fig. 1C). Thus, 323 

the average differences between CDbasic predictions and measurements was 2.0 mV at 31 °C and 5.0 mV at 324 

0 °C. Finally, the CDNKCC model calculated membrane potentials that closely resembled the observed values 325 

at both temperatures and when varying the extracellular K+ concentration from 10 to 50 mM (Fig. 1D). 326 

Thus, the average differences between CDNKCC predictions and measurements were 1.0 mV at 31 °C and 1.2 327 

mV at 0 °C. 328 
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329 

Figure 1 – Simulated and measured membrane potentials at 0 and 31 °C and using standard locust salines 330 

with 10-50 mM K+. The measured membrane potentials in all panels are from 2 previous studies on locust 331 

muscle (Bayley et al., 2017; Bayley et al., 2020). (A) The simulations are run using the GHK31 model. (B) The 332 

simulations are run using the GHK0 model. (C) The simulations are run using the CDbasic model (D) The 333 

simulations are run using the CDNKCC model. The abbreviations in the legend are: Expt = measurements from 334 

experiments and Simt = simulations run at specified temperature (°C). In all panels, lines connect the data 335 

points from simulations. For the measured membrane potentials, n ≥ 29 fibers from four or more animals 336 

for each experimental group. 337 
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338 

Comparing models to measurements using pharmacological inhibitors 339 

Having established that the CDNKCC model provided the most accurate predictions across the 2 experimental 340 

temperatures, we further investigated the possible involvement of the KCC and NKCC symporters in the 341 

generation of the resting membrane potential. Therefore, membrane potentials were recorded under 342 

control conditions, after incubation with DIDS or after incubation with bumetanide and in experiments with 343 

or without ouabain. The expected effects of these 3 blockers are discussed further in the discussion, but 344 

briefly, DIDS is an inhibitor of Cl- channels and symporters, bumetanide is an inhibitor of the KCC and NKCC 345 

symporters and ouabain is an inhibitor of the Na+/K+ ATPase. The results showed that DIDS depolarized the 346 

membrane around 5 mV whereas bumetanide did not (Fig. 2). Compared to these measurements, the 347 

GHK31 model predicted a 0.6 mV hyperpolarization following addition of DIDS (simulated by setting PCl to 0) 348 

and no effect of bumetanide (as there was no term for PNKCC or PKCC in the GHK equation). Similarly, the 349 

CDbasic difference model predicts a 0.5 mV hyperpolarization and no effect of bumetanide. Finally, the 350 

CDNKCC model predicts a 4.8 mV depolarization following DIDS-induced inhibition of the Cl- channels and the 351 

KCC and NKCC symporters (simulated by setting PCl, PNKCC and PKCC to 0). The expected acute effect of 352 

bumetanide according to the NKCC model is a 0.2 mV depolarization (simulated by setting PNKCC and PKCC to 353 

0). Furthermore, the CDNKCC model predicts that this depolarization will continue over the following hours 354 

until the intracellular ions have redistributed themselves and the membrane potential stabilizes at ca. -40 355 

mV (ca. 15 mV depolarization).  356 

Addition of ouabain depolarized membrane potentials by 11-13 mV (mean: 12.4 ± 0.6 mV) and the 357 

amplitude of the depolarization was similar regardless of the presences of DIDS or bumetanide (effect of 358 

DIDS: F1,540 = 19.91; P<0.0001; effect of ouabain: F1,540 = 218.89; P<0.0001; effect of bumetanide: F1,540 = 359 

1.96; P = 0.162). Again, the GHK31 model did not predict any acute effect of ouabain on the membrane 360 

potential (as there was no term for electrogenic current in the GHK equation). Furthermore, the CDbasic 361 

model predicted a mild depolarization of around 2.3 mV following ouabain inhibition of the Na+/K+ pump 362 

(simulated by setting the Na+/K+ density to 0). Finally, the CDNKCC model predicted a more substantial 363 

depolarization of 9.3 mV after Na+/K+ pump inhibition. 364 
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 365 
Figure 2 – Effect of ouabain, DIDS and bumetanide on membrane potential. (A) Recorded membrane 366 

potentials. (B) Depolarizing effect of the specified compound(s) in relation to control conditions. Dissimilar 367 

letters indicate treatment groups that differ statistically (3-way ANOVA with post hoc Tukey’s honest 368 

significant difference test). The abbreviations are oua = ouabain, DIDS = 4,4’-diisothiocyano-2,2’-369 

stilbenedisulfonic acid and bume = bumetanide.  n ≥ 48 fibers from six or more animals for each 370 

experimental group. Data is presented as mean ± SEM. 371 

Comparing CD model predictions of ion content to measurements  372 

To test the ability of the charge difference models to predict the intracellular ion concentrations of locust 373 

muscle, CD model predictions were compared to measurements of ion concentrations. Thus, the ion 374 

contents of locust muscles were measured after 1 hour incubation in either 10 or 30 mM K+ standard locust 375 

saline. The experimental observations suggest that the ion contents of muscles after 1 hour incubation in 376 

30 mM K+ standard locust saline were still fairly similar to the ion content of muscles incubated in 10 mM K+ 377 

standard locust saline (Fig. 3).  378 

 379 
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380 

Figure 3 – Ion concentration following 1 hour exposure to 10 or 30 mM K+ standard locust saline. (A) 381 

Recorded concentrations of Cl-, K+ and Na+ adjusted for expected extracellular fraction. (B) Ion 382 

concentrations at 30 mM K+ saline minus ion concentrations in 10 mM K+ saline. (C) The absolute values for 383 

the measured intracellular concentrations of Cl-, K+ and Na+, adjusted for the expected extracellular fraction, 384 

as well as the predicted absolute ion concentrations from the models. The abbreviation Exp refers to 385 

experimental results. N = 12 animals. Data in panel A) is presented as mean ± SEM. 386 

Compared to this, both CD models overestimate the excepted increase in Cl- after incubation whereas they 387 

were more accurate with regards to the predicted changes in K+ and Na+. Here the CDNKCC model most 388 

accurately predicted the change in K+ whereas the CDbasic model more accurately predicted the change in 389 

Na+. When comparing the absolute ion concentrations after incubation in 10 mM K+ saline to the models, 390 

both models overestimate the K+ concentration but overall, the CDNKCC model is most similar to the 391 

measurements. When repeating these comparisons to the observations from experiments at 30 mM K+ 392 

saline, the CDbasic model most accurately predicted [Na+]i whereas both models predicted larger than 393 
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observed concentrations of Cl- and K+. However, the charge difference models both predicted that the cells 394 

would swell in 30 mM K+ saline compared to 10 mM K+ saline (CDbasic predicted 15 % and CDNKCC predicted 395 

22 % swelling). If so, the extracellular fraction would be expected to decrease and this would alter the 396 

expected change of intracellular ions in muscles incubated in 30 and 10 mM K+ standard locust saline, 397 

respectively. If for example the extracellular fraction is assumed to change from 22.4 % to 15 % between 10 398 

and 30 mM K+ salines, the experimental observations agree more closely with the CD models (Fig. S2). We 399 

did not apply the GHK equation to these measurements, since this equation does not offer any predictions 400 

regarding intracellular ion content with changing extracellular K+ concentrations. 401 

402 

Discussion 403 

Muscle depolarization is one of the early observed disruptions affecting insects subjected to abiotic 404 

stressors such as anoxia or hypothermia (Henon and Ikeda, 1981; Hosler et al., 2000; MacMillan et al., 405 

2014; Rodgers et al., 2010). Such depolarization is linked both to reduced electrogenic transport of ion 406 

pumps, but also to a gradual loss of transmembrane ion gradients, and in particular a marked extracellular 407 

hyperkalemia (Andersen et al., 2017; Koštál et al., 2004; MacMillan et al., 2014). Furthermore, muscle 408 

depolarization associated with hypothermia has been mechanistically linked to cell death (Bayley et al., 409 

2018; Koštál et al., 2004; MacMillan et al., 2015a) and one of the characteristic responses of insects to cold 410 

acclimation or cold adaptation is an improved ability to resists cold induced depolarization  (Bayley et al., 411 

2020). Thus, to further understand how insects can adapt to cold exposure we need an improved 412 

understanding of how the resting membrane potential in insect muscle is generated and how it is affected 413 

by temperature and perturbations of extracellular ion concentration.  In the present study, we have 414 

compared models based on the GHK equation and variations of the CD model to empirical measurements 415 

of the resting membrane potential of locust muscle to evaluate to what degree these models are 416 

appropriate to describe how the insect membrane potential responds to changes in temperature and [K+]e.  417 

418 

The GHK equation underestimates temperature induced depolarization 419 

The GHK equation provides the classical approach to describe the resting membrane potential of any cell 420 

(Goldman, 1943; Hodgkin and Katz, 1949). This elegant equation allows calculation of the resting 421 

membrane potential and only requires a few input parameters to do so (typically only the relative 422 

permeability and the concentrations of three major ions). However, the derivation of the GHK equation 423 

assumes that all ion fluxes occur by passive diffusion through ion selective channels (Fraser and Huang, 424 
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2007; Hodgkin and Katz, 1949) and this assumption is from a theoretical perspective problematic for insect 425 

muscle. Thus, the resting membrane potential of insect muscle fibers is known to include a substantial 426 

active electrogenic component which is typically responsible for 20-35% of the total resting membrane 427 

potential at room temperature (i.e. 10-20 mV) (Bayley et al., 2020; Henon and Ikeda, 1981; Wareham et al., 428 

1975, 1974).  429 

The limitations of the GHK model were also clear in the present study where we failed to find reasonable 430 

values for relative permeability that could both explain effects of temperature and hyperkalemia on 431 

membrane potential. Specifically, we constructed GHK models by fitting model parameters (relative 432 

permeability of Na+ and Cl-) to empirical data measured at one experimental temperature, e.g. 31 °C 433 

(GHK31). As seen in Fig. 1A this model was able to describe the effects of varying [K+]e at 31°C. However, the 434 

same model parameters could not explain the empirically observed changes in membrane potential 435 

associated with a shift in temperature. A similar conclusion was reached if the model was first fitted to data 436 

at 0°C (GHK0, Fig. 1B). Here we found that the GHK0 model obtained a different estimate for PNa/PK and 437 

PCl/PK that could deliver reasonable predictions of membrane potentials at 0 °C, but this model 438 

underestimated the observed hyperpolarization at 31 °C (Fig.1B). Accordingly, we conclude that a GHK 439 

model cannot describe the changes in membrane potentials across variable experimental K+ concentrations 440 

and temperatures under the assumption that the permeability ratios do not change. It is theoretically 441 

possible for the GHK models to describe membrane potential accurately across temperatures if the model 442 

allows the ratios of PNa/PK and PCl/PK to change with temperature in a coordinated manner (i.e. a gradual 443 

transition from the permeabilities fitted in GHK31 to the permeabilities fitted in the GHK0 state). However, 444 

to our knowledge there are no studies that have documented a temperature sensitive regulation of relative 445 

ion permeability in insect muscle. In contrast, the similarity of recorded membrane potentials of ouabain-446 

inhibited locust muscle at 31 °C and 0 °C (Bayley et al., 2020), suggests that the relative ion permeabilities 447 

do not change greatly with hypothermia. Furthermore, experimental studies to date suggest that the fitted 448 

values of relative permeability generated from our GHK models are underestimating the observed 449 

permeabilities for Cl- and Na+ considerably (See discussion below). Finally, even if the relative 450 

permeabilities for Na+ and Cl- are treated as temperature dependent variables, this model cannot explain 451 

the observed depolarization caused by ouabain in insect muscle (Bayley et al., 2020; Henon and Ikeda, 452 

1981; Wareham et al., 1974) and we therefore confirm that the GHK model is inadequate to estimate insect 453 

membrane potential from both a theoretical and practical perspective.  454 

The CD model offers an alternative approach to model the resting membrane potential in insects. Unlike 455 

the GHK model, the CD model calculates the membrane potential based on both the transmembrane ion 456 
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distribution and the electrogenic current from the Na+/K+ pump. When exploring the possibilities of the CD 457 

models, we initially tested a version of the model which was similar to the amphibian CD model (Fraser and 458 

Huang, 2004) and here, the PNa/PK ratio was assumed to be 0.05. The resulting CD model, the CDbasic model, 459 

provided predictions that were similar, albeit slightly more accurate, than the GHK31 model (Fig 1A and C). 460 

Thus, the CDbasic also underestimated the depolarization at 0 °C. Part of the limitation of the CDbasic model is 461 

related to the limited electrogenic contribution which does not fit empirical measurements from several 462 

insect species (Bayley et al., 2020; Henon and Ikeda, 1981; Wareham et al., 1974). The magnitude of this 463 

electrogenic effect is not very dependent on our estimate for the Na+/K+ pump density (Fraser and Huang, 464 

2004) and it has previously been discussed how the activity of the Na+/K+ pump can drive the 465 

concentrations of Na+ and K+ to a point where further ATP hydrolysis by the pump is almost energetically 466 

unfavorable (Fraser and Huang, 2004; Jansen et al., 2003). Increasing the Na+/K+ pump density in the model 467 

does therefore not increase the electrogenic component as it merely reduces the time it takes for the 468 

pump to reach this ATP hydrolysis equilibrium. However, our model calculations suggested that the 469 

equilibrium can be modified by the presence of symporters of the major ions. In the present study, we 470 

therefore explored the properties of a model that also included permeabilities for both the K+-Cl- (KCC) and 471 

Na+-K+-2Cl- (NKCC) symporter (the CDNKCC model). As seen in Fig 1D, this model accurately predicted 472 

membrane potentials at different concentrations of extracellular [K+] at both high and low temperatures 473 

without requiring any changes in the PNa/PK and PCl/PK ratios. Instead, the depolarization caused by 474 

hypothermia was due to the hypothermia-mediated reduction of Na+/K+ ATPase rate, which in the CDNKCC 475 

model was estimated to be much larger than any of the other models of the present study (9.3 mV vs 2.3 or 476 

0 mV). Furthermore, the high PNa/PK ratio of the CDNKCC model (0.2, Fig. 1D) agrees with previous studies of 477 

this ratio in insect muscle (Jan and Jan, 1976; Leech, 1986). Thus, measurements at room temperature on 478 

muscle from Drosophila melanogaster larvae estimated the PNa/PK ratio to be around 0.23 by fitting the 479 

GHK equation (Jan and Jan, 1976). Another study on muscle from the locust Schistocerca gregaria 480 

estimated the PNa/PK ratio to be 0.02 and 0.1 at room temperature and 5 °C, respectively (Leech, 1986). 481 

However, for estimates of the PNa/PK ratio obtained by fitting to the GHK equation, we argue that 482 

experiments at low temperature (where Na+/K+ ATPase activity is much lower) are more likely to 483 

approximate the PNa/PK ratio since the electrogenic current from the Na+/K+ ATPase is assumed to be low in 484 

the GHK equation.  485 

The effects of ouabain, DIDS and bumetanide on the resting membrane potential 486 

To further investigate the validity of the CD model, membrane potentials were measured using ouabain, 487 

DIDS and bumetanide. The effect of ouabain was to depolarize the membrane potential by 11-13 mV 488 
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regardless of whether ouabain was added alone or along with DIDS or bumetanide (Fig. 2). Furthermore, 489 

cold exposure is known to slow the rate of the Na+/K+ ATPase (MacMillan et al., 2015b) and here we found 490 

that the magnitude of the ouabain-induced depolarization was similar to the 14 mV cold induced 491 

depolarization (Fig. 1 vs Fig. 2). These findings are similar to previously reported values for chill susceptible 492 

insects including L. migratoria (Bayley et al., 2020; Henon and Ikeda, 1981; MacMillan et al., 2014; 493 

Wareham et al., 1974). There are at least two possible explanations for ouabain induced membrane 494 

depolarization. Firstly and initially, ouabain induces depolarization by reducing the electrogenic current 495 

generated by the Na+/K+ ATPase. Secondly and following long-term inhibition, transmembrane ion 496 

homeostasis could become disrupted leading to further depolarization. These effects have for example 497 

been shown in a study on rats where ouabain induced an initial depolarization that developed within 498 

minutes followed by a much slower depolarization that developed gradually over hours (Clausen and 499 

Flatman, 1977). For insect muscle, intracellular ion content has been shown to be stable for hours during 500 

cold exposure (Andersen et al., 2017; MacMillan et al., 2014). We therefore argue that the depolarization 501 

observed after 30 minutes of ouabain incubation was mainly due to the ouabain-induced reduction of the 502 

electrogenic current. In the CD models, the effect of ouabain was modelled as equivalent to a sudden 503 

reduction in the Na+/K+ pump density to 0. Using this approach, the CDbasic model predicts an acute 504 

depolarization of 2.3 mV due to ouabain inhibition that progressively increases in the long term as 505 

dysregulation of ion homeostasis follows. Amongst the models considered in the present study, the 506 

predictions of the CDNKCC model most closely reflected the observations. This model predicted an acute 507 

depolarization of 9.3 mV (compared to the observed 11-13 mV depolarization, Fig. 2) that is gradually 508 

exacerbated by long-term inhibition as the ion homeostasis becomes disrupted.  509 

To further test the performance of the CD models we tested the effect of DIDS (a blocker of Cl- 510 

transporters) on the resting membrane potential and compared the empirical results to model predictions 511 

where Cl- conductance is set to 0 in the CD models. Inhibition of Cl- channels is only expected to affect the 512 

resting membrane potential in cells where Cl- is not passively distributed which seems to be the case in 513 

locust muscle where the Nernst potential for Cl- is hyperpolarized relative to the resting membrane 514 

potential (Usherwood, 1968; Walther and Zittlau, 1998). Inhibition of Cl- channel permeability under such 515 

circumstances, would therefore be expected to lead to depolarization which is consistent with our 516 

experimental observations. Thus, DIDS depolarized the membrane potential by around 5 mV which is also 517 

consistent with earlier measurements of insect muscle where resting membrane potentials depolarize after 518 

incubation in Cl- free solutions (Jan and Jan, 1976; Leech, 1986; Wareham et al., 1974).  519 
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DIDS is known to be a fairly unspecific inhibitor of Cl- channels and anion symporters including KCC and 520 

NKCC (Bloomquist, 2003; Lauf et al., 1992; O’Donnell et al., 2003; Shahidullah et al., 2013). The observed 521 

effect of DIDS on the membrane potential can therefore not be directly related to specific transporters 522 

without further experiments, but it is possible that DIDS depolarized the membrane potential through 523 

inhibition of Cl- channels or anion symporters such as the KCC symporter, the NKCC symporter etc. 524 

Comparing the simulations to the recordings, the CDbasic model predicted a hyperpolarization of ca. 0.5 mV 525 

from DIDS inhibition of Cl- channels (simulated by setting PCl = 0) while the CDNKCC model predicted a 4.8 mV 526 

depolarization effect of DIDS (simulated by setting PCl, PKCC and PNKCC = 0) which is similar to the observed 527 

change. This prediction assumed that DIDS inhibited all Cl- channels as well as the KCC and NKCC 528 

symporters, however sequential inclusion of model elements showed that most of this depolarization (4.5 529 

mV) could be explained by the inhibition of Cl- channels alone. 530 

As a further test of the CDNKCC model we tested the effect of bumetanide on the resting membrane 531 

potential. Bumetanide is expected to inhibit ion flux through the KCC and NKCC symporters (Hannemann 532 

and Flatman, 2011; Lauf et al., 1992; Wong et al., 1999) but during 30 minutes of incubation with 533 

bumetanide we did not observe significant changes in the membrane potential. The prediction of the 534 

CDNKCC model regarding bumetanide inhibition was a gradual depolarization of the membrane potential 535 

until a new ion homeostasis was obtained. Thus, the acute effect of bumetanide was predicted to be a 0.2 536 

mV depolarization which escalated over the following hours until the depolarization stabilized at ca. 15 mV. 537 

Based on this it is possible that bumetanide should have incubated for a longer time to properly depolarize 538 

the insect muscle. Another possibility is that bumetanide did not inhibit the KCC and/or NKCC symporters 539 

of the locust muscle membrane but we note that bumetanide has previously been known to cause 540 

depolarization of the moth muscle membrane (Fitzgerald et al., 1996). Finally, it is possible that the KCC 541 

and NKCC symporters are simply not important for membrane potential generation thus disproving the 542 

CDNKCC model. To further explore these questions, we suggest the bumetanide sensitive flux of Na+, K+ and 543 

Cl- should be measured using radioactive isotopes. Furthermore, it would be helpful to verify the presence 544 

of these to symporters in insect skeletal muscle for example by constructing a reporter transgene that 545 

expresses green fluorescent protein (GFP) expression from common NKCC/KCC promoters (Han et al., 546 

2015). 547 

548 

Intracellular ion concentrations: measured vs. CD predictions 549 

In a final attempt to test the validity of the CD models we examined if these models could predict changes 550 

in ion concentrations (Na+, K+ and Cl-) in insect muscle following 1 hour incubation in 10 or 30 mM K+ 551 
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standard locust solution. The measured ion concentrations in 10 mM K+ standard locust saline were overall 552 

similar to previous estimates for [Na+] and [K+] (Andersen et al., 2013, 2017; Findsen et al., 2013; MacMillan 553 

et al., 2014; Wood, 1965). Less work has been done on the muscle Cl- concentration however, the Cl- 554 

concentration has previously been reported to be between 10 and 40 mM Cl- when measured in muscles 555 

extracted directly from locusts or after incubating them in a standard locusts saline > 6 hours (Wood, 1965). 556 

When comparing the CD model predictions to the measured ion concentrations both models (CDbasic and 557 

CDNKCC) predict the intracellular ion concentrations reasonably accurately, although both models 558 

overestimated [Cl-]i in the muscles in the 30 mM K+ solution and the CDbasic model underestimates the [Na+]i 559 

concentration in the muscles in the 10 mM K+ solution (Fig. 3C). Here we principally evaluated the models 560 

by comparing the differences observed/predicted between the two experimental salines. As seen in Fig 3B 561 

the experimental evidence suggests that all 3 ions are quite stable after incubation for 1 hour in either 10 562 

or 30 mM K+ standard locust. This is in contrast to both CD models which predicted substantial differences 563 

in [Cl-]i between the two salines. Furthermore, especially the CDNKCC model underestimated the observed 564 

decrease in [Na+]i in muscles incubated in 30 mM K+ standard locust saline. These results are clearly 565 

problematic for the validation of the model and we suggest two future avenues to address this issue. 566 

Firstly, we argue that the measurements of intracellular ions should be performed using direct intracellular 567 

recording as the data presented here relies substantially on the estimate of interstitial volume (compare Fig 568 

3 and S2). Secondly, if improved measurements validate the stable intracellular ion concentrations between 569 

2 locust salines, then future models should consider to incorporate elements to reflect this. 570 

571 

Conclusions and future perspectives 572 

The classical GHK equation is derived under the assumption that the ion fluxes occur passively with no 573 

contribution from electrogenic ion pumps (Goldman, 1943; Hodgkin and Katz, 1949). Considering the large 574 

electrogenic component of the resting membrane potential of insect muscle fibers (Bayley et al., 2020; 575 

Henon and Ikeda, 1981; Wareham et al., 1974), this assumption makes the GHK equation inappropriate to 576 

model membrane potentials in insect skeletal muscle. In the present study, the shortcomings of the GHK 577 

equation in insect muscle are evident since the GHK models underestimated the changes in membrane 578 

potentials, which occurred when the muscles were exposed to varying temperatures and failed to predict 579 

the effect of DIDS and ouabain on the membrane potential. In contrast, the CD model does not rely on 580 

assumptions that make it theoretically unsuited for modelling insect skeletal muscle. Furthermore, it is very 581 

modular, which allows net ion fluxes to be easily modified by adding/removing fluxes for a specific ion-582 

channel/symporter/pump. The CD model calculated the membrane potential as a combination of effects 583 
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caused by the transmembrane ion gradients and the electrogenic activity of the Na+/K+ pump. However, the584 

CDbasic model, which was modelled using only passive fluxes through Na+-, K+- and Cl—channels and the 585 

Na+/K+ ATPase, underestimated the electrogenic current produced by this ATPase and thus, similarly 586 

underestimated the depolarizing effect of hypothermia, ouabain and DIDS. Compared to the other models, 587 

the CDNKCC model predicted a much larger electrogenic activity of the Na+/K+ pump which was facilitated by 588 

the joint activity of NKCC and KCC symporters. In support of this, it has previously been proposed that a 589 

large electrogenic activity of the Na+/K+ pump requires electroneutral exchange of Na+ and K+ as well 590 

(Hernández and Chifflet, 2000). Amongst the models considered in the present study, the CDNKCC model 591 

predicted the resting membrane potential most accurately across high and low temperatures (31 °C vs 0 592 

°C), extracellular K+ concentrations (10 mM to 50 mM) and in the presence of DIDS/ouabain. However, 593 

further research is required to explain the observed lack of effect of bumetanide on the membrane 594 

potential. Furthermore, both versions of the CD models considered in the present study overestimated the 595 

change in [Cl-]i occurring when changing from 10 mM to 30 mM K+ standard locust saline. We suggest that 596 

further work on the CD models should investigate if the KCC and NKCC symporters are involved in the 597 

generation of the resting membrane potential in insect muscle. Alternatively, we suggest future research 598 

should consider other ionic symporters that could enhance the electrogenic activity of the Na+/K+ pump and 599 

hyperpolarize the Nernst potential for Cl-, in accordance with experimental observations using ouabain and 600 

DIDS. Regardless of the shortcomings of the versions of the CD model considered in the present study, the 601 

CD model system shows a large potential to improve our understanding of the resting membrane potential 602 

in insect skeletal muscle. We believe, that once the fundamentals for resting membrane potential 603 

generation in insect muscle are known, the CD model promises to be a powerful tool to investigate the 604 

mechanisms that allow insects to tolerate abiotic stress: for example how cold hardy insects can resist 605 

hypothermia induced depolarization when chill susceptible insects cannot (Andersen et al., 2015; Andersen 606 

and Overgaard, 2019).  607 
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SUPPLEMENTARY MATERIAL 
The supplementary material contains 

Page 107: Figure S1. Determination of appropriate values for Zx and Na+/K+ pump density 

Page 108-109: Figure S2. Ion concentrations assuming that the extracellular fraction changes between 10 mM 
and 30 mM K+ standard locust saline. 
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The purpose of supplementary figure S1 is to illustrate the reasoning behind the values we settled on for 774 

the main data. In future studies it would be useful to obtain experimental evidence of these parameters. 775 

Especially Na+/K+ pump density could be straightforwardly measured, for example with radioactive-776 

labelled ouabain. 777 

When deciding an appropriate assumption for the value for Zx we considered which values for Zx could 778 

produce reasonable estimates for intracellular ion concentrations. We started with large negative values 779 

since Zx has previously been estimated to be -1.6477 in amphibians (Fraser and Huang, 2004) and gradually 780 

increased Zx (towards 0) until especially K+ had decreased to a more physiologically realistic concentration. 781 

In the end we settled on Zx = -0.6. 782 

When deciding the assumed value for Na+/K+ pump (NKA) density, we started with low densities and 783 

gradually increased the density until the ion concentrations were stable. Part of our reasoning here was 784 

that we assumed the density of Na+/K+ pumps would not be excessively larger than the minimum density 785 

required to maintain ion homeostasis. As is also discussed in the main manuscript, assuming larger values 786 

for Na+/K+ density would not result in a larger electrogenic component and as is evident from the fig. S1, it 787 

would only mildly affect the intracellular K+, Cl- and X (impermeable solutes) concentrations. 788 

789 

Figure S1 – Determination of appropriate values for Zx and Na+/K+ pump density. (A) Zx is varied and all 790 

other parameters as listed in table 1. (B) Na+/K+ pump density is varied and all other parameters as listed in 791 

table 1. The dashed lines indicate the default values used in other simulations. 792 

793 
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As discussed in the methods of the main manuscript, the intracellular concentration was adjusted for 794 

residual extracellular fraction using the following equation 795 

[𝐼𝐼𝑖𝑖𝑖𝑖]𝑖𝑖,𝑐𝑐𝑖𝑖𝑐𝑐𝑐𝑐𝑒𝑒𝑐𝑐𝑡𝑡𝑒𝑒𝑐𝑐 =
[𝐼𝐼𝑖𝑖𝑖𝑖]𝑖𝑖 − 𝑓𝑓𝑒𝑒 ∙ [𝐼𝐼𝑖𝑖𝑖𝑖]𝑒𝑒

1 − 𝑓𝑓𝑒𝑒
796 

Here [Ion]I,corrected is the corrected intracellular ion content, [Ion]I is the measured intracellular ion content, 797 

[Ion]e is the extracellular ion content and fe is the residual extracellular fraction. In the manuscript, we 798 

assumed the extracellular fraction to be 22.4 % based on previous estimates in rat muscle using the sucrose 799 

method (Clausen, 2008). However, both CD models predicted a volume increase when changing from 10 to 800 

30 mM K+ standard locust saline of 15 to 22 % (for the CDbasic and CDNKCC models respectively) which would 801 

be expected to impact the value for fe. Based on these considerations, Fig. S2 was made assuming that fe 802 

changed from 22.4 % in 10 mM K+ standard locust saline to 15 % in 30 mM K+ standard locust saline. 803 

Our purpose for presenting this data is not to tweak our assumptions endlessly until our proposed model 804 

fits. Instead, we hope to use this supplementary data to highlight the need to measure the intracellular ion 805 

concentrations using a method that is insensitive to the contribution of an extracellular fraction (i.e. ion-806 

selective electrodes). Furthermore, using this supplementary data, we wish to point out that the 807 

extracellular fraction might theoretically be expected to decrease when muscles go from 10 to 30 mM K+ 808 

and if so, assuming that the fe changes as supposed above, the experimental observations agree more 809 

closely with the CD models (Fig. S2). 810 
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811 

Figure S2 – Ion concentration following 1 hour exposure to 10 or 30 mM K+ standard locust saline. (A) 812 

Recorded concentrations of Cl-, K+ and Na+ adjusted for an expected extracellular fraction of 0.224 and 0.15 813 

for the 10 and 30 mM K+ standard saline, respectively. (B) Ion concentrations at 30 mM K+ saline minus ion 814 

concentrations in 10 mM K+ saline. (C) The absolute values for the measured intracellular concentrations of 815 

Cl-, K+ and Na+ as well as the predicted absolute ion concentrations from the models. The abbreviation Exp 816 

refers to experimental results. N = 12 animals. Data in panel A) is presented as mean ± SEM. 817 

818 
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1. Cold tolerant drosophilids resist cold-induced depolarization by reducing the
permeability of Na+ relative to K+

2. Alternatively, cold tolerant drosophilids resist cold-induced depolarization by
maintaining the electrogenic component of the resting membrane potential
during cold exposure

Main findings (so far) 
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Introduction 

When subjected to stressful hypothermia, insects are challenged to maintain their physiological 

homeostasis including ion balance, membrane potential, excitability and cellular viability (Bayley et al., 

2019; Chen et al., 1987; Koštál et al., 2004). The response to hypothermia depends both on the severity of 

the cold exposure as well as the cold hardiness of the species (Andersen et al., 2015a; MacMillan et al., 

2015a; Yi et al., 2007) and consequently, insects are typically classified according to their cold tolerance 

(Bale, 1996). The least cold hardy insects, the chill susceptible insects, are unable to tolerate freezing and 

are challenged by cold exposure at temperatures well above their freezing point (Andersen et al., 2015b; 

Gibert and Huey, 2001; Overgaard and MacMillan, 2017). Even so, chill susceptible insects species vary 

markedly in their cold tolerance with higher tolerance in temperate species and lower tolerance in tropical 

species (Gibert and Huey, 2001; Kellermann et al., 2012; Kimura, 2004). Despite species-specific thermal 

thresholds there seems to be commonalities in the physiological disruption experienced by chill susceptible 

species once they approach their critical limit. Chill susceptible insects are, for example, prone to 

experience extensive disruptions of their physiological homeostasis at low temperature which may 

significantly depolarize their nerves and muscle, resulting in paralysis (chill coma) and eventually cell death 

(Bayley et al., 2018; Coello Alvarado et al., 2015; Goller and Esch, 1990; Robertson et al., 2017). 

Hypothermia induces depolarization in chill susceptible insects by targeting two components of the 

membrane potential that differ in their thermal sensitivity: the electrogenic component and the diffusional 

component.  

The electrogenic component is generated by activity of ion pumps that transport a net amount of charge 

across the membrane during a pumping cycle. The magnitude of this component differs between species, 

but it has frequently been reported to contribute significantly to the resting muscle membrane potential of 

insects, including D. melanogaster (ca. 10 to 20 mV) (Bayley et al., 2020; Henon and Ikeda, 1981; Rheuben, 

1972; Wareham et al., 1974). Accordingly, the initial depolarization insects experience during hypothermia 

is likely caused by a reduced activity of electrogenic pumps. This reduction is most likely a combination of 

the direct effects of temperature on enzyme activity and through indirect effects of temperature  on 

membrane and protein stability (Privalov, 1990; Quinn, 1985; Raynard and Cossins, 1991). The diffusional 

component refers to the component of the membrane potential generated by the uneven distribution of 

ions across the membrane and by the membrane permeabilities for these ions. Under conditions where the 

electrogenic component of the membrane potential can be considered negligible, the diffusional 

component can be described using the Goldman-Hodgkin-Katz equation (Goldman, 1943; Hodgkin and Katz, 

1949). Thus, in both vertebrate and insect skeletal muscle, the membrane potential has been described by 
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the transmembrane gradients for Na+ and K+ as well as the permeability for Na+ relative to K+ 
 (PNa/PK) (with 

the assumption that Cl- is passively distributed) (Hodgkin and Horowicz, 1959; Jan and Jan, 1976; Leech, 

1986; McCaig and Leader, 1984). Prolonged cold exposure affects the diffusional component because 

disruption of active transport at low temperature, especially of insect osmoregulatory tissues, leads to the 

development of hemolymph hyperkalemia, which depolarizes the diffusional component of the membrane 

potential (Andersen and Overgaard, 2020; Bayley et al., 2018; Gerber and Overgaard, 2018; Koštál et al., 

2004; MacMillan et al., 2015a). Changes in the relative permeability of ions with temperature could also 

affect membrane potential but little is known of how (PNa/PK) changes with temperature in insects.  

By comparing Drosophila species, ranging from temperate to tropical species, we have previously found 

large interspecific differences in the ability to maintain membrane potential during cooling (Andersen and 

Overgaard, 2019; Andersen et al., 2015a). Thus, cold tolerant Drosophila maintain cellular polarization to 

temperatures around 0 °C, while cold sensitive tropical species lose cellular polarization around 10 °C and 

experience a marked depolarization at 0 °C. The aim of the present study is to investigate the physiological 

processes that permit cold tolerant species to preserve membrane polarization at low temperatures. To 

address this question we investigate how electrogenic and diffusive elements of membrane potential are 

affected by hyperthermia in three species of Drosophila (D. montana, D. melanogaster and D. birchii) that 

have markedly different cold tolerance and different capacity to maintain cell polarization at low 

temperature in vivo (Andersen and Overgaard, 2019; Andersen et al., 2015a). We hypothesized that 

preservation of polarization is associated with adaptations related to either diffusive or electrogenic 

components and specifically, we investigated how the permeability of Na+ relative to K+ and Na+/K+ ATPase 

activity may contribute to species differences in resistance to depolarization. In doing so we test 2 

hypotheses that could explain resistance to hypothermic depolarization. Firstly, we hypothesized that cold 

tolerant insects are able to maintain activity of Na+/K+ ATPase and thereby resist the cold induced 

depolarization of the electrogenic component of the membrane potential. To test this hypothesis we 

estimated the electrogenic component from measurements in the presence/absence of ouabain (a Na+/K+ 

ATPase blocker) in all species at both high and low temperature. Secondly, we hypothesized that cold hardy 

species might reduce the PNa/PK ratio compared to chill susceptible insects. Considering the relatively high 

PNa/PK ratio reported for D. melanogaster (Jan and Jan, 1976), decreasing this ratio could substantially 

hyperpolarize the membrane which could compensate for other factors leading to depolarization. To 

estimate the PNa/PK ratio, we measured membrane potentials in muscles exposed to a range of 

experimental salines with known concentrations of Na+, K+ and Cl- using ouabain to suppress the 

electrogenic component and fitted these data to the Goldman-Hodgkin-Katz equation.  
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Materials and methods 

Animal husbandry  

The three species of Drosophila used in the present study were chosen to represent a spectrum of cold 

hardiness. The three species of the present study are listed here from most to least cold tolerant: D. 

montana, D. melanogaster and D. birchii. Thus, they differ in their ability to survive cold exposure and to 

maintain several parameters related to this including hemolymph ion balance and membrane potential 

(Andersen et al., 2015a; MacMillan et al., 2015a). Prior to experiments, flies were maintained at a constant 

19 °C under an 18/6 hour light/dark cycle in bottles with 40 mL oatmeal based Leeds medium (ingredients 

per liter water: 60 g yeast, 40 g sucrose, 30 g oatmeal, 16 g agar, 12 g methylparaben, and 1.2 mL acetic 

acid). Depending on the species, adult flies were allowed to oviposit for 2 hours – 2 days in fresh bottles to 

generate appropriate rearing densities (MacMillan et al., 2015a). Flies that emerged from their pupae were 

transferred to 20 mL vials containing 5-7 mL of the oatmeal-based Leeds medium and matured for a further 

7 days. Due to their slightly larger size, only females were used in the experiments.  

 

Experimental salines 

In experiments to investigate the temperature and electrogenic effects, a standard Drosophila saline 

contained (in mM): 80 NaCl, 15 KCl, 4.3 NaH2PO4, 10.2 NaHCO3, 2 CaCl2, 8.5 MgCl2, 10 glutamine, 15 HEPES, 

100 glucose. The saline pH was adjusted to 7 using 4 M NaOH. The composition of this standard saline was 

chosen based on a previously used saline (Andersen et al., 2017), but adjusted to more closely reflect the 

hemolymph concentration of  Na+, K+ and Cl- (MacMillan et al., 2015a; van der Meer and Jaffe, 1983) and 

osmolarity (Olsson et al., 2016). The osmolarity of the saline was around 375 mOsm. In some experiments, 

to quantify the electrogenic contribution of the Na+/K+ pump to membrane potential, 100 µM ouabain was 

added to the standard Drosophila saline. 

In experiments to determine the relative Na+ permeability (PNa/PK), the product [𝐾𝐾+] ∙ [𝐶𝐶𝑙𝑙−] was held 

constantly at 1200 mM2 since large deviations in this product has previously been shown to slow the rate of 

equilibration to new salines (Hodgkin and Horowicz, 1959). The standard PNa/PK saline contained (in mM): 

15 K+, 80 Na+, 80 Cl-, 4.3 H2PO4
-, 10.2 HCO3

-, 8.5 Mg2+, 2 Ca2+, 21.5 CH3SO4
-, 10 glutamine, 10 glucose, 15 

HEPES, 130 sucrose and an expected osmolarity of around 385 mOsm. In addition, 100 µM ouabain was 

added to the salines to remove the electrogenic contribution of the Na+/K+ ATPase to the membrane 

potential. In experiments where the concentration of K+ or Na+ was altered, this was done such that the 

product [𝐾𝐾+] ∙ [𝐶𝐶𝑙𝑙−] was held constantly at 1200 mM2 by substituting KCl or NaCl for choline-Cl, K-CH3SO4 
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or Na-CH3SO4 as required. In these salines, osmolarity was adjusted by changing the concentration of 

sucrose (Table 1). 

Saline names Ingredients (mM)  
KCl NaCl Choline-Cl KCH3SO4 NaCH3SO4 Sucrose 

7.5 K+/80 Na+ 7.5 65.5 66 0 0 10 

15 K+/80 Na+ 15 44 0 0 21.5 130 

30 K+/80 Na+ 0 19 0 30 46.5 100 

60 K+/80 Na+ 0 0 0 57 65.5 45 

15 K+/40 Na+ 15 25.5 18.5 0 0 170 
Table 1 – List of ingredients that were varied to make PNa/PK salines. The concentrations of all ingredients 

are listed mM. In addition to the ingredients listed in the table, all PNa/PK salines contained (in mM) 4.3 

NaH2PO4, 10.2 NaHCO3, 2 CaCl2, 8.5 MgCl2, 10 glutamine, 10 glucose, 15 Hepes and pH was adjusted to 7.0 

using NaOH. Furthermore, all PNa/PK salines contained 100 µM ouabain. In all the listed solutions, the 

expected osmolarity was ca. 385 mOsm and the product [K+]∙[Cl-] was 1200 mM2.  

 

Measurements of the effect of temperature membrane potential  

Before experiments, flies were dissected according to the following protocol. Firstly, the flies were dipped 

in 70 % ethanol to dewax the cuticle, the head was cut with a longitudinal incision to disrupt their central 

nervous system and the flies were fixated with 0.2 mm needles through their head and abdomen in a glass 

petri dish containing a silicone elastomer base (Sylgaard, Dow Corning Corp.). Following this, dorsal 

longitudinal flight muscle fibers were exposed using a fine pair of scissors (Vanaas Scissors, World Precision 

Instruments) to cut off a small part of the cuticula on the dorsal side of the thorax. The flies were then 

covered in the appropriate experimental saline and placed in a jacketed glass chamber which was 

temperature controlled by a water bath (RC 6 CS; Lauda-Brinkmann). In all experiments, muscles were 

incubated in standard Drosophila saline at the desired experimental temperature (0-20 °C) for 15-20 

minutes before membrane potentials were recorded. Membrane potentials were measured using glass 

microelectrodes (1B100F-4, World Precision Instruments) which were pulled to a tip resistance of 10-15 

MΩ using a Flaming-Brown P-97 electrode puller (Sutter Instruments). The electrodes were backfilled with 

3 M KCl and connected to an Electro 705 differential electrometer (World Precision Instruments) with a 

chlorinated silver wire reference electrode in the bath. When possible multiple fibers from each fly were 

measured (1-4 measurements per fly) and for most experiments, ≥3 flies were used for each experimental 

condition. The data was digitalized using a Micro1401-3 data-acquisition system (Cambridge Electronic 

Design). 
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Measurements of the electrogenic component  

For experiments to determine the magnitude of the electrogenic component, flies were dissected as 

described above. In these experiments, 100 µM ouabain was added to the standard Drosophila salines and 

muscles were incubated for 15-20 minutes before measurements began. The magnitude of the electrogenic 

component was estimated by comparing membrane potentials recorded in these salines to measurements 

in ouabain-free standard salines. The membrane potential electrodes were created, and data was recorded, 

as described above.  

Measurement of PNa/PK 

For experiments to determine PNa/PK, flies were dissected as described above and left to equilibrate in 

standard (15 mM K+) PNa/PK saline for 10 minutes at the desired experimental temperature (5 or 20 °C). 

Following this, the ouabain free PNa/PK saline was exchanged for the appropriate saline (including 100 µM 

ouabain) and flies were incubated for a further 10 minutes before membrane potentials were recorded. 

To determine the relative Na+ permeability, membrane potential measurements were fitted to the 

following equation (Goldman, 1943; Hodgkin and Katz, 1949; Jan and Jan, 1976): 

𝐸𝐸𝑚𝑚 =
𝑅𝑅 ∙ 𝑇𝑇
𝐹𝐹

∙ ln�
[𝐾𝐾+]𝑒𝑒 + 𝛼𝛼 ∙ [𝑁𝑁𝑎𝑎+]𝑒𝑒
[𝐾𝐾+]𝑖𝑖 + 𝛼𝛼 ∙ [𝑁𝑁𝑎𝑎+]𝑖𝑖

�                                                                                                                          (1) 

𝛼𝛼 =
𝑃𝑃𝑁𝑁𝑎𝑎+
𝑃𝑃𝐾𝐾+

 

Here, R is the ideal gas constant, T is the temperature, F is Faraday’s constant and [ion]e and [ion]i is the 

extracellular or intracellular concentration of the corresponding ion. α is the permeability of Na+ relative to 

the permeability of K+. The value for α was determined by fitting experimental data to this equation 

whereas the values for [K+]i and [Na+]i were assumed to be 100 mM and 20 mM respectively, values that 

are within the typical range for insect muscle (Djamgoz, 1987). Furthermore, Cl- was assumed to be 

distributed  passively. The membrane potential electrodes were created, and data was recorded, as 

described above.  

 

Statistics 

Membrane potentials were compared using 2-way ANOVAs, using temperature and species as the factors. 

In cases where a post-hoc test was also done, this was done using Tukey’s honest significant difference test. 
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In experiments where the effect of temperature on membrane potentials was quantified, the membrane 

potential was the response variable. In experiments where the effect of ouabain on membrane potential 

was quantified, the response variable was recorded membrane potential in the presence of ouabain minus 

the mean membrane potential for the same experimental group (species and temperature) without 

ouabain. To compare parameter estimates (α) derived from curve fitting, 95 % confidence intervals were 

calculated from the fitting derived residuals and jacobian matrix using the matlab function nlparci (MatLab 

2007b). P < 0.05 was considered significant for all analyses. 

Results 

Cold tolerant flies resist depolarization at low temperature 

Muscle membrane potentials were measured in standard Drosophila saline at temperatures from 20 to 0 

°C. The membrane potentials at 20 °C were similar for the 3 species ranging from ca. -55 ± 1 mV in D. 

montanta to ca. -49 ± 1.5 mV in D. birchii. The temperature sensitivity of the membrane potentials differed 

between the 3 species (2-way ANOVA, effect of Species: F2,96 = 173.98, P<0.0001; effect of temperature: 

F4,96 = 65.81, P<0.0001; effect of interaction: F8,96 = 10.8, P<0.0001). Thus, the membrane potentials of D. 

montana did not significantly depolarize at the experimental temperatures, whereas D. birchii and D. 

melanogaster were depolarized after exposure to 15 and 10 °C, respectively (Fig. 1).   

  

Figure 1 – Cold induced depolarization differs between the species. The membrane potential of muscle 

bathed in standard Drosophila saline following acute (15-20 min) exposure to temperatures ranging from 20 
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to 0 °C . Letters indicate the temperature where the membrane potentials were significantly depolarized 

compared to their value at 20 °C (2-way ANOVA with post hoc Tukey’s honest significant difference test). n ≥ 

5 fibers from three or more flies for each experimental condition/species. Data is presented as mean ± SEM. 

Cold tolerant species preserve electrogenic potential at low temperature 

To measure the magnitude of the electrogenic component of the muscle membrane potential, we 

compared measurements at 0 and 20 °C in standard Drosophila saline in the absence/presence of 100 µM 

ouabain (Fig. 2). At the higher temperature, the effect of ouabain on the membrane potential was similar in 

all 3 species (ca. 25 mV). However, at 0 °C, the depolarizing effect of ouabain was very reduced in D. birchii 

and D. melanogaster, but not in D. montana (2-way ANOVA, effect of Species: F2,54 = 33.41, P<0.0001; effect 

of temperature: F1,54 = 56.24, P<0.0001; effect of interaction: F2,54 = 31.1, P<0.0001; see also Fig. 2).  

 

Figure 2 – The ouabain sensitive component of the membrane potential. The recored membrane 

potentials of muscle with/without ouabain at 20 or 0 °C. The dark columns are measurements in the 

presence of 100 µM ouabain. For each species, the difference between the average membrane potentials 

recorded with/without ouabain is shown on the figure. n ≥ 8 fibers from three or more flies for each 

experimental group. Data is presented as mean ± SEM. 
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Cold tolerance is not associated with a large decrease in PNa/PK 

Membrane potentials were measured in salines with different concentrations of Na+ and K+ to estimate the 

PNa/PK ratio (α) in the 3 Drosophila species at both high (20 °C) and low (5 °C) temperature. The salines were 

constructed to maintain a constant [K+]∙[Cl-] product at 1200 mM2 to facilitate quick equilibration of the 

experimental preparations with the salines. Estimation of the PNa/PK ratios (α) was derived from fitting the 

data to the Goldman-Hodgkin-Katz equation to find the estimate that best explains how the membrane 

potential changes with extracellular [K+] and [Na+]. The derivation of the Goldman-Hodgkin-Katz equation 

assumes that the contribution of electrogenic pumps to the membrane potential, is negligible/absent 

(Hodgkin and Katz, 1949) and accordingly measurements for this experiment were done in the presence of 

ouabain. Salines with 40-80 mM Na+ and 7.5-60 mM K+ were used when recording membrane potentials in 

this experiment and the Goldman-Hodgkin-Katz equation generally described the data well. As an example, 

the measurements for D. melanogaster at 20 °C is shown together with the best fit to this data (Light 

surface in 3D plot) and a reference fit where the PNa/PK ratio is assumed to be 0.05 is included for 

comparison (Dark contour in 3D plot)(Fig. 3). Estimated values for PNa/PK along with their 95 % confidence 

intervals for all the species at either 5 or 20 °C are summarized in Fig. 4. At 20 °C the estimates ranged from 

ca. 0.17-0.23 to 0.23-0.35 and at 5 °C the estimates ranged from 0.39-0.49 to 0.23-0.35 (95 % confidence 

intervals). Thus, it is evident that the PNa/PK for all species was relatively high (0.2-0.4) and this ratio was 

either constant, or increasing with decreasing temperature.   
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Figure 3 – Example fit from D. melanogaster at 20 °C. The yellow circles represents the mean of measured 

membrane potentials at various extracellular [K+] and [Na+]. Intracellular [K+] and [Na+] were assumed to be 

100 mM and 20 mM respectively. The light and transparent surface is the best fit to the measurements and 

the dark surface is produced by assuming α is 0.05. For visual clarity, the measurements are represented by 

the means for each experimental saline. However, the actual curve fitting was done to all measurements: ≥ 

5 fibers from ≥ 2 animals for each experimental saline. The mean recorded membrane potential in 60 mM K+ 

80 mM Na+ PNa/PK saline is obscured by the surfaces, and lies ca. 7 mV below the dark surface.  
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Figure 4 – Estimated PNa/PK (α) for D. birchii, D. melanogaster and D. montana. PNa/PK was estimated by 

fitting equation 1 to data of membrane potentials measured at 20 or 5 °C in the presence of ouabain. 

Estimated PNa/PK (α) is presented as the estimated PNa/PK ratio ± the 95% confidence interval for the 

estimate. For estimated PNa/PK ratios at one temperature (0 or 20 °C), the letters (a/b) indicate whether the 

confidence intervals for the estimates overlap. The symbol ‘*’ indicate that the confidence intervals for 

estimated PNa/PK ratios within species are non-overlapping between the two temperatures.  

 

Discussion 

The ability to tolerate cold exposure imposes an important constraint on the latitudinal dispersal of insect 

species (Addo-Bediako et al., 2000; Kellermann et al., 2012). For chill susceptible insects it is well 

characterized how the severity of cold perturbation is associated with loss of membrane polarization as 

depolarization limits neuromuscular function, causes cold coma and eventually leads to cellular injury and 

death (Andersen et al., 2015b; Bayley et al., 2018; Hosler et al., 2000; Robertson et al., 2017). The 

challenges associated with cold exposure depends on the insect species, their acclimation status and on the 

severity of cold exposure (Andersen et al., 2015b; MacMillan et al., 2015b; Overgaard and MacMillan, 

2017). Thus, at temperatures where tropical chill susceptible insects (such as D. birchii) are accumulating 

injury, more cold tolerant temperate insects (such as D. montana) are still resisting the cold induced 
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perturbations e.g. muscle depolarization and coma (Andersen et al., 2015b; Andersen et al., 2015a; 

MacMillan et al., 2015a). 

To understand how insects may adapt to colder environments we must therefore also understand how cold 

tolerant insects maintain their membrane potentials in these environments. In the present study, we 

considered two possible hypotheses that could explain how cold hardy insects secure muscle membrane 

potential stability during cold exposure. Firstly, we hypothesized that cold tolerant insects can increase 

resistance to cold-induced depolarization by defending the electrogenic component of the membrane 

potential. Secondly, we hypothesized that cold tolerant insects reduce the relative permeability for Na+ 

thereby mitigating other depolarizing components to membrane potential experienced during cold. To 

investigate these hypotheses, we measured muscle membrane potentials at temperatures from 20-0 °C in a 

range of salines with different concentrations of K+, Na+, Cl- and ouabain. These measurements were done 

on 3 species of drosophilids that differ considerably in their level of cold tolerance to investigate how 

adaptive differences in these components secure cold tolerance in some species where others fail 

(Andersen et al., 2015b; Overgaard and MacMillan, 2017).  

 

Cold hardy drosophilids depolarize less in experimental saline during hypothermia 

The 3 species used in the present study represent a range of cold hardiness from the very cold hardy D. 

montana to the very cold sensitive D. birchii (Andersen et al., 2015b; MacMillan et al., 2015a). The muscle 

membrane potentials of these three species also differ in their sensitivity to cold exposure. Thus, when 

measuring the membrane potentials in vivo, previous studies have shown that the muscles of D. montana 

do not depolarize significantly following exposure to temperatures down to -3 °C whereas D. Birchii begins 

to depolarize at 15 °C (Andersen and Overgaard, 2019; Andersen et al., 2015a). However, when measuring 

the membrane potentials in vivo, the K+ concentration of the hemolymph is not controlled and thus, it is 

unclear if and how cold induced hyperkalemia contributed to the cold depolarization observed in earlier 

studies of these chill susceptible species. In the present study we measured membrane potentials in 

experimental salines that contained controlled concentrations of extracellular ions ([K+], [Na+] and [Cl-]). We 

found that membrane potentials in the three species of drosophilids were similar at room temperature (-55 

± 1 mV to -49 ± 1.5 mV). These in vitro measurements were generally in agreement with previous 

recordings in vivo although membrane potentials were reported to be slightly more polarized in vivo 

(Andersen and Overgaard, 2019; Andersen et al., 2015a; Hosler et al., 2000) than under our in vitro 

conditions. These differences are likely explained by differences between hemolymph ion content and the 

standard Drosophila saline used here and/or by the more invasive protocol used in the present study to 
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expose muscle fibers to the extracellular saline. When the flies were cooled, we confirmed that D. montana 

did not depolarize even after exposure to a temperature of 0 °C whereas D. melanogaster and D. birchii 

experienced significant depolarization at 10 and 15 °C, respectively (Fig. 1). These findings agrees with 

previous results and therefore confirms that most of the observed depolarization during short-term cold 

exposure in Drosophila species is unrelated to hypothermia-induced hyperkalemia.  

 

The ouabain sensitive membrane potential 

To investigate if depolarization resistance in cold tolerant D. montana was caused by stability of the 

electrogenic Na+/K+ pumps across temperatures we quantified the magnitude of this component by 

comparing membrane potentials in the presence and absence of 100 µM ouabain. Ouabain can depolarize 

muscle through two routes. Firstly, ouabain reduces the Na+/K+ pumping rates which reduces the 

electrogenic current from this pump, secondly, chronic inhibition of the Na+/K+ pumps can gradually disrupt 

ion homeostasis (Clausen and Flatman, 1977). We argue that the depolarizing effect of short-term (≤ 30 

min) ouabain inhibtion in drosophilids, was most likely primarily a reduction of the electrogenic 

component, with minimal impact on ion-homeostasis. This is because the gradual depolarization, most 

likely attributable to a loss of ion-homeostasis following ouabain inhibition in rat muscle, has previously 

been observed to take hours to develop (Clausen and Flatman, 1977). Furthermore, during cold-exposure, 

where the electrogenic component is also reduced, intracellular ion concentration of a Na+ and K+ has been 

reported to be stable for hours in several chill susceptible insect species (Des Marteaux and Sinclair, 2016; 

Koštál et al., 2004; Koštál et al., 2006; MacMillan et al., 2014). Thus, we assume that the effect of ouabain 

inhibition in the present study was to reduce the electrogenic component. When comparing the response 

to ouabain at room temperature, we found a similar magnitude of the electrogenic component in the three 

species (average depolarisation following ouabain ca. 25 mV). This effect is in overall agreement with the 

10-20 mV depolarization found in many other insects following ouabain inhibition (Bayley et al., 2020; 

Henon and Ikeda, 1981; Rheuben, 1972; Wareham et al., 1974). However, when exposed at 5 °C the three 

species responded very differently to ouabain. Muscle from D. montana still exhibited a large 

depolarization after exposure to ouabain at 5 °C (29 mV, Fig. 2), suggesting that the electrogenic 

component still provides a large contribution to the resting membrane potential at this temperature. In 

contrast the ouabain response was severely reduced in the more chill sensitive species suggesting a 

considerably lower pump activity in these species. Thus, the difference in the temperature sensitivity of the 

electrogenic component of the 3 species studies here, likely explains much of the difference in temperature 

sensitivity of the resting membrane potentials in their muscles. 
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The PNa/PK ratio 

An alternative way for cold tolerant drosophilids to maintain stable muscle membrane potentials is to 

increase polarisation of the diffusional component of the membrane potential. This could be achieved by 

reducing the PNa/PK ratio. To examine this we measured membrane potentials in PNa/PK salines containing 

7.5-60 mM K+, 40-80 mM Na+ and 100 µM ouabain and fitted the measurements to eq1. Ouabain was 

added to block the electrogenic Na+/K+ pump since the Goldman-Hodgkin-Katz equation assumes that the 

electrogenic component of the membrane potential is negligible. The resulting fits represented a large 

improvement compared to reference fits where the PNa/PK ratio was assumed to be 0.05 (see Fig. 3 for an 

example) for measurements from muscle incubated in the salines of the present study. Earlier studies of 

larval D. melanogaster muscle have estimated the PNa/PK ratio to be 0.23 at room temperature in Cl- free 

solutions  (Jan and Jan, 1976). Thus, our estimate of PNa/PK in D. melanogaster at 20 °C is similar to the 

previously estimated value (Fig. 4). However, in the study by Jan and Jan (1976) it is unclear if and how 

much electrogenic Na+/K+ pumps contributed to membrane potentials during measurements. Conversely, 

in the present study we assumed that Cl- was passively distributed (Hodgkin and Horowicz, 1959; Jan and 

Jan, 1976) although some research indicates that Cl- is not always passively distributed in some insect 

muscle (Usherwood, 1968; Walther and Zittlau, 1998; Manuscript D). Furthermore, using the PNa/PK salines 

of the present study, recorded membrane potentials tended to fall within a narrow range (-40 to -15 mV) 

and the calculated potentials often overestimated the expected depolarization/hyperpolarisation of the 

different salines. This was frequently evident in the 40 mM Na+ saline and was especially evident in the 60 

mM K+ saline. We are unable to explain this discrepancy, but it is possible that dissection damage and/or 

incomplete equilibration of Drosophila muscles and PNa/PK salines could have affected the recordings. To 

obtain more accurate estimates of PNa/PK, we suggest future experiments could estimate PNa and PK by 

measuring muscle membrane conductance under conditions where Cl- and either Na+ or K+ permeabilities 

are blocked (Ashcroft and Stanfield, 1982; Lea and Usherwood, 1973). Nevertheless, based on the available 

evidence and assuming any errors affected measurements from all species equally, depolarization 

resistance in cold tolerant drosophilids does not seem to be linked to a large reduction in the PNa/PK ratio. 

We stress however that better techniques are needed to investigate this in more detail. 

 

Conclusions and future perspectives 

When measuring muscle membrane potentials of the 3 drosophilids of the present study in vitro, the 

depolarizing effects of cold exposure were similar to previous in vivo measurements (Andersen and 

Overgaard, 2019; Andersen et al., 2015a). Thus, the improved ability of cold tolerant drosophilids to 
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stabilize ion homeostasis cannot entirely explain the improved membrane potential stability during short-

term cold exposure. The effect of ouabain on membrane potentials measured in muscle from D. montana 

at 5 °C differed markedly from the other 2 species. We interpreted this result as proof that D. montana 

preserves the electrogenic activity of the Na+/K+ pumps during cold exposure. Finally, it is less clear if a 

change in the PNa/PK ratio contributes to the observed depolarization resistance in D. montana. The 

assumptions used in the present study to estimate the PNa/PK ratio might have been inappropriate for 

Drosophila muscle. However, supposing that any error arising from this assumption affected the estimates 

of PNa/PK equally in all species, the present evidence suggests that this this ratio is not vastly different in any 

of the 3 species. In the future, we suggest deriving estimates of PNa or PK from measurements of membrane 

conductance, under conditions that only permit Na+ or K+ currents (by blocking currents carried the other 

cation and Cl-). Overall, the evidence provided here suggests that D. montana primarily resisted cold 

induced depolarization by preserving the electrogenic component. Future research is required to 

understand how D. montana can sustain the electrogenic potential during cold exposure. We suggest this 

could be explained partly by reduced temperature sensitivity of the Na+/K+ pump during cold exposure 

and/or by increased Na+/K+ pump density. However, we have recently been working on developing a 

mathematical model based on the charge difference equation (Fraser and Huang, 2004; Manuscript D) to 

improve our understanding of the electrogenic component of the resting membrane potential. More work 

is required to establish the key components for this model however; research suggests ion symporters 

(possibly K+-Cl- and Na+-K+-2Cl-) are also involved in the generation of the electrogenic potential. Therefore, 

other mechanisms involved in generating the electrogenic component, apart from the Na+/K+ pump should 

also be considered. Furthermore, in the present study, the electrogenic component was only quantified in 

three species. To investigate if the ability to resist depolarization by preserving the electrogenic component 

is a typical adaption to cold environments, it would be interesting to measure the magnitude of this 

component more in more species.  
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