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ABSTRACT 

We studied cold nociceptive signaling using Drosophila melanogaster that is a powerful 

model organism providing diverse approaches including genetics, calcium imaging, 

electrophysiology, animal behavior, and computational modeling. Applying modeling, we 

investigated mechanisms underlying spiking responses of Drosophila larval Class III (CIII) 

somatosensory neurons to innocuous and noxious cold temperatures and to rate of temperature 

decrease. CIII neurons are activated by cold stimuli which mediates a stereotypic cold-evoked 

behavior, a full-body contraction (CT). This behavioral response is dependent on the speed of 

temperature change and is potentiated by fast temperature decrease. We identified two basic cold-

evoked patterns of CIII neurons: bursting and spiking. In response to a fast temperature drop to 

noxious cold, CIII neurons distinctly mark different phases of the stimulus. Bursts frequently 

occurred along with the fast temperature drop, forming a peak of spiking rate and likely coding 

the high rate of the temperature change. We developed a biophysical model of CIII neurons 

including key ionic currents that had been implicated in temperature coding. We explain the 

distinction in occurrence of the two CIII cold-evoked patterns bursting and spiking by dynamics 

of a thermoTRP current and properties of a voltage gated calcium channel. Transient bursting 

activity supported by fast TRP current activated by cold temperature and intracellular calcium 

concentration and inactivated (desensitized) by high levels of the calcium concentration. Transient 

bursting response is described by type III bursting dynamics, where bursting activity is generated 

in response to fast change of a stimulus by a system which has silent steady stationary state. 
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1 INTRODUCTION  

A sudden environmental temperature drop endangers all aspects of animal life from 

behavioral and social to physiological and ecological (Davenport, 2012). Magnitude, rate, and 

duration of temperature decrease are critical for health and survival (Broman & Kallskog, 1995; 

Cheung et al., 2003). Consequently, animals have evolved different mechanisms for body 

protection depending on the properties of thermal fluctuation. Abrupt temperature drops, reaching 

noxious cold temperatures, trigger stereotyped protective behavioral responses: avoidance of 

potentially harmful stimuli or reducing the exposed body surface area (Burton et al., 2016; Turner 

et al., 2016a). In contrast, a slow temperature change does not typically cause immediate 

behavioral response (Yarmolinsky et al., 2016) and could lead to adaptation (Waldman, 2016). 

The choice of cold-evoked behavioral response is tightly determined by the perception of the 

temperature difference and rate of temperature change. Thus, a rapid drop from normal skin 

temperature to noxious cold often is perceived as unpleasant or nociceptive, sometimes as burning 

sensation, whereas slow temperature decrease is tolerable and perceived as innocuous (Waldman, 

2016). In addition, inflammation and pathological conditions such as nerve injury, diabetes-

induced or chemotherapy-induced neuropathy aggravate temperature sensation by causing 

hypersensitivity of sensory afferents (Turner et al., 2018; Yarmolinsky et al., 2016). As a result, 

innocuous cold stimuli can be sensed as painful (cold allodynia) or intensified sensitivity to a 

noxious cold (cold hyperalgesia) (Allchorne et al., 2005; Wang et al., 2008). Moreover, cold can 

diversely affect pain perception. It can enhance pain (injury conditions) or reduce it causing 

numbing (Hoffstaetter et al., 2018). Understanding mechanisms underlying cold nociception 

would help researchers to develop novel pain management treatments.   
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On the cellular level innocuous and noxious cold sensations are perceived by sensory 

afferent neurons, DRG and trigeminal A�/- and C-fibers in mammalians (McKemy, 2005; Turner 

et al., 2016a). Humans and rodents have two types of cold-sensing afferents innervating skin 

(McKemy, 2013). The first type is classified as innocuous cold-sensing neurons which usually 

have spontaneous activity at normal skin temperature and increase their firing rate when 

temperature decreases. When the temperature rises their firing rate decreases or drops to zero 

(Gallio et al., 2011; Olivares et al., 2015). These low threshold primary afferents are activated at 

cool temperatures near 30oC which do not cause tissue damage and are not perceived as pain 

(McKemy, 2013; Waldman, 2016).  The second type are cold nociceptors which are silent at 

normal temperatures and are activated at noxious cold temperatures below 15oC. Exposure to 

lower temperatures can cause tissue damage especially at long duration of cold stimulation 

(McKemy, 2013). Besides the cold-sensitive neurons, there are also broadly tuned polymodal 

afferents which are activated by both strong cold and heat (Frank et al., 2015; Ran et al., 2016).  

On the subcellular level, innocuous and noxious cold temperatures activate cold-sensitive 

TRP (transient receptor potential) channels, molecular sensors of temperature that are expressed 

in primary afferent neurons. TRPM8, TRPA1, and TRPC5 are cold activated TRP channels found 

in mammalian DRG and trigeminal cold-sensitive primary afferents (Kim et al., 2010; Kurganov 

et al., 2022; Luiz et al., 2019; Madrid et al., 2009; McKemy, 2013; McKemy et al., 2002; Ran et 

al., 2016; Sarria et al., 2012; Zimmermann et al., 2011) Activation of TRP channels leads to 

membrane depolarization of sensory endings of PANs by TRP current. This depolarization is 

transduced into patterns of action potentials, encoding information about temperature and 

conveying it to the central nervous system (CNS), where an adequate thermoregulatory central 

response is generated (Jordt et al., 2003; Julius & Basbaum, 2001).  
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Although temperature and pain pathways and the basic principles of transduction of 

thermal stimuli into membrane depolarization are intensively studied, cellular and molecular 

mechanisms which underlie the cold and noxious cold sensation remain largely not understood. 

The largest challenge for understanding cellular and molecular bases of cold temperature coding 

is the multimodality of TRP channels. The TRP channels underlie coding of not only thermal but 

chemical, mechanical, and nociceptive stimuli (Askwith et al., 2001; Turner et al., 2016a; Turner 

et al., 2016b; Wang et al., 2018). Second challenge is consideration, identification and 

characterization of the roles of other (non-TRP) ion channels, pumps, transporters, and 

downstream molecular pathways, which participate in thermotransduction, creating the dynamics 

of their interaction supporting fast and precise stimulus detection (Korogod & Demianenko, 2017; 

Lolignier et al., 2016; Patel et al., 2022). Third, for comprehensive understanding of temperature 

coding mechanisms, role of Ca2+ dynamics should be evaluated, since it affects such processes 

along with voltage-gated Ca2+ channels, Ca2+-activated K+ channels, hyperpolarization-activated 

current, and Ca2+ permeable TRP channels which are directly or indirectly regulated by 

intracellular Ca2+ concentration (Lolignier et al., 2016; Patel et al., 2022).  

We investigated cold sensation using Drosophila melanogaster as a powerful model 

organism providing diverse approaches including genetics, calcium imaging, electrophysiology, 

animal behavior, and computational modeling. Drosophila is a genetically tractable organism 

which enables the use of a sophisticated genetic toolkit and is comparatively simpler than 

mammalian platform for study. Drosophila larval Class III (CIII) somatosensory neurons are an 

optimal system for studying physiological and pathological responses to innocuous, noxious cold 

and rate of temperature decrease. CIII neurons are activated by cold stimuli which mediates a 

stereotypic cold-evoked behavior, a full-body contraction (CT). Interestingly, this behavioral 
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response is dependent on the speed of temperature change and is potentiated by fast temperature 

decrease [unpublished results from Cox lab].  

Together with peripheral sensory neurons of other morphological classes (CI, CII and CIV) 

CIII neurons innervate epidermis of Drosophila larva (Grueber et al., 2002). CIII neurons cover 

about 70% of each abdominal hemisegment of Drosophila larva body (Grueber et al., 2002). There 

are five CIII neurons in each larval hemisegment which have dendrites that tile the larval body 

wall across the dorsal, lateral, and ventral aspects (Grueber et al., 2002; Turner et al., 2016). CIII 

neurons differ not only morphologically but functionally from CI (proprioceptors), CII 

(mechanosensors) and CIV neurons (polymodal nociceptors that sense chemicals, noxious heat, 

noxious mechanical stimuli and UV light) (Clark et al., 2018; Grueber et al., 2002; Himmel et al., 

2019; Turner et al., 2016; Tsubouchi et al., 2012; Yan et al., 2013). 

It has been proposed that each type of stimulus is encoded with modality-specific temporal 

patterns of electrical activity (Cho et al., 2016; Terada et al., 2016). For example, Drosophila CIV 

neurons respond to noxious heat with bursts of high-frequency spikes (Onodera et al., 2017b). The 

bursts are followed by long pauses and together they form characteristic temporal patterns. The 

bursts consist of the grouped ‘unconventional spikes’, represented by doublets (sometimes triplets) 

of spikes with very short interspike interval within the group. The number of unconventional spikes 

correlated with peak amplitudes of the intracellular Ca2+ concentration. The pauses and bursts are 

implicated in coding of the heat noxious stimuli (Onodera et al., 2017b). This noxious heat-specific 

activity pattern is dependent on coordinated interplay between TRPA1 and Painless TRP channels, 

Ca2+ activated K+ (SK) channels and L-type voltage-gated Ca2+ channels (Onodera et al., 2017a, 

2017b; Terada et al., 2016). Noticeably, such fluctuations of firing rate (burst-pause) trigger robust 

heat avoidance rolling behavior of Drosophila larvae (Terada et al., 2016). 
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Recently, investigation of noxious cold specific neural activity patterns, Ca2+ dynamics, 

and contribution of different ion channels to encoding of noxious cold stimuli by Drosophila CIII 

neurons has made rapid progress. Our computational modelling approaches in analyzing cold-

evoked biophysical processes combined with experimental techniques allowed us to extend our 

understanding of cellular mechanisms of cold nociception coding. Both Drosophila and 

mammalian primary cold-sensitive neurons are enriched in thermosensitive TRP channels 

implicated in cold sensation. We suppose that mammalian and Drosophila primary afferents share 

some evolutionarily conserved mechanisms on the subcellular level, based on specific sets of ion 

channels, e.g. TRP channels. Drosophila larval CIII neurons are enriched with TRP channels, 

Trpm, Pkd2, NompC, and TRPA1, which are required for cold-evoked behavior (Turner et al., 

2016b). Our team revealed that knockdown of the Ca2+-activated potassium channels, BK or SK, 

causes inhibition of noxious cold modality-specific full-body contraction (Unpublished results of 

Daniel Cox lab). This suggests that Ca2+-activated K+ channels are essential for this behavior and 

may contribute to generation of noxious-cold specific neural activity pattern. 

Notably, under exposure to cold temperatures, the majority of studied mammalian cold-

sensitive afferents display oscillatory activity patterns, with the hyperpolarization-activated 

current (Ih), predominantly mediated by HCN1, being one of the key mediators of this oscillatory 

activity (Orio et al., 2009). Ih affects the excitability of cold-sensitive neurons and impacts the 

encoding and transmission of thermal signal (Orio et al., 2009; Xu et al., 2017). It was shown, that 

Ih does not directly participate in the transduction of cold stimuli: pharmacological block of HCN 

channels does not affect cold-evoked response and temperature threshold in cultured mice DRG 

neurons expressing TRPM8 (Orio et al., 2009). However, HCN null mice, as well as wild-type 

mice with subcutaneous injection of an h-current (Ih) blocker, displayed diminished behavioral 
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response to cold temperature, compared to control mice (Orio et al., 2009). Consistently, 

behavioral data, obtained by Cox Lab on Drosophila cold-sensitive CIII neurons, demonstrate that 

noxious cold-evoked CT behavioral response was significantly reduced with CIII-specific HCN 

knockdown animals relative to genetic controls (unpublished results of Daniel Cox lab). 

Several biophysical models had been developed to investigate the mechanisms involved in 

neural coding triggered by cold stimulation (Braun et al., 2001; Braun et al., 1998; Finke et al., 

2010; Huber et al., 2000; Kirana et al., 2016; Longtin & Hinzer, 1996). Most of them did not 

consider TRP channels implicated in thermotransduction and reproduce cold-evoke responses to 

steady temperatures but not dynamical responses to changing temperature. Olivares at al. 

developed a model of mouse cold-sensitive neurons innervating cornea based on the Huber & 

Braun’s model (Braun et al., 1998) with incorporated TRPM8 current (Olivares et al., 2015). With 

the calcium-dependent desensitization of the TRPM8 current, the model was capable of 

reproducing dynamic responses to temperature change.  

Although a variety of sensory neurons and molecular sensors driving specific behavioral 

responses have been identified, mechanisms of noxious cold neural processing remain largely 

unknown. How do primary sensory afferents encode specific features of a noxious cold stimulus, 

e.g. the magnitude of temperature decrease and rate (speed) of temperature change, into specific 

patterns of neural activity? What are the roles of the key ionic currents in dynamics of temperature 

coding? A fundamental understanding of the principles underlying physiological noxious vs. 

pathological cold sensitization has broad implications in sensory neuroscience and clinical 

relevance with regard to sensory neuropathies.   

To address these open questions, we combined computational neuroscience methods and 

experimental data analyses to develop a biophysical model of a cold-sensitive primary neuron 
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subtype which encode the magnitude of cold temperature and speed of temperature decrease with 

distinct neural activity patterns. We focused on cold sensations in Drosophila CIII neurons as a 

novel and powerful platform for studying mechanisms of neural processing. Specific TRP channels 

have been implicated in temperature coding in CIII neurons (Turner et al., 2016b; Turner et al., 

2018).  With computational modeling, we investigated dynamic interplay of TRP channels and 

voltage-gated Ca2+ channels in response to static and dynamic thermal stimuli.  

We hypothesized that TRP channels mediate temporal coding of the magnitude and rate of 

temperature change in cold-sensitive CIII neurons. This is central hypothesis that can be 

subdivided into two hypotheses: 1) temperature dependencies of TRP channels’ kinetic parameters 

provide sufficient mechanisms for temperature coding; and 2) different subtypes of TRP channels 

expressed in CIII neurons can encode temperature magnitude or rate of temperature change. The 

type of coding is determined by kinetic properties of TRP channels. These hypotheses were tested 

and resolved in the next chapters.  

In chapter 2 we combined electrophysiological and computational neuroscience methods 

to investigate the neural dynamics of Drosophila larva cold-sensing CIII neurons. 

Electrophysiological data showed that in response to a fast temperature change (-2 to -6 °C/s) from 

room temperature to noxious cold, the CIII neurons exhibited a pronounced peak of spiking rate 

with subsequent relaxation to a steady-state spiking. The magnitude of the peak was higher for a 

higher rate of temperature decrease, while slow temperature decrease (-0.1 °C/s) evoked no distinct 

peak of the spiking rate. The rate of the steady-state spiking depended on the magnitude of the 

final temperature and was higher at lower temperatures. For each neuron, we characterized this 

dependence by estimating the temperature of the half-activation of the spiking rate by curve-fitting 
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neuron’s spiking rate responses to a Boltzmann function. We found that neurons had a temperature 

of the half-activation distributed over a wide temperature range.  

We also found that CIII neurons responded to decrease rather than increase in temperature. 

There was a significant difference in spiking activity between fast and slow return from noxious 

cold to room temperature: the CIII neurons usually stopped activity abruptly in the case of the fast 

return and continued spiking for some time in the case of the slow return.  

We developed a biophysical model of CIII neurons including key ionic currents that had 

been implicated in temperature coding. This model includes a generalized description of TRP 

current kinetics with temperature-dependent activation and Ca2+-dependent inactivation. This 

model recapitulated the key features of the spiking rate responses found in experiments and 

suggested mechanisms explaining the transient and steady-state activity of the CIII neurons at 

different cold temperatures and rates of their decrease and increase. We conclude that CIII neurons 

encode at least three types of cold sensory information: rate of temperature decrease by a peak of 

firing rate, the magnitude of cold temperature by a rate of steady spiking activity, and direction of 

temperature change by spiking activity augmentation or suppression corresponding to temperature 

decrease and increase, respectively. 

In chapter 3 we experimentally identified and recapitulated in our model two basic cold-

evoked patterns of CIII neurons: bursting and spiking. In response to a fast temperature drop to 

noxious cold, CIII neurons distinctly mark different phases of the stimulus. Bursts frequently 

occurred along with the fast temperature drop, forming a peak of spiking rate and likely coding 

the high rate of the temperature change. Single spikes dominated at a steady temperature and 

exhibited frequency adaptation following the peak. When temperature decreased slowly to the 

same value mainly spiking activity was observed with bursts occurring sporadically throughout 
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the stimulation. The spike and the burst frequencies positively correlated with the rate of the 

temperature drop. Using a computational model, we explain the distinction in occurrence of the 

two CIII cold-evoked patterns bursting and spiking by dynamics of a thermoTRP current. Two-

parameter activity map (Temperature, constant TRP current conductance) marks parameters which 

support silent, spiking, and bursting regimes. Projecting on the map the instantaneous TRP 

conductance, governed by activation and inactivation processes, reflects temperature coding 

responses as a path across silent, spiking, or bursting domains on the map. The map sheds light on 

how various parameter sets for TRP kinetics represent various types of cold-evoked responses. 

Together our results indicate that bursting detects the high rate of temperature change whereas 

tonic spiking could reflect both the rate of change and steady cold temperature magnitude. 

In chapter 4 we further develop our model (Chapter 2, 3, Maksymchuk et al., 2022, and 

2023) and investigated a single CIII neuron as a dynamical system describing generation of 

oscillatory regimes like tonic spiking and bursting and maintenance of a steady state referred as a 

silent regime or a steady state. We explored occurrences of these regimes under various 

biophysical parameters and described transitions between them. Temperature is one of the key 

biophysical controlling parameters in our case. By examining various parameter ranges, we 

identified the temporal properties of activation and inactivation processes, as well as their 

dependencies on temperature and intracellular Ca2+ concentration. These findings successfully 

reproduced the key temporal characteristics and elucidated the distinctions observed in biological 

CIII responses. (Chapter 2, 3, and Maksymchuk et al., 2022, and 2023). Our study demonstrated 

that a TRP current exhibiting these fundamental dynamics could navigate the response pattern of 

a neuron in response to temperature changes. The family of CIII models revealed that the dynamics 

of the TRP current can effectively regulate a cell's response to a noxious cold stimulus. This 
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modulation allows the cell to exhibit either spiking or bursting behavior and respond to a rapid 

temperature drop with peak in spiking frequency including transient bursting (Maksymchuk et al., 

2022).  

Here, we further developed our general model of TRP current including additional process 

of activation by intracellular Ca2+ concentration and voltage-gating using experimental data 

describing dynamics TRPA1 channel and biophysical representation of the gating mechanism with 

two state model. We explored how the findings from Chapters 2 and 3 regarding the model 

parameters mentioned, can provide insights for developing a novel TRP current model, which can 

potentially explain our new experimental data. These data establish a connection between the rapid 

dynamics of the spiking frequency peak and bursting activity with the characteristics of the 

Transient Receptor Potential (TRP) generated by the TRPA1 current conductance. Furthermore, 

we found that voltage-gated Ca2+ current is involved in generation of bursting activity, highlighting 

significant role of this mechanism in transient bursting responses, implicating bursting mechanism 

in CIII neurons. Such implementation of TRPA1 current in our CIII model endows it a high 

propensity for bursting activity in various parameter regimes. Our findings show that TRPA1 

current plays a significant role in facilitating bursting activity during temperature drop and 

encoding the rate of temperature change. 

In chapter 5 we investigated electrical activity patterns evoked in mammalian primary cold-

sensitive neurons with and without application of volatile anesthetic. Under certain conditions, the 

receptor coding may appear misleading, e.g., selective activation of channels TRPM8 by agonists 

(menthol, icilin, or eucalyptol) elicits a coolness sensation in the absence of actual cooling. Both 

binding of such “cool mimetics” and physical cooling exert a similar effect on TRPM8 channels; 

the factor induces a hyperpolarization shift and generation of spiking patterns reporting about 
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cooling of the environment, and, thus, conveying false information in the former case. Application 

of volatile anesthetics (VAs) was recently shown to produce a similar shift of TRPM8 activation. 

This effect was assumed to underlie the adverse effects of VAs, such as shivering and a cooling 

sensation at the beginning of anesthesia, even at warm temperatures in the surgery theater. To 

validate this assumption, the VA effects on the activity patterns of the cool receptor should be 

investigated. Here, we upgraded an established model of the mammalian thermoreceptor by 

incorporating a prototype-based mechanism of VA-induced TRPM8 activation. With this model, 

we compared the activity patterns generated by the receptor at real cooling (VA–) and the VA-

induced (“false”) activation of TRPM8 (VA+). We demonstrated that, when being affected by VA 

at a neutral (warm) temperature, the cold receptor activity switches from tonic singlet spiking to 

doublet bursting. We demonstrated that, under both conditions, VA– and VA+, along with cooling, 

the receptor model exhibits a sequence of transitions between different patterns of impulse 

activities, single-spike, doublet, triplet, and quadruplet spiking. The VA+ receptor model is 

specifically characterized by starting these transitions earlier and completing the sequence in a 

narrower range and at a higher temperature. The average spiking rate of the VA+ receptor model 

was notably higher than VA– one, and bursting patterns included greater numbers of spikes for 

any given coded temperature.  

Our work determines mechanisms of cold temperature coding underlying the physiological 

temperature processing. Complex cellular mechanisms of cold sensation were evaluated through 

computational modeling and bifurcation analyses designed to be iteratively applied to 

experimental discoveries made in Cox Lab.  We developed biophysically plausible models of a 

CIII sensory neuron subtype which can code the magnitude of cold temperature and/or the rate of 

temperature decrease by exhibiting distinct neural patterns. Such models describe responses of 
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control wild type animals and are applied to explain responses of theTrpa1 and Pkd2 mutants 

(unpublished results not included in this dissertation). Moreover, our computational model 

describes complex interactions of different ion currents including TRP, voltage-gated Ca2+ current 

and Ca2+-activated K+ currents in response to diverse temperature sensory stimuli. 
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2 TRANSIENT AND STEADY- STATE PROPERTIES OF DROSOPHILA SENSORY 

NEURONS CODING NOXIOUS COLD TEMPERATURE  

This work was published as an original research article, Natalia Maksymchuk, Akira Sakurai, 

Daniel N. Cox, and Gennady Cymbalyuk. Transient and Steady-State Properties of Drosophila 

Sensory Neurons Coding Noxious Cold Temperature. Front. Cell. Neurosci., Sec. Cellular 

Neurophysiology, 2022 Jul 25;16:831803. doi: 10.3389/fncel.2022.831803. PMID: 35959471; 

PMCID: PMC9358291. 

 

2.1 Introduction 

Perception of cold pain plays an essential role in the survival of animals. It alarms them 

about harmful environments and navigates their escape into safe surroundings by employing 

remarkably precise and fast sensory mechanisms. The value of temperature in the cold range, rate 

of temperature change, and duration of thermal stimulus are critical characteristics for health and 

survival (Altner and Loftus 1985, Broman and Kallskog 1995, Cheung, Montie et al. 2003, Gallio, 

Ofstad et al. 2011).  

In mammals and insects, specialized cold-sensitive neurons have been found to encode 

either the actual temperature (Craig, Krout et al. 2001, Frank, Jouandet et al. 2015, Nagel and 

Kleineidam 2015, Alpert, Frank et al. 2020) or the rate of temperature decrease (Loftus 1968, 

Tichy 1979, Ameismeier and Loftus 1988, Gingl, Hinterwirth et al. 2005, Tichy, Fischer et al. 

2008, Ruchty, Roces et al. 2010, Nagel and Kleineidam 2015, Luo, Shen et al. 2017), or both 

(Loftus 1968, Merivee, Vanatoa et al. 2003, Nishikawa, Yokohari et al. 2004, Gingl, Hinterwirth 

et al. 2005, Tichy, Fischer et al. 2008, Olivares, Salgado et al. 2015). Such neurons usually respond 

to temperature transition from higher to lower steady level by a characteristic change in the spiking 
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rate. The rate first increases to a certain maximum (peak), then decreases and stabilizes at a new 

level exceeding that observed before cooling. The initial transient and subsequent steady 

components of the spiking frequency response are also called phasic and tonic. The phasic 

component is characterized by a peak of spiking rate during temperature change: the steeper the 

temperature drop the higher the peak (Nishikawa, Yokohari et al. 1985, Merivee, Vanatoa et al. 

2003, Gingl, Hinterwirth et al. 2005, Must, Merivee et al. 2006, Nagel and Kleineidam 2015). The 

deeper the cooling level the faster the tonic spiking (Davis and Sokolove 1975, Merivee, Vanatoa 

et al. 2003, Ruchty, Romani et al. 2009, Ruchty, Roces et al. 2010). In the cited works, the cooling 

was mostly innocuous, not deeper than 15oC. Hence, mechanisms that underlie sensing noxious 

cold temperatures remained largely unexplored.  

Drosophila melanogaster is a powerful model organism for studying noxious cold 

sensation. It offers a variety of technical approaches for single cell-type manipulations. Drosophila 

has a relatively compact nervous system, and yet a rich repertoire of modality-specific sensory-

induced behaviors as compared to mammalian systems (Pandey and Nichols 2011, Turner, 

Armengol et al. 2016, Jovanic 2020, Himmel, Letcher et al. 2021). Drosophila larvae have primary 

cold nociceptors, Class III (CIII) somatosensory neurons. In addition, Class II (CII) and 

chordotonal (Ch) neurons are also involved in noxious cold sensation (Turner, Armengol et al. 

2016, Turner, Patel et al. 2018, Himmel, Letcher et al. 2021). Drosophila larval CIII primary 

afferents are activated by cold stimuli and mediate a stereotypic cold-evoked response behavior, a 

full -body contraction (CT) (Turner, Armengol et al. 2016, Himmel, Letcher et al. 2021).  

Previous studies demonstrated that molecular mechanisms responsible for temperature 

detection and signal transduction are conserved across various species (McKemy 2007). 

Mammalian primary afferents express TRPA1 and TRPM8 channels which are activated by cold 
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(Jordt, McKemy et al. 2003). Some non-TRP ion channels have been implicated in creating the 

appropriate conditions for cold-evoked electrical activity patterns: Kv1.2, TREK1/TRAAK, HCN, 

Nav1.9, T-type Ca2+
 (Orio, Madrid et al. 2009, Latorre, Brauchi et al. 2011, Lolignier, Gkika et al. 

2016, Xu, Maidana et al. 2017). Drosophila larva CIII neurons exhibit enriched expression of 

specific TRP channels: Trpm, Pkd2, NompC, and TRPA1, of which Trpm, Pkd2, and NompC have 

been demonstrated to participate in cold-evoked behavior (Turner, Armengol et al. 2016, Turner, 

Patel et al. 2018), as well as enriched expression of Ca2+-activated potassium channels which may 

contribute to the activity pattern of sensory neurons in response to noxious cold temperature 

(Turner, Armengol et al. 2016). We instructed our model development with transcriptomic data on 

the specific ion channels expressed in CIII neurons, this information on relative expression levels 

of channels has been proven fruitful in the development of biophysically adequate computational 

models of other identified neurons (Baro, Levini et al. 1997, Schulz, Goaillard et al. 2006, 

Temporal, Lett et al. 2014, Tripathy, Toker et al. 2017, Bomkamp, Tripathy et al. 2019). 

In vertebrates and invertebrates, TRP channels, such as TRPA1 and TRPM8, had been 

implicated in the coding of the rate of temperature change (Olivares, Salgado et al. 2015, Luo, 

Shen et al. 2017). It has been previously shown that some TRP channels have Ca2+-dependent 

inactivation/desensitization, which leads to adaptation of cell response (Rohacs, Lopes et al. 2005, 

Gordon-Shaag, Zagotta et al. 2008, McKemy 2013). Moreover, the temporal scale for TRP channel 

desensitization is of a similar order as an adaptation of cold-sensitive neurons (Latorre, Brauchi et 

al. 2011, Olivares, Salgado et al. 2015). Considering this basis, we developed a computational 

model that includes a generalized TRP current with temperature activation and Ca2+-dependent 

inactivation. 
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To investigate cellular mechanisms of noxious cold temperature coding, we combined 

electrophysiological experiments and computational modeling. We investigated temporal activity 

patterns of CIII neurons at different temperature protocols: steady innocuous and noxious 

temperatures and fast-changing thermal stimuli. Also, we explain our experimental finding with 

computational modeling, providing mechanisms based on the kinetics of TRP channels. Our study 

provides the first detailed experimental analyses of the cold-temperature evoked responses and the 

first computational model of CIII primary sensory neurons. Therefore, it brings new insight into 

fundamental principles of neural coding of noxious and innocuous temperatures. 

 

2.2 Results  

2.2.1 CIII neurons have a phasic-tonic response to temperature decrease 

We performed detailed electrophysiological recordings of CIII neurons in response to cold 

temperature stimulation (Figure 2-1). To investigate the activity of CIII neurons at steady cold 

temperature or in response to changes of temperature, we used three different temperature 

stimulations: (1) fast-stimulation, (2) slow-stimulation, and (3) step-stimulation protocols.  
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Figure 2-1. Extracellular recordings of CIII neurons in a Drosophila larval fillet. 
(A,B) The larva fillet was placed in an experimental chamber with running HL3 saline. To produce 
a controlled temperature decrease during the stimulus, the superfusion path was switched to the 
one that goes through the chiller, and chilled saline was delivered.  The saline temperature was 
constantly monitored by a thermometer probe. The saline was grounded with an Ag-AgCl wire in 
an agar bridge. We recorded spiking activities from two subtypes of CIII neurons, ddaA or ddaF, 
located in the dorsal cluster of sensory neurons. To do this, the cell body with a portion of its 
neurite was gently sucked up into the pipette. (C) Image of CIII neurons (ddaA and ddaF) labeled 
by GAL419-12, UAS-mCD8::GFP with the electrode (dotted line) attached to ddaA.  

 

2.2.1.1 CIII responds with a peak of spiking rate to fast temperature change 

At room temperature (22 to 24oC), the majority of CIII neurons were silent or exhibited 

spontaneous spiking with a rate of less than 1 Hz. The spontaneous spiking was seen in 60% of 
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ddaA neurons (N = 24 of 40) and 73% of ddaF neurons (N = 19 of 26). On average, the spontaneous 

spiking rates were 0.11 ± 0.17 Hz (mean ± SD; N = 40) in ddaA and 0.13 ± 0.24 Hz (mean ± SD; 

N = 26) in ddaF.  

 

Figure 2-2. Spiking responses of CIII neurons to two types of temperature stimulation protocols. 
(A,B) Spiking activities of ddaA (A) and ddaF (B) in response to the fast-stimulation protocol 
(10°C, Ai,Bi) and the slow-stimulation protocol (Aii,Bii). The panels show, from top to bottom, 
the heat map representation of spiking rate, the plot of averaged spiking rate against time, the 
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temperature change, the rate of temperature change, and % histogram of the time bins (2 sec) with 
the maximum spiking rate. In (A,B), cyan and pink traces show individual data; blue and purple 
traces show the mean values. N = 40 (Ai), 21 (Aii), 26 (Bi), and 15 (Bii).  Time zero is set to the 
onset of the stimulation. (C,D) Average spiking rate in ddaA (C) and ddaF (D) during the falling 
phase (1), steady phase (2), and rising phase (3) of the fast and slow stimulation protocols drawn 
schematically above the graphs. Asterisks indicate significant differences (see text). 
 

To investigate the effect of a noxious cold temperature, we applied two different patterns 

of the cold-temperature stimulation (fast- and slow-stimulation protocols) that brought the saline 

temperature down to 10°C (Figure 2-2). In response to both the fast- and slow-stimulation 

protocols, all CIII neurons either started spiking or increased the rate of ongoing spiking activity 

(Figure 2-2A, B; N = 40 for ddaA and N = 26 for ddaF). On average, the spiking rate reached 

maximal levels shortly after the onset of a fast stimulation, which was followed by a slow decline 

to a steady state (Figure 2-2Ai, Bi). The times of the maximum spiking rate were found near the 

stimulus's onset when the temperature was rapidly falling (percentage histograms in Figure 2-2Ai, 

Bi). In 85% of ddaA (N = 34 of 40) and 81% of ddaF (N = 21 of 26), the spiking rate reached the 

maximal point within the first 10 sec of the stimulation interval and then gradually declined to a 

steady-state. 

In contrast to the fast-stimulation protocol, a slow-stimulation protocol caused a gradual 

increase of spiking rate during the downslope of the temperature in the majority of neurons (ddaA, 

N = 18 of 21; ddaF, N = 14 of 15; Figure 2-2Aii ,Bii). Some neurons, however, showed notable 

fluctuations over time (cf., Figure 2-3D). Because of this, the timing of the maximum spiking rate 

varied from cell to cell (percentage histograms in Figure 2-2Aii ,Bii). The average times of the 

maximal spiking rate in the slow-stimulation protocol are 63.9±32.3 sec-1 for ddaA and 89.1±36.9 

sec-1 for ddaF (means±SD), which are significantly larger than the fast-stimulation protocols of 

the same temperature (10°C; 6.8±5.2 sec-1 for ddaA and 8.9±9.7 sec-1 for ddaF; P < 0.05 for both 

ddaA and ddaF by Mann-Whitney rank-sum test). There was also a significant difference in 
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variance between the fast and slow-stimulation protocols in both ddaA and ddaF (P < 0.05 by 

Levene median tests). 

There is an asymmetry in the rate of spiking activity between the decrease and increase of 

the temperature change. The spiking rate during the downslope of temperature change was 

significantly higher than that during the upslope (Figure2-2C,D). To compare the change in 

spiking activity with temperature change, we divided the temperature stimulation into three phases 

(1-3 in Figure 2-2C,D). In the fast stimulation protocol, the three phases were characterized by 

significantly different rates of spiking activity exhibited by the CIII neurons (P < 0.001 by one-

way RM (repeated measures) ANOVA with Holm-Sidak multiple comparisons, N = 40 for ddaA, 

N = 26 for ddaF; graphs on the left in Figure 2-2C,D). In the slow-stimulation protocol, there was 

a significant decrease in spiking rate in phase 3 in both ddaA and ddaF (P < 0.001 by one-way RM 

ANOVA with Holm-Sidak multiple comparisons, N = 11 for ddaA, N=10 for ddaF), but no 

significant difference in the mean spiking rate between the downslope phase 1 and the constant-

temperature phase 2 (graphs on the right in Figure 2-2C,D).  

The average spiking rate in phase 1 of the fast stimulation protocol was 1.72±0.70 

spikes/sec (mean±SD, N = 40) for ddaA and 1.96±0.89 spikes/sec (mean±SD, N = 26) for ddaF, 

which were both significantly higher than those in the same phase of the slow-stimulation protocol 

(ddaA, 0.55±0.29 spikes/sec, N=11; ddaF, 0.96±0.45 spikes/sec, N=10; P<0.001 for both by 

Mann-Whitney Rank Sum Test). In phase 3, when the temperature was returning back to room 

temperature, most of the CIII neurons became silent within 2 sec in the fast stimulation protocol 

(N = 38 of 40 for ddaA, N = 18 of 26 for ddaF), whereas in the slow-stimulation protocol, most of 

them continued spiking for more than 10 sec after the temperature started to rise (N = 9 of 11 for 

ddaA, N = 16 of 21 for ddaF).  The spiking rate in phase 3 of the slow-stimulation protocol was 
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significantly higher than that in fast protocol phase 3 (ddaA, 0.021±0.045 spikes/sec in the fast 

protocol and 0.10±0.08 spikes/sec in the slow-stimulation protocol; ddaF, 0.090±0.092 spikes/sec 

in the fast protocol and 0.40±0.023 spikes/sec in the slow-stimulation protocol P < 0.05 by Mann-

Whitney Rank Sum test). There was no significant difference in spiking rate in phase 2 between 

the two protocols (P>0.05 by Student’s t-test) in both ddaA and ddaF. Thus, these results show 

that, when the amplitude of the temperature change was the same, a fast temperature decrease 

caused a higher spiking rate of response, and a fast temperature increase caused a faster cessation 

of spike activity. 

2.2.1.2 Steady-state activity of CIII neurons grow with a magnitude of cold temperature 

To assess the dependence of firing rate on the magnitude of cold stimulation, we applied 

the fast stimulation protocol with three different target temperatures (10°C, 15°C, and 20°C; 

Figure 2-3A,B), and compared them with the responses to slow stimulation protocol (Figure 2-

3C,D). 
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Figure 2-3. Spiking responses of CIII neurons to fast and slow temperature stimulation. 
(A,B) Two types of spiking responses to the fast-stimulation protocol.  In (Ai,Bi), three 
representative traces of spiking activity recorded extracellularly from two ddaA neurons are 
shown with corresponding temperature traces on the bottom (Ai,Bi). The temperature was reduced 
to 20°C (dark red), 15°C (dark green), and 10°C (blue). Graphs in (Aii,Bii) show changes in 
spiking rate (spikes/sec, solid line) in every 2-sec bin. In each graph, the pink area indicates the 
running average of spiking rate measured with a 10-sec moving window, whereas the cyan area 
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indicates standard deviation. (C,D) Two types of spiking responses to the slow-stimulation 
protocol. As in (A,B), the spike traces with corresponding temperature traces (Ci,Di) and the 
changes in spiking rate (Cii,Dii) are shown. (E) The relationship between the steady-state spiking 
rate vs. temperature. In (Ei) (ddaA) and (Eiii)  (ddaF), spiking rate in time windows of 50-60 sec 
after the onset of the fast stimulation protocol are plotted against temperature. Symbols are color-
coded based on the target temperature: 20°C, red/dark red; 15°C, green/dark green; and 10°C, 
blue/dark blue; room temperature, gray. In (Eii) (ddaA) and (Eiv) (ddaF), average spike 
frequencies (spikes/sec) were measured in every 2°C-bin from 25°C to 9°C during the slow ramp 
stimulation protocol. In all graphs, opened circles show individual data and color-filled black 
circles show the averages. Error bars indicate standard deviations. (F) Bar graphs showing the 
percentage of neurons that exhibited a distinct peak within 20 sec after the onset of the fast-
stimulation protocol (20°C, 15°C, 10°C) and during the downslope (120 sec) of the slow-
stimulation protocol (Slow). (G) The maximal spike frequencies were plotted against the rate of 
change of temperature in the fast- (blue/dark blue) and slow-stimulation (pink/purple) protocols 
(Gi, ddaA; Gii, ddaF).  The maximal spiking rate was measured by a 10-sec running window that 
runs through all 1-sec bins. The asterisks indicate P < 0.05 by t-test.   
 

In the fast-stimulation protocol, all of the tested cells responded by spiking to 10°C and 

15°C stimuli (10°C, ddaA N=40, ddaF N=26; 15°C, ddaA N=35, ddaF N=23), but 20°C stimuli 

evoked no response in some cells (ddaA, N = 5 of 33; ddaF, N = 2 of 21). CIII neurons often 

showed an initial peak in spike frequency (Figure 2-3Aii ). The number of neurons with an initial 

peak response increased with the increasing magnitude of the fast cold stimulus (Figure 2-3F). In 

response to the 10°C fast stimulation protocol, 70% of ddaA (N=28 of 40) and 61.5% ddaF (N=16 

of 26) exhibited spiking activities with a pronounced initial spiking rate peak and a subsequent 

frequency adaptation when the temperature reached a stationary level (Figure 2-3A). To 15°C 

stimuli, 42.9% of ddaA (N=15 of 35) and 43.5% of ddaF (N=10 of 23) exhibited a peak; to 20°C 

stimuli, 15.2% of ddaA (N=5 of 33) and 4.8% of ddaF (N=1 of 21) exhibited a peak. On the other 

hand, a small number of neurons maintained a nearly constant spiking rate without showing an 

initial peak (10°C, ddaA, N=12 of 40; ddaF, N=10 of 26), which increased with milder temperature 

stimulation (to 15°C stimuli, 20 of 35 ddaA and 13 of 23 ddaF; to 20°C, N=28 of 33 ddaA and 

N=20 of 21 ddaF; Figure 2-3B). The average spiking rates at the peak (measured by 10s bins) 

were 2.78±1.03 spikes/sec (CoV = 0.37, N=28) in ddaA and 2.73±1.16 spikes/sec (CoV = 0.43, 
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N=16) in ddaF in response to the fast 10°C stimulation. There was no significant difference 

between ddaA and ddaF in the peak spiking rate (p>0.05 by Student’s t-test). Among the neurons 

that exhibited a peak spiking rate, the average spiking rates at the steady state (50-60 sec after the 

onset of the stimulus) were 0.76±0.50 spikes/sec (CoV = 0.65, N = 28) in ddaA and 0.99±0.78 

spikes/sec (CoV = 0.79, N=16) in ddaF. Among those without the peak, the average steady-state 

spiking rates was 0.83±0.53 (CoV=0.63, N=12) spikes/sec in ddaA and 1.44±0.81 (CoV = 0.56, 

N = 10) spikes/sec in ddaF. There was no statistical difference between the peaked and non-peaked 

responses in the mean value of the steady-state spiking rate in both ddaA and ddaF (p>0.05 by 

Student’s t-test). The steady-state spiking rate in the fast-stimulation protocol increased at the 

lower temperature, i.e. for the higher magnitude of the cold stimulation (Figure 2-3Ei,Eiii; P < 

0.001 by Kruskal-Wallis One Way ANOVA, N = 33-40 for ddaA, N = 21-26 for ddaF). The 

magnitude of spiking responses was highly variable among cells, ranging from 7 to 52 spikes in 

the first 10 sec and 0 to 34 spikes in the last 10 sec of 60-sec stimulation.  

In the slow-stimulation protocol, most neurons showed spiking at a relatively constant 

spiking rate or a gradual increase in spiking rate with decreasing the temperature (Figure 2-3C), 

while only a few cells showed an initial peak response (ddaA, N=3 of 21; ddaF, N=1 of 15; Figure 

2-3D,F). The average spiking rate reached maximal value before reaching 10°C in both CIII 

neuron subtypes (Figure 2-3Eii,Eiv). Between the fast- and slow-stimulation protocols of the 

same stimulus magnitude, there was a significant difference in the maximal spiking rate, with the 

fast protocol eliciting responses with significantly higher maximal spiking rates in both ddaA and 

ddaF (Figure 2-3G; Student’s t-test, P< 0.05). Altogether, these results suggest that CIII neurons 

are responsive to both the magnitude and the rate of temperature change. 
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Figure 2-4. The cold temperature sensitivity of individual CIII neurons was evaluated by curve 
fitting their steady-state spiking rate to the Boltzmann function of steady temperature value. 
 (A) Examples of spiking activity of three different CIII neurons (one ddaA and two ddaFs) 
obtained with the step stimulation protocol, showing different threshold temperatures. One neuron 
(ddaF-1) completely stopped spiking at the lowest temperature step (10°C). The activities along 
with temperature recordings, are shown (Ai). The plots of the average spiking rate corresponding 
to each temperature (Aii), and percentile histograms of temperature of half-activation for spiking 
rate (Aiii,Aiv) are presented. (B) Two contrasting examples of spiking activities of two ddaA 
neurons in response to the fast-stimulation protocol reaching three different steady temperatures 
(Bi) and to the slow-stimulation protocol (Bii) are shown.  In (Bi) and (Bii), the upper traces (blue 
and dark blue) and the lower traces (red and dark red) were recorded from the same set of cells, 
ddaA-1 and ddaA-2, respectively. The plots of spiking rates (spikes/sec) against temperature (Biii), 
and percentile histograms of temperature of half-activation for spiking rate (Biv,Bv) were also 
shown. In the fast protocol (Bi), the average spike rate was measured during a 20-second window 
near the end of each stimulus. In the slow ramp protocol (Bii), the average spiking rate was 
measured for every 2°C bin (16-17 sec). In Biv,Bv, the gray bars show data by the fast-stimulation 
protocol, whereas the black bars by the slow-stimulation protocol. 
 

To evaluate the dependence of spiking rate on the cold temperature value, we estimated the 

temperature of half-activation of spiking rate in each neuron by three different stimulation 

protocols: the fast-stimulation protocol and the slow-stimulation protocol, as used in Figures 2-2 

and 2-3, and the step-stimulation protocol (Figure 2-4Ai). In the step- and fast-stimulation 

protocols, the steady-state activity of CIII neurons was measured in the last 20-second window 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    35 

when the temperature was kept constant (Figure 2-4Ai,Bi). In the slow-stimulation protocol, the 

spiking rate was measured in every 2°C bin from 25°C to 9°C during the temperature changing at 

the rate of -0.12°C/sec (Figure 2-4Biii ; see the Methods).  

In all neurons examined by the step stimulation protocol, spike discharges were observed 

as the temperature decreased (ddaA, N = 18; ddaF, N = 9). There was a remarkable neuron-to-

neuron variation of the maximal spiking rate and the temperature at which the maximal activity 

occurred (Figure 2-4Ai,Aii ). There were two types of responses, the proportion of which differed 

between ddaA and ddaF neurons. Of ddaA neurons, 61% exhibited a maximum of the spiking rate 

at a certain temperature, and the rate declined with lower temperatures (N = 11 of 18), whereas 

39% (N = 7 of 18) exhibited a sigmoidal increase of the spiking rate along with the decreasing 

temperature (Figure 2-4Aii ). In contrast, 78% of ddaF neurons showed a sigmoidal increase of the 

spiking rate, with the temperature decreasing (N = 7 of 9), and 22% had a maximum at the certain 

temperature higher than 10°C (N = 2 of 9). Currently, it is unknown whether this decline was due 

to the temperature-dependent change or the time-dependent spike-frequency adaptation. We 

determined the temperatures of half-activation of spiking rate by curve-fitting of minimal to 

maximal spiking responses to a sigmoidal curve based on the Boltzmann function (see Materials 

and methods). The temperature of half-activation of spiking rate varied from cell to cell ranging 

from 26°C to 10°C in both ddaA and ddaF (Figure 2-4Aiii,Aiv ). There was no statistical difference 

in average temperature of half-activation of spiking rate between ddaA and ddaF (ddaA, 

18.5±3.9°C; ddaF, 16.0±4.3°C; P = 0.14 by Student’s t-test).  

Notable neuron-to-neuron variation was also found between the responses evoked by either 

the fast- or slow-stimulation protocols. In the examples shown in Figure 2-4B, two ddaA neurons 

showed distinct temperature-response relationships; however, each ddaA showed similar response 
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curves to the two stimulation protocols.  One neuron (ddaA-1) showed a robust spiking activity at 

milder temperature (around 15°C) in both the fast- and slow-stimulation protocols (Figure 2-4Bi-

Biii, blue and dark blue plots), whereas the other (ddaA-2) showed less activity at the same 

temperature range but reached the maximal spiking rate at a lower temperature (Figure 2-4Bi-Biii , 

red and dark red plots). Similar variation was seen in ddaF neurons (not shown); altogether, there 

was no significant difference between the average temperature of half-activation of spiking rate 

between ddaA and ddaF in either protocol (the fast-stimulation protocol, P = 0.40 by Mann 

Whitney Rank Sum Test, N = 24 for ddaA and 20 for ddaF; the slow-stimulation protocol, P = 

0.20 by Student’s t-test, N = 9 for ddaA and 10 for ddaF).  However, the temperature range was 

wider in the fast stimulation protocol than in the slow-stimulation protocol; the temperatures of 

half-activation of spiking rate for individual neurons distributed from 26°C to 10°C in the fast-

stimulation protocol and from 24°C to 14°C in the slow-stimulation protocol. These results suggest 

that individual cells were tuned to distinct temperature ranges of their own. The majority of ddaA 

and ddaF neurons (72.2% in ddaA, N = 26 of 36; 81.8% of ddaF, N = 18 of 22) exhibited a 

sigmoidal increase of spiking rate with the maximal response at 10°C in the fast-stimulation 

protocol. The rest of the neurons had a peak at 15°C and the spiking declined at 10°C (data not 

shown). With the slow-stimulation protocol, fewer cells showed sigmoidal responses, 27.3% in 

ddaA (N = 3 of 11) and 60% in ddaF (N = 6 of 10) and the rest exhibited the maximum in their 

temperature dependences.   

Together, the results demonstrate that: 1) CIII neurons strongly responded to temperature 

change with a pronounced peak of firing rate and subsequent frequency adaptation. 2) Steady-state 

spiking rates of CIII neurons were temperature-dependent. The spiking rate grew with decreasing 

steady temperature. 3) There was high variability in the temperature of half-activation of spiking 
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rate across individual CIII neurons, which may indicate that individual cells are tuned to distinct 

temperature ranges. The results suggest that a single neuron does not respond evenly to the entire 

temperature range, but rather that each neuron responds to a different temperature range, thus 

encoding the temperature collectively as a population. Similar diversity in sensitivity of spiking 

rate to temperature changes has been observed in other insects (Loftus 1968, Merivee, Vanatoa et 

al. 2003).  

 

Figure 2-5. The decline of spiking rate during the noxious cold stimulation showed an exponential 
decay with a broad distribution of time constants of decay. 
(A) A representative spiking response (top trace) of a ddaA neuron to a 10°C fast temperature 
stimulation (middle traces). A plot of instantaneous spike frequencies (Hz) was shown at the 
bottom. (B) Histograms of decay time constant in ddaA (Bi) and ddaF (Bii) in response to a 10°C 
temperature stimulation.  
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To characterize dynamic responses of CIII neurons to a fast-changing cold stimulus, we 

evaluated time constants of spiking rate decay after it reaches the peak of spiking rate and then 

declines to a steady level. The spiking rate decay with time can be fitted by a double exponential 

curve with an initial fast decay and a slower decay later during the stimulation to obtain 

characteristic time constants (Figure 2-5). The mean decay time constant of spiking rate in ddaA 

was 5.0 ± 5.1 sec (mean±SD, N = 26) ranging from 1.2 sec to 23.8 sec, whereas that of ddaF was 

6.7 ± 7.9 sec (mean ± SD, N = 15) ranging from 0.8 sec to 27.0 sec. Despite faster decay times for 

ddaA neurons compared to ddaF ones, there was no statistical difference in the decay time 

constants between ddaA and ddaF (P = 0.60 by Mann-Whitney Rank Sum Test).   

 

2.2.2 Basic kinetics of a model TRP current offer a mechanism explaining phasic-

tonic responses of CIII neurons  

We hypothesize that the responses of CIII neurons to transient and steady noxious cold 

stimuli could be determined by the kinetics of TRP channels, representing a thermo-transduction 

mechanism. First, we applied the fast-stimulation temperature protocol to our model (Figure 2-6). 

Two presented examples (Figure 2-6B,C) exhibited the characteristic phasic-tonic responses with 

the peak of spiking rate during the temperature drop interval followed by the decay of spike rate 

down to a steady-state level. These responses were in correspondence with the spiking responses 

to the same fast-stimulation protocol in the electrophysiological experiments (Figures 2-2Ai,Bi, 

and Figure 2-5). The models presented in B and C (Figure 2-6) differ in one parameter – the time 

constant of TRP inactivation, �ì�Û�Í�Ë�É.  This difference was reflected in fast (Figure 2-6B) and slow 

(Figure 2-6C) spiking rate decays corresponding to �ì�Û�Í�Ë�É=5 s and �ì�Û�Í�Ë�É=15 s, respectively. We 

curve-fitted these two traces of the spiking rate by a double exponential function in the same way 
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as in the experimental data analysis, and obtained estimations for the decay time constants as 3.9 

s and 15.8 s for B and C, respectively, that were consistent with experimental decay time constants 

(Figure 2-5Bi,Bii). These curve-fitted values, 3.9 s and 15.8 s, were close to the actual model 

values of �ì�Û�Í�Ë�É, 5 and 15 s, that suggests that the spiking rate decay time constant could be used 

to roughly estimate the inactivation time constants of TRP channels.  

Gated by the dynamics of its activation and inactivation, the response of TRP conductance 

to temperature (Figure 2-6B,C) reflected three phases of the temperature stimulation (Figure 2-

2C,D): (1) decrease, (2) steady phase, and (3) increase. The decrease phase induced a peak of 

conductance formed by the quick temperature-controlled raise of the activation variable (phase g, 

Figure 2-6B,C) followed by a slower process of Ca2+-governed decrease of the inactivation 

variable. The increase of the TRP conductance caused membrane depolarization, leading to the 

rapid growth of the spiking rate (Figure 2-6B,C). This process increased intracellular Ca2+ 

concentration (phase g, Figure 2-6B,C) due to large Ca2+ influx carried by the voltage-dependent 

Ca2+ current and by the notable Ca2+ component of the TRP current. In turn, the raised Ca2+ 

concentration inactivated the TRP conductance. Near the intersection of the activation and 

inactivation traces (phase g, Figure 2-6B,C), there was a peak of GTRP, which underlay the peak 

of the spiking rate, since the spiking rate roughly followed the TRP conductance, GTRP. The second 

phase (d, Figure 2-6B,C) was described by the decrease of GTRP and spiking rate. This suggested 

that the magnitude of the GTRP peak determined the timing and the magnitude of the peak of the 

spiking rate. The steady phase s (Figure 2-6B,C) reflected the interval with roughly constant low 

temperature (phase 2 of the temperature protocol) by the spiking rate relaxed down to its steady-

state level. Then, at the return phase r, which corresponded to phase 3 of the temperature protocol, 

the temperature returned to the basal level, and the spiking rate quickly diminished. All these 
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changes in model spiking rate with temperature were consistent with the experimental results 

(Figures 2-2Ai,Bi and 2-3Ai). 

 

Figure 2-6. Responses of the CIII model reflect three phases of the fast-stimulation temperature 
protocol. 
The difference in the time constants of the Ca2+-dependent inactivation of TRP current produces 
the difference between the time course of the spiking rate decay. (A) CIII computational model 
includes voltage-gated Na+ current, INa, encoded by para gene; voltage-gated K+ current IK, 
encoded by Shab gene; voltage-gated N-type calcium channel, ICa encoded by cacophony gene; 
leak current IL; and TRP current, ITRP; small conductance Ca2+ activated potassium current, ISK 
encoded by SK gene; and big conductance Ca2+ activated potassium current, and IBK encoded by 
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slowpoke gene. In B and C, the fast-stimulation protocol and model parameters are the same 
except for the time constant of inactivation of the TRP current:  �ì�Û�Í�Ë�É=5 s (B) and �ì�Û�Í�Ë�É=15 s 
(C). (B,C) Experimental temperature trace (top panel, red), intracellular Ca2+ concentration 
(second panel, magenta), activation and inactivation of the TRP current (third panel, blue and 
green, respectively), TRP conductance (fourth panel, black), cold-evoked spiking activity response 
(fifth panel, navy blue), and spiking rate (2 s bin, bottom, navy blue) for the model with observed 
fast (B) and slow (C) spiking rate decays after the peak. In the bottom panel, the red line is a curve 
fitting the firing rate with a double exponential function. The parameters of TRP current shared 
between the model in B and C are �)�Í�Ë�É
$
$
$
$
$
$=1.2 nS, Th = 290 K (16.85oC), A = 1 K-1, N=2, Cah = 700 
nM, �ì�à 𝑚𝑚𝑚𝑚𝑚𝑚=0.002 s. Letters “g”, “d”, “s”, “r” shows phases of TRP conductance, GTRP: g - 
growing, d- declining, s- steady, and r- returning of GTRP to its initial level.  
 

Thus, our CIII model reproduces the basic features of spiking responses of CIII neurons to 

fast-changing and steady cold temperatures. A rapid inactivation (~3-20 s) of TRP currents could 

be responsible for the initial peak of spiking rate at rapid temperature fall and subsequent spiking 

rate decay (spiking frequency adaptation) when the temperature reaches a steady level. In contrast, 

the spiking rate at the steady-state could encode the absolute value of the temperature.  

2.2.3 The dynamics of TRP current could explain the sensitivity of CIII neurons to 

the rate of temperature change and cold temperature magnitude  

To investigate the effects of the rate of temperature decrease, we applied temperature 

stimulation protocols with different rates to our CIII model. These were the same fast- and slow-

stimulation temperature protocols we used in experiments with live CIII neurons (Figure 2-

7Ai,Aii ). We choose the time constant of the TRP activation variable to be sufficiently faster than 

the rate of temperature change to follow either stimulation protocol. Thus, the activation variable 

assumed values in accordance with its steady-state temperature dependence (�I �Í�Ë�É�¶ (�6) in 

Methods). In such a way, the fast temperature decrease (maximum temperature rate was -3.8 oC/s) 

caused corresponding fast activation of TRP conductance, GTRP, up to the maximal value and 

matching rapid rise of spiking rate (Figure 2-7Bi). At the fast temperature drop, TRP activation 

and TRP conductance reached their maximal value before the temperature attained its minimal 
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value at the steady phase. The Ca2+ fluxes carried by the TRP current and by the voltage-gated 

Ca2+ current raised intracellular Ca2+ concentration (Figure 2-7Bi); and a prominent rise of 

intracellular Ca2+ concentration was observed along with the fastest temperature change (Figure 

2-7Bi). This led to Ca2+-dependent inactivation of the TRP current (Figure 2-7Bi), which 

determined the peak of GTRP and the peak of the spiking rate (Figure 2-7Bi). A decrease in the rate 

of temperature change down to -1.8 oC/s (Figure 2-7Bii) was reflected by a correspondingly 

slower rate of TRP activation (Figure 2-7Bi), which increased the delay to the maximal TRP 

activation. The peaks of the intracellular Ca2+ concentration, TRP conductance, and spiking rate 

(Figure 2-7Bii) were smaller than in Figure 2-7Bi due to Ca2+-dependent inactivation. Finally, at 

a slow temperature decrease, -0.1 oC/s (Figure 2-7Biii ), activation was accordingly slow (Figure 

2-7Biii ), inactivation followed corresponding intracellular Ca2+ concentration (Figure 2-7Biii ), 

and as a result intracellular Ca2+ concentration, TRP conductance, and firing rate did not exhibit 

pronounced peaks (Figure 2-7Biii ). 

When the temperature was quickly returning from the noxious cold to room temperature 

(phase 3 of the temperature protocol), spiking activity of the CIII model was suppressed. At a fast 

temperature rise, the firing rate rapidly declined to zero even if the temperature was still in the 

noxious cold range (Figure 2-7Bi). In contrast, when the temperature rose slowly (Figure 2-7Biii ), 

the CIII neuron model continued to produce spiking activity even at relatively warm temperatures. 

Thus, similarly to experimental data on CIII neurons, the CIII model asymmetrically responded to 

temperature change, reflecting the fast temperature decrease and its steady value and exhibiting 

suppressed or reduced spiking activity when temperature increased.  

Trajectories of TRP conductance underwent different passages depending on the rate of 

temperature change (Figure 2-7C): the faster the rate of temperature change, the faster the change 
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of TRP current activation and the longer path of GTRP trajectory and the higher peak of GTRP. We 

assessed the dependences of the peak of spiking rate, Fpeak, and steady-state frequency, Fstst on the 

maximal rate of temperature change; peaks grew along with the increase of the rate of temperature 

decrease (Figure 2-7D) whereas steady-state frequency was independent of the rate of temperature 

change (Figure 2-7E). 
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Figure 2-7. A model reproduces the diversity of responses seen in electrophysiological recordings 
as being due to differences in the rate of temperature changes. 
(Ai,Aii) Examples of CIII responses to the fast-stimulation protocol (Ai) and to a slow-stimulation 
protocol (Aii ) obtained by electrophysiological experiments. (Bi-Biii ) Fast and medium 
temperature changes produced a well-defined peak of spiking rate at the beginning of the 
temperature stimulus (Bi, Bii), whereas slow temperature decrease did not produce any notable 
peak (Biii). Numbers correspond to the phases of temperature protocol: 1 – temperature declines 
to the noxious cold range, 2 – steady noxious cold temperature, 3 – temperature rises to an ambient 
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level. The fast, medium and slow rates of temperature decrease were -3.8 °C/s in (Bi), -1.8 °C/s in 
(Bii), and -0.12 °C/s in (Biii), respectively. Letters “g”, “d”, “s”, “r” shows phases of TRP 
conductance mentioned in Fig. 6: g - growing, d- declining, s- steady, and r- returning of GTRP to 
its initial level. (C) The faster rate of temperature decrease, the higher peak of conductance of 
TRP current, GTRP. Gray arrows indicate the direction of GTRP trajectory at temperature change: 
temperature decrease and increase correspondingly. Color circles indicate individual spikes. (D, 
E) Dependence of maximal spiking rate (D) and a steady-state frequency (E) on the maximal rate 
of temperature change. The bin size for frequency is 2s. Parameters of the model were �)�Í 𝑅𝑅𝑅𝑅
$
$
$
$
$
$=1.2 
ns; Th = 290 K; A = 1K-1; N=2; Cah = 700 nM; �ì�Û�Í�Ë�É=10 s; �ì�à 𝑚𝑚𝑚𝑚𝑚𝑚=0.002 s. 
 

In fast-stimulation protocols applied to live and model CIII neurons, the temperature 

decreased and increased exponentially and the rate of temperature change, dT/dt, changed with 

time (Figure 2-7Ai,Bi,Bii ). To simplify the analysis of CIII model responses, we used a trapezoid 

stimulation protocol with a linear temperature change, and thus the rate of change was constant at 

the described intervals with the same rate of temperature change for both decrease and increase in 

temperature (Figure 2-8). Similar to the previous protocols in Figure 2-7, this protocol produced 

a peak of spiking rate immediately after the fast temperature drop, which slowed down as the 

temperature decreased (Figure 2-8Ai-Aii ). At the fast rate of temperature change, -4oC/s, the 

temperature reached its final value, 10 oC so rapidly that TRP conductance, GTRP, and spiking rate 

did not reach the steady state within such a short timeframe of temperature change (Figure 2-8Ai). 

With slower stimulations (-1 and -0.1 oC/s), the CIII neuron model response had more time to 

reach a steady-state (Figure 2-8Aii -Aiii ). TRP conductance GTRP underwent a longer path with 

faster rates of temperature change (Figure 2-8B). Flat s regions for dT/dt = 1 oC /s and dT/dt = 4 

oC /s indicated that temperature reached the steady value faster than the TRP current gets 

inactivated (�ì�Û�Í�Ë�É= 10 s).  

Similar to exponential fast-stimulation temperature protocols in Figure 2-7, the peak 

frequency increased with the rate of temperature change, and the steady-state spiking rate was not 

affected, Figures 2-8C and D, correspondingly. However, different dependencies of temperature 
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over time, linear and exponential, brought discrepancies in the dependence of spiking rate peak on 

the rate of temperature change. In the case of the trapezoid stimulation temperature protocol, it 

underwent saturation (Figure 2-8C), whereas in the exponential fast-stimulation protocol (Figure 

2-7C) it was roughly proportional to the rate of temperature change and does not give saturation 

at the same dT/dt range.  

 

Figure 2-8. CIII model responses to linear temperature change. 
Like exponential temperature change (Figure 7), the peak of firing rate at trapezoid stimulation 
temperature protocol was determined by the rate of temperature change. (A) Fast temperature 
change induces a strong peak of the spiking rate at the beginning of the temperature stimulus 
(Ai,Aii). Slow temperature change (Aiii) did not produce a peak of the spiking rate. The absolute 
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value of the rate of temperature decrease and increase was 4 oC/s in (Ai), 1 oC/s in (Aii), and 0.1 
oC/s in (Aiii) . Numbers 1, 2, 3 in Ai mark three phases of temperature protocol: (1) temperature 
decline, (2) steady temperature, and (3) temperature rise. (B) The higher rate of temperature 
decrease, the larger peak of conductance of TRP current, GTRP. Circles mark individual spikes. 
Arrows indicate the direction of temperature change: temperature decrease and increase 
correspondingly. (C) Dependence of maximal spiking rate on the rate of temperature change. (D) 
Dependence steady-state spiking rate on the rate of temperature change. The bin size for frequency 
is equal to 2 seconds. Letters mark phases of TRP conductance changes (Fig. 6): g - growing, d- 
declining, s- steady, and r- returning to the initial level. The parameters of the model are the same 
as in Figure 7.  
 

Next, we evaluated responses to the magnitude of steady cold temperature at a fixed rate 

of temperature change, dT/dt=3 oC/s (Figure 2-9). Decrease of steady cold temperature caused an 

increase in intracellular Ca2+, TRP activation, mTRP, TRP conductance, GTRP, membrane 

depolarization, Vm, and spiking rate (Figure 2-9 Ai-Aiv). Colder temperatures elongated 

trajectories of TRP conductance and increased its maximal values (Figure 2-9B). The magnitude 

of cold temperature distinctly impacted frequency peaks and steady-state frequency, Figures 2-

9C, and 2-9D, correspondingly. Dependence of frequency peak on cold temperature magnitude 

undergoes saturation at colder temperatures (Figure 2-9C) whereas steady-state frequency 

strongly increases with cold temperature magnitude (Figure 2-9D). All these data support the 

hypothesis that TRP current dynamics with temperature activation and Ca2+-dependent 

inactivation can explain not only the mechanism of coding the rate of temperature change but also 

cold temperature magnitude. 
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Figure 2-9. CIII neuron model responds to the magnitude of steady cold temperature. 
(Ai-Aiv) Representative examples of CIII model responses to different magnitudes of cold 
temperature at a fixed rate of temperature change, 3 oC/s. (B) Trajectories of TRP current 
conductance at different cold temperature magnitudes are shown in Ai-Aiv. C,D - dependencies 
of spiking rate peak (C) and steady-state frequency (D) on the magnitude of the cold temperature 
value. Bin size for spiking rate is equal to 2s. The parameters of the model are the same as in 
Figure 7. 
 

To evaluate whether the variability of experimental responses could be attributed to the 

variability of the biophysical parameters of TRP current, we tested experimentally-obtained sets 

of parameters assessed by curve-fitting of spiking rates (see methods) by introducing them in the 

model and applying experimental temperature protocols. In addition, we considered another factor 

that can cause variability – small variations in temperature stimulations that were applied to 
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experimental neurons (see methods). We considered two groups of the sets, a group I had 

parameter fits from the slow-stimulation protocol (N=22), and group II was based on the step-

stimulation protocol (N=26). We found that 68% of group I and 46% of group II responses had a 

pronounced peak of spiking rate at the fast temperature drop. These results are consistent with the 

percentage of biological CIII neurons: 67% of CIII neurons (70% of ddaA and 61.5% of ddaF) 

exhibited a peak in their responses. Thus, the group I matched and the group II had the same order 

of magnitude with this percentage. Representative model responses with and without peak of 

spiking rates that are based on different parameter sets are shown in Figure S1. 

These two groups of the model parameter sets produced models which showed similar 

variability in terms of coefficients of variation (CoV) of the peak and steady-state spiking rates. 

The variability of the model responses within the groups had the same orders of magnitude of 

CoVs as in corresponding experimental CoVs (Table 1), although the measurements of CoVs of 

the group I were about 10-15% closer to the experimental ones. These results suggest that the 

estimation of the parameters based on the curve fitting of the slow-stimulation protocol data might 

provide a better approximation than the step-stimulation protocol data. The slow-stimulation 

protocol might be more robust because it generates a larger amount of experimental data points 

for the curve fit. Concerning the model responses exhibiting the peak versus those which did not, 

there was no statistical difference between their steady-state spiking rates in either group (p>0.05 

by Student’s t-test) which is consistent with the experimental results.  

  
Table 1. Coefficients of variation (CoVs) of responses (for peak and steady-state spiking 

rates) of model neurons with two groups of the parameter sets and living CIII neurons (pooled 
ddaA and ddaF data).  
The parameter sets for the models in group I and group II were obtained by curve-fitting the 
spiking rates of CIII neurons induced by the slow-stimulation protocol and by step-stimulation 
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protocol, respectively. The responses are induced by experimental fast-stimulation protocols with 
an end temperature 10oC.  
 

 

We also assessed variabilities caused by two factors separately: variability in parameters 

of TRP current and variability in temperature stimulation. Since there was no significant difference 

between steady-state spiking rates of responses exhibiting and not exhibiting peak, we pooled these 

data together (Table S2). Based on the results in Table S2 we determined the mean CoVs for 

model responses (Table 2). We found that variations in parameters of TRP current had a strong 

effect on both the peak and steady-state firing rate for both groups I and II and had the same orders 

of magnitude as corresponding experimental CoVs (Table 2). This can tell us that individual 

variations between neurons of TRP current parameters can affect both characteristics of cold-

evoked CIII response, the peak and steady-state. Mean CoVs for the peak of spiking rate induced 

by variation between the temperature stimulation traces were 60% and 68% smaller compared to 

mean CoVs from TRP current parameters variation for group I and group II correspondingly, 

however variability in temperature stimulation still had a noticeable effect on the peak of spiking 

rate (Table 2). Mean CoVs for steady-state spiking rate due to temperature variation had relatively 

small effect on steady-state firing rate, 88.7 and 76.6% smaller than CoVs due to parameters for 

group I and group II correspondingly.  

Table 2. Coefficients of variation of model responses (for peak and steady-state spiking 
rates) with the two groups of the parameter sets (Group I and Group II in Table 1). 
The mean CoVs due to parameter variation were obtained by averaging CoVs of responses of each 
parameter set to all experimental temperature traces. The mean CoVs due to temperature variation 

CoV of  Model Group I Model Group II Experiment 

Peak spiking rate  0.53 (N =15) 0.59 (N =12) 0.39 (N = 44) 
Steady-state, responses with 
peak 0.49 (N =15) 0.41 (N =12) 0.73 (N = 44) 
Steady-state, responses 
without peak 0.58 (N = 7) 0.51 (N =14) 0.65 (N = 22) 
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were obtained by averaging CoVs of responses of all parameters sets to each experimental 
temperature trace.  

  

2.2.4 Effect of TRP current parameters on the peak and steady-state frequency  

To assess the sensitivity of the model responses to the variation of basic parameters 

determining dynamics of the activation and inactivation of the TRP current, we investigated the 

effects of the parameter changes on the peak and the steady-state frequency of the CIII model 

response to fast temperature stimulation (Figure 2-10A). We changed one parameter at a time, 

keeping the rest of the parameters constant and equal to their canonical values (Figure 2-7).  

The temperature of the half-activation, Th, determines the threshold for TRP current 

activation. We applied the same fast-stimulation protocol to the models with different Th (ThC is in 

oC for convenience) (Figure 2-10B1). We compared model responses by representing them on a 

color map, where color describes the spiking rate changing in time along with column number. At 

small values of ThC, there was no apparent spiking rate peak, and the response was with a delay. 

With ThC roughly above 13 oC, the model exhibited a spiking rate peak. Then, with increasing ThC, 

the peak of the firing rate grew in magnitude (Figure 2-10B2). The temperature of half-activation 

notably affected the spiking rate peak and did not affect the steady-state spiking rate for ThC above 

13 oC (Figure 2-10B2,B3). The dependence of steady-state frequency on ThC had a minimum at 

ThC near 9.5 oC.  

Mean CoV 
of 

 

Model, Group I Model, Group II  Experiment 
ddaA and 
ddaF 

Parameters 
variations 

Temperature 
variations 

Parameters 
variations 

Temperature 
variations 

Peak 
spiking rate  

0.6(N = 484) 0.24(N = 484) 0.72(N =676) 0.23(N = 676) 0.39(N = 44) 

Steady-state 
spiking rate 

0.53(N =484) 0.06(N = 484) 0.45(N =676) 0.11(N = 676) 0.71(N = 66) 
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Similar analysis was applied to variation of the steepness of TRP steady-state activation, A 

and time constant of activation, �ì�à 𝑚𝑚𝑚𝑚𝑚𝑚. The steepness of TRP steady-state activation affected peak 

and steady-state spiking rate only at small values and did not affect them at larger values (Figure 

2-10C1-3). The time constant of activation affected only the peak of the spiking rate and did not 

influence the steady-state spiking rate (Figure 2-10D1-3). Faster TRP activation (lower �2mTRP 

value) produced a larger frequency peak during temperature drop (Figure 2-10D1-2).  

In our model, Ca2+-dependent inactivation of the TRP current is governed by three major 

parameters: the Ca2+ concentration of half inactivation, Cah, the time constant of inactivation, 

�ì�Û�Í�Ë�É, and the Hill coefficient, N. At small values of Cah, the model exhibited response only at the 

beginning of thermal stimulus, then it turned silent despite an ongoing cold temperature stimulus 

(Figure 2-11A1, bottom rows). This happens because at small Cah values the TRP current is 

partially inactivated at room temperature. An increase of Cah resulted in an initial fast and then 

slow increase in spiking rate peak (Figure 2-11A2). Steady-state spiking rate initially decreased 

at smaller values of Cah then, after certain Cah, increased (Figure 2-11A3). Such character of the 

steady-state spiking dependence on Cah can be explained by different electrical activity regimes 

at different Cah values. The time constant of TRP inactivation, �ì�Û�Í�Ë�É, also impacted peak but not 

a steady-state spiking rate (Figure 2-11B). The larger �ì�Û�Í�Ë�É supported higher spiking rate peaks 

(Figure 2-11B2), whereas steady-state spiking rate appeared to be independent of �ì�Û�Í�Ë�É up to 10 

s and started to grow afterward (Figure 2-11B3). The Hill coefficient, N, describing the steepness 

of the TRP inactivation did not affect spiking rate peak (Figure 2-11C1,2) but in contrast, the 

steady-state frequency decreased as N increased from 1 to 3 and then stayed roughly constant 

(Figure 2-11C3).  
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Finally, we investigated the impact of maximal TRP conductance, �)�Í�Ë�É
$
$
$
$
$
$ on the peak and 

steady-state model response (Figure 2-11D). Variation of  �)�Í�Ë�É
$
$
$
$
$
$ value could describe the effect of 

different levels of TRP expression in CIII neurons. At �)�Í�Ë�É
$
$
$
$
$
$= 0 nS there was no model response 

to cold temperature (Figure 2-11D) since there were no other inward currents, except TRP current, 

in the model that are activated with a cold temperature. At small values of  �)�Í�Ë�É
$
$
$
$
$
$ , the CIII model 

did not show a prominent peak of spiking rate at rapid temperature change (Figure 2-11D1). The 

spiking rate peak grew with a larger �)�Í�Ë�É
$
$
$
$
$
$ until spiking activity undergoes a depolarization block 

(black cluster on a color map corresponding to rapid temperature decrease) (Figure 2-11D1,2). 

Because of the depolarization block, spiking rate peak decreased at �)�Í�Ë�É
$
$
$
$
$
$ > 3 nS (Figure 2-11D2). 

The steady-state spiking rate had a minimum at smaller �)�Í�Ë�É
$
$
$
$
$
$ values then rose with larger �)�Í�Ë�É
$
$
$
$
$
$ 

values (Figure 2-11D3). 

Thus, parameters describing TRP activation: �6�Û, �ì�à 𝑚𝑚𝑚𝑚𝑚𝑚, A had a higher impact on the peak 

of firing rate at fast temperature drop, rather than on the steady-state rate when the temperature 

was constant. In turn, parameters describing TRP inactivation, Cah and N, had a stronger impact 

on the steady-state than on the peak. Small values of the time constant of inactivation, 

�ì�Û�Í�Ë�É(�ì�Û�Í�Ë�É<=10 s) significantly affected the peak of firing rate, whereas larger values of this 

parameter (�ì�Û�Í�Ë�É>10 s) impacted the steady-state spiking rate. Both peak and steady-state spiking 

rates increased with increased �)�Í�Ë�É
$
$
$
$
$
$. Our results suggest that variability in the parameters of TRP 

currents can explain the variability of the CIII neural responses to rapid temperature decrease and 

steady-state temperature.  
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Figure 2-10. Effects of parameters determining kinetics of activation of the TRP current on the 
peak and steady-state spiking rate of the CIII model’s responses to the fast temperature stimulation 
protocol. 
(A1) A representative example of the fast stimulation trace used in an experiment was applied to 
the CIII model. (A2,A3) Representative CIII model responses to this temperature protocol at 
different values of temperature of half-activation: Th=281.5K and 290.5K, respectively. For 
convenience parameter Th is represented by ThC in oC, 8.35oC and 17.35oC, respectively. (B1-D1) 
Color maps code spiking responses (x axis) of CIII model to the stimulation trace (A1) using 
different values of the parameter of interest (y axis) with other parameters kept at their canonical 
values* (canonical parameter set in Figure 2-7). In all color maps, the average frequency was 
calculated in the 2s bin window.  (B2-D2) and (B3-D3) dependences of the spiking rate peak and 
the steady-state spiking rate, respectively, on the parameter values: temperature of half-activation, 
Th (ThC is in oC, B), the steepness of TRP activation, A (C), and time constant of TRP activation, 
�2mTRP (D). NR – no response.  
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Figure 2-11. Effects of parameters of inactivation kinetics and maximal conductance of the TRP 
current on the model responses. 
We used here the same temperature stimulation trace (Figure 10A1), canonical set of the model 
parameters, measurements of the responses, and the format of the color maps as in Figure 2-10. 
(A1-D1). We investigated effects of the Ca2+ concentration of half inactivation, Cah (A), the time 
constant of TRP inactivation, �ì�Û�Í�Ë�É (B), the Hill coefficient, N (C), and the TRP current maximal 
conductance, �)�Í�Ë�É
$
$
$
$
$
$, (D).   
 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    56 

2.2.5 CIII neuron model explains different types of experimental CIII’s dose-

response curves 

Biological CIII neurons have different types of responses to steady-state cold temperature 

magnitude – sigmoidal and non-sigmoidal (bell-shaped) temperature-response curves (Figure 2-

4,Aii). To examine model responses to steady-state temperature, we applied an experimental step-

stimulation protocol. Such temperature protocol introduced a slow, quasi-steady-state change of 

temperature to our model (Figure 2-12Ai-Aiii ). In addition to the step-stimulation protocol, we 

recorded steady-state spiking rates of the model at different constant temperatures in the range 

24…10oC. We plotted relationships of spiking rates over temperature for both temperature 

protocols (Figure 2-12Bi-Biii ).  

We demonstrated three examples of models distinct in parameters determining TRP 

activation and inactivation. These models produced different types of electrical activity and steady-

state dependencies on temperature (Figure 2-12). The example in Figure 2-12Ai showed that 

activation and inactivation followed steps of temperature, and TRP conductance is increasing with 

temperature decrease (Figure 2-12Ai ). Fitted with the Boltzmann function, the dose-response 

curve demonstrated a relatively high threshold for activation, ThC=12.3oC (Figure 2-12Bi). 

Example in Figure 2-12Aii  had similar behavior of activation, inactivation, and instantaneous 

conductance, but all these characteristics underwent saturation earlier than in Figure 2-12Ai 

because of the low threshold (higher temperature of half-activation, ThC=19.85oC). It is interesting 

to note that while activation and inactivation in Aii  underwent saturation, the spiking rate kept 

growing with temperature decreasing. Another example (Figure 2-12Aiii)  demonstrated that at a 

certain parameter set for TRP current activation and inactivation, spiking rate could have 
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extremum and decline with lover temperatures, whereas instantaneous TRP conductance increases 

with temperature drop (Figure 2-12Aiii).  

The model responses (Figure 2-12Ai-Aiii ) were classified by different types of 

temperature-response curves: sigmoidal type (Figure 2-12Bi,Bii) and non-sigmoidal type of 

dependence with a maximum firing rate at a certain temperature (~15oC) (Figure 2-12Biii). These 

temperature-response curves were different in the temperature half-activation and the steepness 

(sensitivity). These types of model temperature-response curves qualitatively corresponded to 

what we observed in experimental recordings in response to the step-stimulation temperature 

protocol (Figure 2-4,Aii).   

 

Figure 2-12. CIII neuron model responses to steady-state temperature. 
(Ai-Aiii) Graphs from the top to bottom show the experimental temperature protocol with steps of 
temperature changes, TRP activation and inactivation over time, instantaneous TRP conductance 
over time, electrical activity over time, and spiking rate over time. (Bi-Biii) Model temperature-
response curves based on experimental step-stimulation protocol (black closed circles). These 
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curves were fitted with Boltzmann function (red line) with the following temperature of half-
activation and steepness: 12.34 oC, 0.51 K-1 (Bi); 14.58 oC, 0.54 K-1 (Bii) and 16 oC, 2.0 K-1 (Biii). 
Model temperature-response curves obtained at various constant steady-state temperatures are 
shown as blue open circles.  Parameters for (Ai,Bi): �)�Í�Ë�É
$
$
$
$
$
$=1.5 nS, A = 0.6 K-1, N=5, Th = 288 K, 
Cah = 900 nM, tauhTRP=5 s, �2mTRP =0.002 s. Parameters for (Aii,Bii): �)�Í�Ë�É
$
$
$
$
$
$=2 nS, A = 0.5 K-1, 
N=1, Th = 293 K, Cah = 900 nM, �2hTRP =5 s, �2mTRP = 0.002 s. Parameters for (Aiii,Biii): �)�Í�Ë�É
$
$
$
$
$
$=1.5 
nS, A = 0.5 K-1, N=5, Th = 285 K, Cah = 700 nM, �2hTRP =10 s, �2mTRP = 0.002 s.   

 

Thus, the type of the temperature-response curve can be determined by parameters of TRP 

current and it does not directly correspond to the passage of conductance of TRP current. It is, 

instead, determined by the combination of kinetic parameters of TRP current and their state 

evolution. Various combinations of parameters for TRP activation and inactivation may reflect the 

variability in the expression of TRP channels and/or their isoforms among individual CIII neurons.  

In summary, based on the kinetics of temperature-dependent activation and Ca2+-dependent 

inactivation of TRP current, our model explains the following mechanisms: (1) generation of the 

pronounced peak of spiking rate, which was dependent on the rate of temperature change; (2)  CIII 

response after adaptation that was dependent on the cold temperature magnitude (3) the cell-to-

cell variability of the time constants of decay at fast temperature change; (4) the character of the 

temperature-response curve; (5) variability in the temperature of half-activation of spiking rate, 

time constant of spike frequency decay, peak and steady-state frequency. Such model 

interpretation allowed us to explain different types of temperature coding: rate of temperature 

change with subsequent frequency adaptation and coding of the magnitude of steady thermal 

stimuli. 

2.3 Discussion  

We investigated spiking responses of Drosophila CIII neurons to transient and steady 

noxious cold temperature stimuli. CIII neurons are primary afferents that tile the epidermis of 

Drosophila larvae (Grueber, Jan et al. 2002). Using extracellular electrophysiological recording 
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from these neurons, we described the basic spiking properties of CIII neurons which allow them 

to encode both the temperature in the cold range and the rate of temperature change. We also 

developed a biophysical conductance-based family of CIII models to infer membrane dynamics 

underlying their cold-evoked responses. Based on computational modeling, we showed that 

kinetics of TRP currents offer a mechanism explaining experimental phasic-tonic responses of CIII 

neurons, coding of rate of temperature change and cold temperature magnitude, the character of 

the temperature-response curve, as well as variability in CIII cold-evoked responses.  

Both flies and mammals have a population of temperature-sensitive neurons which detect 

the direction of temperature change, i.e., temperature decrease for cold-sensing and increase for 

hot-sensing cells, and whose activity levels increase with the magnitude of temperature change 

(Gallio, Ofstad et al. 2011, Turner, Armengol et al. 2016). In general, cold-sensing afferents of 

different species can be categorized into two types – those which sense the temperature in an 

innocuous range and those which detect noxious thermal signals (McKemy 2007, McKemy 2013). 

The first type is classified as innocuous cold-sensing neurons, which usually have spontaneous 

activity at normal skin temperature and increase their firing rate when temperature decreases. 

When the temperature rises their spiking rate decreases or drops to zero (Gallio, Ofstad et al. 2011, 

Olivares, Salgado et al. 2015). These low threshold primary afferents are activated at cool 

temperatures (near 30oC in mammals), which do not cause tissue damage and are not perceived as 

pain (McKemy 2013, Waldman 2016).  The second type is cold nociceptors which are silent at 

normal temperatures and are activated at the noxious cold temperature roughly below 15oC. The 

innocuous cold-sensitive neurons have a transient response and rapid frequency adaptation to non-

noxious thermal stimuli, whereas the cold nociceptors have sustained action potential firing and 

limited adaptation to noxious cold temperatures (Zimmermann, Hein et al. 2009). Interestingly, 
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cold-sensitive afferents of both mammals and insects can be multimodal. For example, mammalian 

DRG neurons, are activated with both cold temperature and mechanical stimuli (Kumazawa 1996, 

Zimmermann, Hein et al. 2009, Prescott and Ratte 2012, Prescott, Ma et al. 2014, Wang, Belanger 

et al. 2018); Drosophila CIII neurons are activated by noxious cold and innocuous mechanical 

stimuli (Yan, Zhang et al. 2013, Turner, Armengol et al. 2016, Turner, Patel et al. 2018). Thus, the 

anatomical, structural, and molecular aspects of temperature-sensitive neurons are consistent 

across species, suggesting that insects and mammalians could have similar principles of 

temperature coding at the peripheral levels (McKemy 2007, Gallio, Ofstad et al. 2011).   

We considered two subtypes of CIII neurons, ddaA, and ddaF, which were detected by a 

genetic marker and distinguished by morphology and position. Both types were usually silent or 

had spontaneous low-frequency spiking at ambient temperature; they both responded to a fast 

temperature drop with an initial peak of the spiking rate at fast temperature decline, which was 

followed by a subsequent frequency adaptation that brought the spiking rate down to a steady-

state. The spiking rate of the initial peak and the subsequent steady-state both depended on the 

temperature of the cold stimulus; the lower the temperature of the stimulus, the higher the spiking 

rate of spikes in the response. A similar correlation between spiking rate and temperature drop has 

been reported in cold-sensitive neurons of other animals, including mammals and insects (Loftus 

1968, Merivee, Vanatoa et al. 2003, Gingl, Hinterwirth et al. 2005, Vriens, Nilius et al. 2014, 

Nagel and Kleineidam 2015). There was no statistical difference in cold-evoked spiking responses 

between ddaA and ddaF neurons. 
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2.3.1 Cell-to-cell variability in temperature sensitivity across CIII neurons may 

indicate population coding 

We found that there is high variability in temperature of half-activation of spiking rate 

(ranging between 11 and 25°C) and steepness (ranging from between 0.22 and 2.59) across 

individual CIII neurons. This may suggest that individual CIII neurons are distinctly tuned to a 

specific temperature range and have different sensitivity to temperature. Such diverse sensitivities 

may allow CIII neurons to detect not only nociceptive cold but also temperatures in the innocuous 

cold range. Similar cell-to-cell variability in the magnitude of cold-induced responses was 

observed in both mammals (Ran, Hoon et al. 2016, Wang, Belanger et al. 2018) and insects (Loftus 

1968, Merivee, Vanatoa et al. 2003).  

In addition, the fact that CIII neurons are also innocuous mechanosensors (Yan, Zhang et 

al. 2013, Turner, Armengol et al. 2016, Turner, Patel et al. 2018) could also explain high cell-to-

cell variability. Although the level of intracellular calcium in response to noxious cold was 

significantly higher than gentle touch evoked Ca2+ response (Turner, Armengol et al. 2016), gentle 

mechanical stimuli elicit discharge with a burst of action potentials followed by very rapid spiking 

rate decay to up to zero at steady-state stimulus (Yan, Zhang et al. 2013). This may indicate that 

the mechanical disturbance during recording might have been attributed to the cell-to-cell 

variability among CIII neurons. However, since similar large variations in the temperature of half-

activation of spiking rate were observed even in experiments with the slow ramp and step-

stimulation protocols that were performed without solution switching, it is unlikely that the 

variation is due to mechanical perturbance by solution switching.  
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2.3.2 CIII neurons could encode at least three temperature characteristics: the rate of 

temperature change, the magnitude of steady temperature, and the direction of 

temperature change 

Electrophysiological recordings revealed that the majority of CIII neurons have a phasic-

tonic response to noxious cold temperature stimulation. They strongly responded to a fast 

temperature drop with a pronounced peak of firing rate (phasic response), which was followed by 

a subsequent frequency adaptation when the temperature reached a steady-state level (tonic 

response). The proportion of neurons showing a peak response increased with the increasing 

amplitude of the cold stimulus. At a fast temperature drop down to 10°C, approximately 70% of 

CIII neurons showed a peak in spiking rate. Similar to CIII neurons, phasic-tonic responses to cold 

temperature have been observed in cold-sensitive neurons of various species, including insects and 

mammals: ants (Ruchty, Romani et al. 2009, Ruchty, Roces et al. 2010, Nagel and Kleineidam 

2015); cockroaches (Loftus 1968, Nishikawa, Yokohari et al. 2004); mosquitoes (Davis and 

Sokolove 1975, Gingl, Hinterwirth et al. 2005); crickets (Nishikawa, Yokohari et al. 1985); ground 

beetles (Merivee, Vanatoa et al. 2003); ticks (Hess and Loftus 1984, Ameismeier and Loftus 1988, 

Must, Merivee et al. 2006); mammals: mice (Zimmermann, Hein et al. 2009, Parra, Madrid et al. 

2010, Olivares, Salgado et al. 2015, Ran, Hoon et al. 2016), rats (Braun, Dewald et al. 1999) and 

cats (Duclaux, Schäfer et al. 1980, Schäfer, Braun et al. 1982).  

Phasic-tonic responses are characterized by frequency adaptation to a steady-state level. 

Along with temperature sensation, neural adaptation is often seen in various sensory systems of 

both vertebrates and invertebrates (Kaissling, Zack Strausfeld et al. 1987, Rieke and Rudd 2009, 

Ruchty, Roces et al. 2010). Adaptation enables sensory systems to adjust the gain to particular 

aspects of the stimulus (Chance, Abbott et al. 2002). For example, adaptation serves as a 
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mechanism for gain control of thermoreceptor neurons (Tichy, Fischer et al. 2008). Neural 

adaptation enables neurons to increase the working range of the sensor in which changes in 

stimulus can be detected (Kaissling, Zack Strausfeld et al. 1987, Rieke and Rudd 2009, Ruchty, 

Roces et al. 2010). This property is especially important for such tiny insects as Drosophila larva, 

for which temperature conditions have a crucial impact (Himmel et al., iScience 2021).  

Among the cold-sensitive neurons there are many examples across species that have been 

reported to produce a phasic-tonic response to the rapid temperature drop, where cold-evoked 

firing rate or calcium signal increased with the magnitude of temperature drop, �ûT: insects (Loftus 

1968, Davis and Sokolove 1975, Merivee, Vanatoa et al. 2003, Nishikawa, Yokohari et al. 2004, 

Gingl, Hinterwirth et al. 2005, Must, Merivee et al. 2006, Ruchty, Romani et al. 2009, Frank, 

Jouandet et al. 2015) and mammals (Craig, Krout et al. 2001, Ran, Hoon et al. 2016, Wang, 

Belanger et al. 2018). The mammalian cold-sensitive neurons were reported to respond to 

temperature changes regardless of cooling rate (Craig, Krout et al. 2001, Ran, Hoon et al. 2016, 

Wang, Belanger et al. 2018). The rate of cooling (rate of temperature change, dT/dt) is another 

important characteristic of thermal stimulus. Neurons of different species whose firing rate 

increases with the rate of temperature change are represented in the following studies: insects 

(Loftus 1968, Davis and Sokolove 1975, Tichy 1979, Ameismeier and Loftus 1988, Gingl, 

Hinterwirth et al. 2005, Tichy, Fischer et al. 2008, Ruchty, Roces et al. 2010, Nagel and 

Kleineidam 2015); and mammals (Olivares, Salgado et al. 2015).  

We revealed that the maximal firing rate at the phasic component of CIII responses has a 

significant correlation with a rate of temperature change. More neurons exhibited a pronounced 

peak of firing rate immediately after the onset of stimulation in response to fast temperature drops. 

In contrast, in response to a slow temperature decrease, most CIII neurons showed a gradual 
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increase in spiking rate that reached a maximum at various times, while a few neurons showed a 

fluctuating increase with clusters of spikes appearing several times during the temperature 

downslope. Collectively, these findings suggest that CIII neurons are equipped to encode the rate 

of temperature cooling. Rapid changes of temperature trigger stereotyped protective behavioral 

responses: avoidance of potentially harmful stimuli, reducing the exposed body surface area or 

rapid cold hardening in ectotherms (Burton, Fazalbhoy, & Macefield, 2016; Lee, Chen, & 

Denlinger, 1987; Turner et al., 2016). In contrast, a slow temperature change does not typically 

cause immediate behavioral response (Yarmolinsky et al., 2016). Slow and long-term temperature 

change promotes cold acclimation (Teets, Gantz, & Kawarasaki, 2020; Waldman, 2016). It was 

previously shown that extended exposure to noxious cold in Drosophila larva triggers cold 

acclimation and that this is mediated by CIII nociceptive neuron activity (Himmel et al., 2021).   

CIII neurons encode the rate of temperature change only in one direction – when the 

temperature decreases. When the temperature rose from noxious cold to room temperature, the 

spiking rate quickly declined back to the basal level (0 – 0.37 Hz), which was significantly lower 

than those during the temperature decrease. Suppression of electrical activity at temperature rise 

is a common feature of cold-sensitive neurons observed in both insects and mammalians (Merivee, 

Vanatoa et al. 2003, Olivares, Salgado et al. 2015, Ran, Hoon et al. 2016). Moreover, CIII’s firing 

at temperature increase was also dependent on the speed of temperature rise. In cases of a fast 

temperature rise, most CIII neurons became silent, whereas the majority of neurons continued to 

spike when the temperature returned slowly back to room temperature.  

When the temperature reaches a steady level after the temperature drops down, CIII 

responses turn to their tonic phase. Adapted CIII frequency does not drop to its basal level at room 

temperature but keeps constant. We found that the steady-state cold-evoked spiking rate of CIII 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    65 

neurons was dependent on the magnitude of cold temperature. The steady-state spiking rate 

increased with decreasing value of the cold temperature. Such property of CIII neurons is similar 

to cold-sensitive neurons of other species (Bade, Braun et al. 1979, Duclaux, Schäfer et al. 1980, 

Schäfer, Braun et al. 1982, Craig, Krout et al. 2001, Must, Merivee et al. 2006, Frank, Jouandet et 

al. 2015, Nagel and Kleineidam 2015, Alpert, Frank et al. 2020). For CIII neurons, we fitted graphs 

of firing rate over temperature, i.e. temperature-response curves, with a Boltzmann function to 

calculate the temperature of half-activation of spiking rate and steepness of individual CIII 

neurons.  These characteristics characterize their sensitivity to temperature. We found high 

variability in temperature of half-activation of spiking rate and steepness across individual CIII 

neurons, ranging between 11 and 25°C. Similar cell-to-cell variability in the magnitude of cold-

induced responses was observed in other insects (Loftus 1968, Merivee, Vanatoa et al. 2003, Nagel 

and Kleineidam 2015) as well as in mammals (Craig, Krout et al. 2001, Ran, Hoon et al. 2016).  

This high cell-to-cell variability of all described properties of CIII neurons suggests that as 

population CIII neurons could encode rate of temperature decrease. Other studies also report cold-

sensitive neurons that encode both parameters of a thermal signal – the rate of temperature change 

and steady cold temperature (Loftus 1968, Merivee, Vanatoa et al. 2003, Nishikawa, Yokohari et 

al. 2004, Gingl, Hinterwirth et al. 2005, Tichy, Fischer et al. 2008, Olivares, Salgado et al. 2015). 

The phasic component of the CIII response (peak of firing rate) is dependent on the rate of 

temperature drop. A tonic component appears when the firing rate stabilizes at a new steady cold 

temperature level and it is dependent on the magnitude of cold temperature. 
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2.3.3 The dynamics of TRP current could explain the response of the CIII neurons to 

the rate of temperature change and magnitude of steady cold 

CIII neurons express a suite of TRP channels: Trpm, Pkd2, NompC, Brv1 and TRPA1, 

select members of which have been implicated in the cold-evoked behavior of Drosophila larva 

(Turner, Armengol et al. 2016, Turner, Patel et al. 2018, Himmel and Cox 2020). There is strong 

experimental evidence that Drosophila Pkd2 serves as a temperature sensor (Turner, Armengol et 

al. 2016): overexpression of Pkd2 in heat nociceptors, CIV neurons, confers cold sensitivity to 

these otherwise largely cold-insensitive neurons as measured by enhanced cold-evoked calcium 

response under decreasing temperatures. In addition, Pkd2 mutants exhibit a significant decline of 

cold-evoked calcium responses in CIII neurons (Turner, Armengol et al. 2016). Due to a lack of 

experimental data on temperature-dependence of gating kinetics of Drosophila TRP channels, we 

used a computational approach assuming that the basic functional properties of TRP channels are 

conserved across species (Venkatachalam and Montell 2007, Falcon, Galeano-Otero et al. 2019). 

Thus, our model uses a basic TRP current combining properties of the TRP channels described for 

other species. In our computational model, the TRP current represents one of the implicated TRP 

currents or a current that lumps together all different temperature-dependent TRP currents 

expressed in CIII neurons.  

Several biophysical models have been previously developed to investigate mechanisms of 

cold-temperature neural coding (Longtin and Hinzer 1996, Braun, Huber et al. 1998, Huber, Krieg 

et al. 2000, Braun, Huber et al. 2001, Finke, Freund et al. 2010). These models act as cold 

temperature sensors without TRP currents. They implicate the mechanism of thermosensation 

based on scaling factors for time constants and maximal conductances for non-TRP currents. Thus, 

due to temperature-evoked changes in time constants and maximal conductances of non-TRP 
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currents, patterns of neural activity vary at different temperatures. In addition, the contribution of 

different non-TRP currents to activity patterns can be significantly changed at distinct 

temperatures (Korogod and Demianenko 2017, Alonso and Marder 2020). Mathematical models 

mentioned above reproduced cold-evoked activity patterns only at steady temperatures but did not 

explain transient spiking patterns at the temperature change, e.g. peaks of spiking rates. To explain 

the transient phase of the response of cold receptors, Olivares (Olivares, Salgado et al. 2015) 

developed a model of mouse cold-sensitive neurons innervating cornea with TRPM8 current 

incorporated into Huber & Braun’s model (Braun, Huber et al. 1998). As a result, the addition of 

TRP current with calcium-dependent desensitization to the cold receptor model enabled it to 

reproduce the dynamic (phasic) response evoked by a temperature change. Our model utilizes 

similar mechanisms to explain phasic responses of Drosophila CIII neurons to temperature 

changes. Unlike earlier cold receptor models (Longtin and Hinzer 1996, Braun, Huber et al. 1998, 

Huber, Krieg et al. 2000, Braun, Huber et al. 2001, Finke, Freund et al. 2010) that have 

spontaneous discharge at higher temperatures, our model is silent, whereas it has spiking response 

at colder temperatures due to activation of TRP current. In our model, complete elimination of 

TRP current leads to suppression of electrical activity at cold temperatures (Figure 10H1 at 

�)�Í�Ë�É
$
$
$
$
$
$= 0 �J�5).     

Using computational modeling, we suggest mechanisms explaining how TRP channels 

could utilize temporal coding of the cold temperature value and the rate of temperature change in 

cold-sensitive CIII neurons. To determine these mechanisms, we developed a biophysical 

Hodgkin-Huxley style computational model, based on transcriptomic data from larval CIII neurons 

and patch-clamp data on gating characteristics of Drosophila Na+ and K+ channels obtained from 

the literature (Hardie 1991, Wang, Nomura et al. 2013). Investigation of activation and inactivation 
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parameters of TRP current enabled us to understand mechanisms of transient and steady cold 

temperature coding. Considering that TRP channels have Ca2+-dependent inactivation 

(desensitization) which leads to adaptation of cell response (Nilius, Talavera et al. 2005, Rohacs, 

Lopes et al. 2005, Gordon-Shaag, Zagotta et al. 2008, McKemy 2013, Hasan and Zhang 2018, 

Korogod, Maksymchuk et al. 2020) and that temporal scale for TRP channel inactivation is of the 

similar order as a spiking rate adaptation of cold-sensitive neurons (Latorre, Brauchi et al. 2011, 

Olivares, Salgado et al. 2015), we used in our model TRP current with temperature-dependent 

activation and Ca2+-dependent inactivation. We created a family of CIII models varying 

parameters of TRP activation and inactivation and tested them on different temperature protocols 

that were consistent with those applied to biological neurons.  

We demonstrated that the dynamics of activation and inactivation of TRP channels could 

explain properties of the dynamic (phasic) and static (tonic) responses of CIII neurons at fast 

temperature decrease. Our CIII neuron model responds with a peak of spiking rate to fast 

temperature decline and with spiking rate relaxation to a steady-state level, similar to what we 

have observed for biological CIII responses. Inactivation of TRP current operating on a time scale 

of ~3 to 20 s could be responsible for the initial peak of spiking rate at fast temperature change, 

subsequent spiking rate decay when the temperature reaches a steady-state level, and the silence 

of the majority of CIII neurons when the temperature rises to the initial value. Temperature-

dependent activation and Ca2+-dependent inactivation of TRP current provide mechanisms for 

coding the rate of temperature change and the value of cold temperature. Consistent with the 

biological CIII neurons, the CIII neuron model with basic kinetics of TRP current is sensitive to 

the rate of temperature decrease. The higher speed of temperature drop, the higher the maximal 

instantaneous conductance of TRP current, and the larger the peak of the firing rate. In contrast, 
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slow temperature change does not induce a peak of CIII model activity at the beginning of cold 

stimulation; the spiking rate follows TRP conductance which is growing with temperature decline. 

The steady-state frequency of the CIII neuron model, in turn, does not depend on the rate of 

temperature change but increases with the magnitude of cold temperature value.  

In this study, we focused on the roles of temperature dependence and Ca2+ dependent 

inactivation processes as the major factors determining temperature coding in CIII neurons. We 

left other factors like dependence on the membrane potential (Nilius, Prenen, & Owsianik, 2011; 

Nilius et al., 2005) and the initial activation by intracellular Ca2+ concentration of some of the 

reported temperature sensitive TRP currents (Venglarik, Gao, & Lu, 2004; Wang, Chang, Waters, 

McKemy, & Liman, 2008) as beyond the scope of this study although there is evidence for their 

contribution. Such calcium-dependent activation followed by desensitization might also contribute 

to the peak of firing rate at the initial temperature drop.  

We demonstrated that the peak and steady-state value of the spiking rate could be regulated 

by the properties of TRP currents. The spiking rate peak is mostly affected by activation 

characteristics of the TRP current. Thus, the peak of frequency is larger with higher values of the 

steepness of TRP activation, the temperature of half-activation, the time constant of the TRP 

inactivation, and smaller values of the time constant of TRP activation. Static CIII response is 

mostly tuned by TRP inactivation parameters. Hence, the steady-state spiking rate grows with a 

decrease in the steepness of TRP inactivation and has a non-monotonic dependence on, and 

calcium concentration of, half inactivation. Maximal TRP conductance, which reflects the 

expression level of TRP channels, affects both peak and steady-state spiking rates. In addition, 

various parameter sets for TRP activation and inactivation characteristics can represent variability 
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in CIII responses between individual CIII cells, which can be determined by variability in the 

expression ensemble of different temperature-sensitive TRP channels.  

With modeling, we could not exclude other factors and mechanisms contributing to 

variability of responses.  Within the scopes of our model, the origin of this variability is not 

conceptually limited to differences in kinetic properties of a certain type of TRP channel. It may 

also originate from variability in the relative contribution of distinct types of TRP channels that 

are involved in CIII cold sensation. Individual neurons may express different proportions of these 

distinct types of channels. Also, variability can be potentially explained by downstream processes 

and contribution of non-TRP channels, which we did not explore in this article. 

Finally, applying an experimental step-stimulation temperature protocol with steps of the 

cold temperature of a different magnitude to our computational model, we obtained temperature-

response curves similar to experimental ones. We found that the temperature-response dependence 

does not always directly follow the changes in conductance of TRP current with temperature. 

Temperature-response curves are determined by activation/inactivation characteristics of TRP 

current in a state-dependent fashion.  

Using our computational model, we investigated different temperature coding mechanisms 

dependent on the kinetics of TRP current. Together these results indicate that with the 

phenomenological representation of a TRP current with temperature-dependent activation and 

Ca2+-dependent inactivation, the model qualitatively reproduced the key features of CIII responses 

reflecting the rate of temperature change and the magnitude of temperature. In addition, our 

computational model brings insight that different gating characteristics of TRP current may finely 

tune CIII neurons to encode the rate of temperature change and a magnitude of cold temperature 

value.  
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2.4 Significance  

Understanding cellular mechanisms of how primary sensory afferents encode specific 

features of cold and noxious cold stimuli by specific patterns of neural activity have a broad 

implication in sensory neuroscience and clinical relevance concerning the mechanisms of sensory 

neuropathies. It would describe and classify the mechanisms of functional and pathological cold 

sensation and cold hypersensitivity and could lead to new therapeutic strategies for the treatment 

of sensory neuropathies e.g. neuropathic pain, cold allodynia, and visceral hypersensitivity.  

2.5 Materials and methods 

2.5.1  Animals 

Drosophila stocks were maintained at 24°C under a 12:12 light:dark cycle. Age-matched 

wandering third-instar larvae were used for all electrophysiological experiments.  In all the animals 

used, CIII neurons were identified by GAL4-UAS-mediated GFP labeling (GAL419-12>UAS-

mCD8::GFP) (Turner, Armengol et al. 2016). 

2.5.2 Electrophysiological Recordings 

2.5.2.1 Dissection and electrophysiology 

The ventral midline of the third instar larva was incised, and all internal organs were 

removed by gentle pipetting. This "fillet" preparation was pinned in a Petri dish lined with 

Sylgard® 184 (Dow Corning) filled with HL3 saline (Stewart, Atwood et al. 1994). Then the body 

wall muscles were carefully removed with a tungsten needle and fine forceps. The dish was 

constantly superfused with gravity-dripped HL3 saline.  

Extracellular recordings were made with a pipette (tip diameter, 5–10 µm) connected to 

the headstage of a patch-clamp amplifier (AxoPatch 200B or MultiClamp 700A, Molecular 

Devices, San Jose, CA, USA) set to voltage-clamp mode. All recordings were made from either 
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ddaA or ddaF in the dorsal cluster of the peripheral sensory neurons (Fig. 1). Gentle suction was 

applied to draw the soma and a small portion of the neurite of ddaA or ddaF into the pipette. The 

amplifier's output was digitized at 10 kHz using a Micro1401 A/D converter (Cambridge 

Electronic Design, Cambridge, UK) and acquired into a laptop computer running Windows 10 

(Microsoft, Redmont, WA, USA) with Spike2 software v. 8 (Cambridge Electronic Design, 

Cambridge, UK). Saline temperature was continuously recorded by BAT-12 Microprobe 

Thermometer (Physitemp, Clifton, NJ). The temperature probe was placed adjacent to the fillet 

preparation (Fig. 1A), and the readings were sent to Micro1401. 

Cold temperature stimulation 

Cold temperature stimulation was applied by passing saline through an in-line solution 

cooler (SC-20, Warner Instruments, Hamden, CT, USA) connected to the controller device (CL-

100, Warner Instruments, Hamden, CT, USA) (Figure 1). To apply a fast temperature change, the 

superfusion path was quickly switched to run saline through SC-20 for the time of stimulation. To 

apply a slow temperature change, a command ramp waveform was created by the acquisition 

software Spike2 and was fed to the controller CL-100. 

2.5.2.2  Cold stimulation 

We performed three types of cold temperature stimulation: (1) fast-stimulation protocol 

where fast temperature change was followed by an interval of time where the temperature was held 

constant; (2) slow-stimulation protocol where the temperature was slowly decreased to target 

temperature and held constant for 30 sec, and then slowly raised back to the room temperature; 

and (3) step-stimulation protocol where temperature decreased with small steps to the target 

temperature.  For the fast-stimulation protocol (1), the saline was chilled to 20°C, 15°C, or 10°C 

in advance by SC-20 in-line solution cooler, and quick delivery of chilled saline was made by 
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switching the superfusion path to the one that goes through SC-20 for 60 sec. With this protocol, 

the temperature of the saline in the dish can be decreased at a rate of -2 to -6°C/sec. The stimulus 

was ended by switching the superfusion path back. For the slow-stimulation protocol (2), the saline 

was chilled to 10oC at the rate of -0.12 °C/s by being passed through SC-20. For the step-

stimulation protocol (3), the solution temperature was changed in steps of -2.5°C until it reached 

10oC, and the temperature was kept constant for at least 30 seconds at each step. In the slow-(2) 

and step-stimulation protocols (3), the temperature of SC-20 was set by a voltage command 

generated by Spike2 software. 

2.5.2.3 Spike count and statistics 

Spikes were detected by setting the amplitude threshold in the Spike2 software function, 

and their spiking rate (spikes/sec) was calculated as an average over a fixed time window of 2 

seconds (Figure 2A,B), 10 seconds (Figure 3Ei,Eiii), or as a moving average over a time window 

of 10 seconds (Figure 4A-C). To determine the relationship between spiking rate and temperature 

in the slow stimulation protocol, we plotted the average of the spiking rate in a 2°C temperature 

bin.  

Statistical comparisons were conducted using SigmaPlot ver. 12.5 (Jandel Scientific, San 

Rafael, CA) for Student's t-test or one-way repeated measures (RM) ANOVA followed by all 

pairwise multiple comparison procedures using the Holm-Sidak method. For t-tests, a two-tailed 

p-values are indicated in the figure legends. The assumption of normality of the data structure was 

assessed using the Shapiro-Wilk test for all tests. When the assumption of normality was not met, 

Kruskal-Wallis one-way ANOVA on Ranks or Mann-Whitney Rank Sum test was employed. The 

results are presented as the mean ± standard error, unless otherwise specified. 
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To determine whether there was a peak spike response in the fast-stimulation protocol (Fig. 

3F), we first determined the spiking rate per second, then divided the stimulation period into six 

10-sec windows and compared the average spiking rate (spikes/sec) in each time bin. If the average 

spiking rate was the highest in any of the first two bins among the six, we further examined whether 

the changes in the average spiking rate in the subsequent bins were significant by one-way RM 

ANOVA. If both conditions were met, the spike response was determined to have a peak. 

A decay time constant of the spiking rate was obtained by plotting the instantaneous 

spiking rate and fit by a double-exponential curve:   

�B(�P) = �=�A�?�ç/ ���5+ �?�A�?�ç/ ���6,  

where �P is the time, a and c are steady-state spiking rates, and �Î1 and �Î2 are the decay time 

constant.  

The temperature of half-activation of spiking rate was measured by the fast-stimulation 

protocol with three different temperatures as well as the slow and step-stimulation protocols. In 

the fast- and step-stimulation protocols, the average steady-state spiking rate was measured in the 

last 20 sec when the temperature was held at a steady level. In the slow stimulation protocol, the 

average spiking rate was measured in every 2°C temperature bin from 25°C to 9°C and plotted. 

These plots were fit decay phase by a sigmoidal curve:  

�B(�6) =
�Ô

�5�>�Ø�7�Ä(�Å�7�Å�Ó�Ñ)  
,                                                                                                                 (1) 

where T is the temperature and Thf is the temperature of half-activation of spiking rate, a is 

the maximal spiking rate and S is the steepness of the curve. If the temperature-response 

relationship did not have a maximal plateau or a peak of spiking activity, then a was set to be the 

maximum spiking rate observed in tonic spikes in the recording.   
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2.5.3 Computational Modeling 

We developed a Hodgkin-Huxley-type computational model of the cold-sensitive CIII 

neuron.  The model is based on ionic currents suggested by transcriptomic data of ion channels’ 

expression in CIII neurons (Turner, Armengol et al. 2016): voltage-gated Na+ current, INa - 

encoded by para gene; delayed rectifier potassium current, IK encoded by shab gene; Ca2+ 

activated potassium channels: small conductance ISK, and big conductance IBK,  encoded by SK and 

slowpoke genes respectively; voltage-gated calcium current, ICa; leak current, IL, and TRP current, 

ITRP.  

Our computational model includes the Na+ current, which is based on the para gene. Unlike 

mammalians, this is the only Drosophila gene encoding the �.-subunit of voltage-gated sodium 

channels. Alternative splicing of para gene generates a wide variety of splice variants of this gene 

and a wide range of gating properties and voltage dependencies for Drosophila voltage-gated Na+ 

channels (Olson, Liu et al. 2008). Insects do not have orthologs of mammalian ��-subunits for Na+ 

channels (Feng, Deak et al. 1995). However, it was found that insect TipE and TEH auxiliary 

subunits are functional analogs to mammalian ��-subunits (Dong, Du et al. 2014). Using 

transcriptomic data (Turner, Armengol et al. 2016), we found that CIII neurons express these 

auxiliary subunits. They modulate both expression level and gating properties of Na+ channels 

(Catterall 2000, Brackenbury and Isom 2011). 

INa represents the DmNav26 splice variant of the para gene co-expressed with the TipE 

auxiliary subunit. DmNav26 is one of the splice variants which is present in both late embryonic 

stages and adult flies (Lin, Wright et al. 2009). We used available electrophysiological data on this 

splice variant expressed in Xenopus oocytes together with TipE (Hardie, Voss et al. 1991, Olson, 

Liu et al. 2008, Wang, Nomura et al. 2013). We assume that voltage-gated sodium channels are 
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required for the generation and propagation of action potentials in CIII neurons, as knockdown of 

the para gene in CIII neurons significantly impaired cold-evoked nociceptive contraction behavior 

or blocked optogenetic-induced contraction behavior in Drosophila larva (Turner, Armengol et al. 

2016).  

For voltage-gated K+ currents, IK, the gating characteristics were obtained from the 

experimental literature using patch-clamp data (Hardie, Voss et al. 1991). Delayed rectifier K+ 

current encoded by the Shab gene gives rise to currents similar to Hodgkin-Huxley K+ delayed 

rectifier ones (Tsunoda and Salkoff 1995). We included N-type voltage-gated Ca2+ current 

(VGCC), represented by the cacophony (cac) VGCC in Drosophila CIII neurons. N-type VGCCs 

have been implicated in the modulation of sensory signals and pain processing (Park and Luo 

2010, Adams and Berecki 2013).  

Drosophila larval CIII neurons express a suite of TRP channels, among which the 

following have been implicated in noxious cold-evoked behavior: Trpm, encoded by the Trpm 

gene; Pkd2, encoded by Pkd2 gene; and NompC, encoded by nompC gene (Turner, Armengol et 

al. 2016). There are currently no electrophysiological data available on the gating properties of 

these Drosophila TRP channels. In our model, we used a basic TRP current representation, ITRP, 

which represents all cold temperature-sensitive TRP currents lumped together. ITRP is a nonspecific 

current with a reversal potential close to zero. As some TRP currents are activated by chilling 

having a sigmoidal dependence on temperature (Feng 2014), we modeled temperature-dependent 

activation of our generalized TRP current by the Boltzmann function with temperatures of half-

activation and steepness’s adjusted to reproduce experimental data. Some mammalian 

thermosensitive TRP channels such as TRPM8, TRPM4, TRPA1, and TRPV1 exhibit voltage-

dependence (Nilius, Prenen, & Owsianik, 2011; Nilius et al., 2005); while mammalian PKD1 or 
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PKD1/PKD2 complex have been shown to have an almost linear current-voltage (I-V) relationship 

(Babich et al., 2004; Vandorpe et al., 2001). Different isoforms of Drosophila TRPA1 currents 

have distinct current-voltage curves (Gu, Gong et al. 2019). For example, Drosophila TRPA1-A 

has weak voltage dependence in the physiological range of membrane potentials (Gu, Gong et al. 

2019). Drosophila Pkd2 and NompC currents have modest dependence on voltage (Venglarik, 

Gao et al. 2004, Yan, Zhang et al. 2013). In this study, we focused on the roles of temperature and 

intracellular Ca2+ dependencies and assumed that the conductance of ITRP either did not depend on 

the membrane potential.  Since TRP channels have Ca2+-dependent inactivation/desensitization 

(Rohacs, Lopes et al. 2005, Gordon-Shaag, Zagotta et al. 2008, McKemy 2013), we implemented 

Ca2+ -dependent inactivation of ITRP with time constants of activation and inactivation estimated 

from the experimental decaying phase of the CIII firing rate.  To introduce the temperature effect 

on the non-TRP currents, in our model, we use Q10 scaling factors for the time constants of the 

maximal conductances �é(�6) = 1.3 �?(�Í�?�Í�, )/ �5�4 and activation and inactivation kinetics �î (�6) =

3(�Í�?�Í�, )/ �5�4, where T is a temperature in K; To=298K is a reference temperature (Hille 2001). We 

used temperature in K° for parameters of our biophysical model, while in figures for consistency 

with experimental data, modeling results were presented with the temperature reported in C°. 

Simulations and data analyses were implemented using custom-made MATLAB scripts 

(The MathWorks, Inc).  To obtain a numerical solution of a system of differential equations 

describing the model of CIII neuron we used the variable-step integration method with backward 

differentiation formulas with the absolute tolerance 10-9 and relative tolerance 10-8, using 

MATLAB function ode15s.   

Our CIII model consists of spike-generating, fast subsystem: voltage-gated Na+ current, 

INa, voltage-gated K+ current IK, leak current IL; pattern-generating, moderately-slow 
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subsystem: small conductance Ca2+- activated potassium current, ISK, big conductance Ca2+- 

activated potassium current, IBK, and voltage-gated N-type calcium channel, ICa; and 

thermotransduction subsystem: nonspecific TRP current, ITRP. We assume that temperature drop 

initiates depolarization of the cell by TRP current, then spike-generating subsystem produces 

action potentials. The pattern-generating subsystem is responsible for the corresponding modality-

specific pattern of CIII activity. The dynamics of the electrical activity of the CIII model are 

described by the equation: 

�×�Ï�Ø
�×𝑑𝑑

= 
F[�+�Ç𝑁𝑁+ �+�Ä + �+�¼𝐶𝐶+ �+�»𝐵𝐵+ �+�Ì𝑆𝑆 + �+�Å+ �+�Í�Ë�É]/�%�à , 

where Vm is a membrane potential, Cm is a total neural membrane capacitance, Cm =0.01 

nF. The currents in the model are described by the following equations: 

�+�Ç𝑁𝑁= �é(�6) �®�)�Ç𝑁𝑁
$
$
$
$
$�®�I �Ç𝑁𝑁
�7 �®�D�Ç𝑁𝑁�®[�8�à 
F �' �Ç𝑁𝑁], 
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$
$�®�I �Ä
�8 �®[�8�à 
F �' �Ä], 
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$
$�®�I �¼𝐶𝐶�®�D�¼𝐶𝐶�®[�8�à 
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$
$�®�I �Ì𝑆𝑆 �®[�8�à 
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�+�Å=  �é(�6) �®�)�Å�®[�8�à 
F �' �Å]; 

thermotransduction mechanism is based on a TRP current with temperature-dependent 

activation, �I �Í�Ë�É, and Ca2+-dependent inactivation, �D�Í�Ë�É: 

�+�Í�Ë�É=  �)�Í�Ë�É
$
$
$
$
$
$�®�I �Í�Ë�É�®�D�Í�Ë�É�®[�8�à 
F �' �Í�Ë�É], 

where �)�*
% – is the maximal conductance, �é(T) – temperature-dependent scaling factor, �' �Ü is 

the reversal potential, �I �Ü and �D�Ü are activation and inactivation gating variables of current i, with 

i �ë {Na, K, Ca, BK, SK, TRP} respectively.  

The reversal potential for TRP current takes into account changes in the intracellular Ca2+ 

concentration and is calculated as: �' �Í�Ë�É=
𝑃𝑃�¼�¾�¼�>𝑃𝑃�¿�Ì �¾�¿�Ì �>𝑃𝑃�´𝐶𝐶 �¾�´𝐶𝐶

�Û

𝑃𝑃�¼�>𝑃𝑃�¿�Ì �>𝑃𝑃�´𝐶𝐶
, where �2�Ä, �2�Ç𝑁𝑁, �2�¼𝐶𝐶 are relative 

permeabilities for corresponding ions. Relative permeabilities for K+ and Ca2+ were constant, 1 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    79 

and 0.4 respectively, whereas permeability for Na+ was calculated taking into account zero reversal 

potential for the taken reversal potentials: �2�Ç𝑁𝑁= 
F(�2�Ä�' �Ä + �2�¼𝐶𝐶�' �¼𝐶𝐶
�Û )/�' �Ç𝑁𝑁, where �' �Ä, �' �Ç𝑁𝑁, �' �¼𝐶𝐶

�Û  are 

equal to -75 mV, 65 mV, 120 mV, correspondingly. 

 All gating variables are described with the following equation:  

�@�U�Ü

�@𝑑𝑑
= �î (�6) ·

𝑦𝑦�¶�Ü(�8�à ) 
F 𝑦𝑦�Ü
�ì�Ü(�8�à )

,  

where 𝑦𝑦�¶�Ü is a steady-state activation for the current i �ë {Na, K, Ca, BK, SK, TRP} and   

�î (�6) is a scaling factors for the time constants of the activation and inactivation kinetics.  

�B�¼𝐶𝐶𝐶𝐶𝐶𝐶(�%𝐶𝐶�Ü) =
�5

�5�>
l
�´𝐶𝐶 �³ 𝐵𝐵

�´𝐶𝐶 �Ô

p

�Ù�³ 𝐵𝐵; �I �»𝐵𝐵�¶ (�8) =
�5

�5�>�Ø
�7(�Ç�Ø�6�.�4.�/)

�/�,

;    �I �Ì𝑆𝑆�¶ (�%𝐶𝐶�Ü) =
�5

�5�>
l
�´𝐶𝐶 �Ä𝑆𝑆
�´𝐶𝐶 �Ô


p
�Ù�Ä𝑆𝑆;     

�ì�à 𝑚𝑚𝑚𝑚(�8) =
�?�4.�5�9�4�6

�5�>�Ø
�7(�Ç�Ø�6�0�2)

�.�..�3

+ 0.1806; 

�ì�Û�Ç𝑁𝑁(�8) = (
�8.�9

�a�m�q�f (
�Ç�Ø�6�Ç�Ó�¿�Ì

�/�¼�Ó�¿�Ì
)
+0.75)/1000;  �ì�à 𝑚𝑚(�8) = (

�9

�a�m�q�f (
�Ç�Ø�6�Ç�Ø𝑚𝑚

�.�¼�Ø𝑚𝑚
)
+ 0.75)/1000 ; 

Ca2+ dynamics is described by the equation: 

�×�¼𝐶𝐶�Ô

�×𝑑𝑑
=  
F�î(

�Â�´𝐶𝐶 �>�Â�Å�Ã�Á�´𝐶𝐶

�¿�®�í�®�Ï�â�ß
+ �G �®(�%𝐶𝐶�Ü
F�%𝐶𝐶�à 𝑚𝑚�á)), 

where �+�Í�Ë𝑃𝑃�´𝐶𝐶
is a Ca2+component of TRP current. It is calculated as 

 �+�Í�Ë𝑃𝑃�´𝐶𝐶
=  �)�Í�Ë�É
$
$
$
$
$
$�® �I�Í�Ë�É�® �D�Í�Ë�É�®

𝑃𝑃�´𝐶𝐶

𝑃𝑃�¼�6𝑃𝑃�¿�Ì �>𝑃𝑃�´𝐶𝐶
[ �8�à 
F �'�¼𝐶𝐶].  

We applied the following expression for steady-state TRP activation: �I �Í�Ë�É�¶ (�6) =

�»

�5�>�Ø�7�²(�Å�7�Å�Ó), 

where A – the steepness of temperature dependence of TRP activation, B – activation 

scaling factor, Th – the temperature of the half-activation in Boltzmann function in K, T – the 

temperature in K. 

Steady-state inactivation of TRP current is: �D�Í�Ë�É�¶ (�%𝐶𝐶�Ü) = 1 
F
�¼𝐶𝐶�Ô

�¿

�¼𝐶𝐶�Ó
�¿�>�¼𝐶𝐶�Ô

�¿ 
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where �%𝐶𝐶�Ü – intracellular Ca2+ concentration, �%𝐶𝐶�Û – the half inactivation Ca2+ 

concentration, N – the Hill coefficient. Cytosolic Ca2+ concentration is a pivotal variable in the 

process of TRP inactivation. This process includes a number of sub-processes and stages which 

are not well understood and even less described quantitatively. We investigated phenomena and 

variables which we hypothesize are critical or dominant. Increased cytosolic Ca2+ triggers 

downstream pathways that underlie desensitization of many TRP channels that can occur via 

kinases, phosphatases, phospholipases, or calmodulin (Gordon-Shaag, Zagotta, & Gordon, 2008; 

McKemy, 2013). Our model uses a general expression for TRP inactivation that reflects Ca2+-

dependent modulation of TRP current that can be caused by these pathways.   

The reversal potentials for the voltage-gated K+, leak, and Na+ currents are –75 mV, –75 

mV, and 65 mV, respectively. The Ca2+ reversal potential dynamically changes in time and is 

calculated as the Nernst potential using �%𝐶𝐶�Ü and assuming that the external  Ca2+  concentration 

(�%𝐶𝐶�Ø) is constant and equal 2 mM: �' �¼𝐶𝐶= 1000
𝑅𝑅�Í �¼

�í𝑧𝑧
�H�K�C

�¼𝐶𝐶�Ð

�¼𝐶𝐶�Ô
, where R, F, �6�Ä  are the gas constant, 

Faraday’s constant, and temperature in Kelvin, respectively. 

We applied thermal stimulation to our model using the same temperature protocols as in 

the experimental recordings, using temperature traces recorded from the microprobe thermometer 

(2.2.3). In addition, we applied trapezoid stimulation temperature protocols with (1) different rates 

of temperature change and the same target cold temperature or (2) different target temperatures 

and the same rate. In the case (1), it was held at 24oC for 30 seconds and then decreased linearly 

with different rates (the rate was swept from 0.1 to 5.5oC/s with an increment of 0.1oC/s from trial 

to trial) to the same target value 10oC, which was then kept constant for 30 seconds. After that, the 

temperature was linearly raised to 24oC with the same rate of change and held constant for 30 

seconds afterward. In the second case (2), the temperature was held at 24oC for 30 seconds and 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    81 

then linearly decreased to different values (the target temperature was swept from 20oC to 6oC 

with a decrement of 0.5oC from trial to trial) with the same rate 3oC/s. After reaching the target 

value, it was kept constant for 30 seconds and then linearly increased to 24oC with the same rate. 

Afterward, the temperature was held at this level for 30 seconds. 

In addition, we characterized steady-state regimes of the model’s activities. For this, we 

recorded the activity of the model at a constant temperature. The parameter value of the 

temperature was swept in the range from 24oC to 10oC with a decrement of 0.25oC. Integration 

was performed over 100 sec, and then data were collected over additional 5 seconds and the spiking 

rate was calculated. 

To evaluate whether the variability of CIII cold-evoked responses could be caused to the 

variability of the biophysical parameters of a TRP current, we used the parameters estimated using 

the experimental data from multiple CIII neurons. The temperature of half-activation of spiking 

rate Thf, the maximal spiking rate a, and the steepness of the curve S from temperature-response 

characteristics fitted with a sigmoidal curve (equation 1, Table S1) were used as parameters for 

the TRP current: the temperature of the half-activation in oC ThC, scaling factor for maximal TRP 

conductance B, the steepness of temperature dependence of TRP activation A, correspondingly. 

We considered two groups of the parameter sets where the group I used parameter fits from the 

slow-stimulation protocol (N=22) and the parameter sets of the group II were based on the step-

stimulation protocol (N=27). In Table 1, the model has smaller numbers of instances N than 

experimental ones since the experimental protocols which generated the fits required longer time 

and had lower experimental success rate compared to the fast-stimulation protocols used to test 

responses of living and model neurons. One parameter set from the group II was excluded from 

consideration since the model neuron incorporating it (G2-23, Table S1) did not exhibit any 
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spiking activity. We investigated spiking activity of the model using parameter sets from these two 

groups in response to actual experimental temperature traces of the fast-stimulation protocol with 

the temperature decreasing down to 10°C.  We also considered small variability in experimental 

temperature stimulation traces from experiment to experiment, we applied to every parameter set 

corresponding experimental temperature trace of the same protocol. We distinguished responses 

with detected phasic component and report percentage of such responses. In addition to the steady-

state spiking rate, for such responses, we reported the peak value of the spiking rate.  We also 

determined coefficients of variation for these three measurements taking into account two factors 

causing variability of responses: variability of TRP parameter sets and variability in temperature 

stimulation (Table S1). Detection of the phasic component and evaluation of the peaks in the 

model spiking responses were performed using one-way RM ANOVA in the same way as in the 

analysis of experimental responses. 

In the model, we also separately considered two factors that could cause variability of 

responses between neurons: variability of TRP parameter sets and variability in temperature 

stimulation. As in the previous case, we investigated model responses based on parameter sets 

from group I and group II. We determined coefficients of variations of peak and steady-state 

spiking rates for every fixed parameter set at different temperature traces (NxN matrix, N=22 for 

group I and N=26 for group II). Also, we calculated model responses for every fixed temperature 

trace to different parameter sets (NxN matrix, N=22 for group I and N=26 for group II). Obtained 

results are presented in Table S2.  

The model parameters are following: �)�Ç𝑁𝑁
$
$
$
$
$= 80 �J�5, �)�Ä
$
$
$
$= 140 �J�5, �)�¼𝐶𝐶
$
$
$
$
$= 3.5 �J�5, �)�»𝐵𝐵
$
$
$
$
$=6 

nS, �)�Ì𝑆𝑆
$
$
$
$
$=0.31 nS, �)�Å= 0.28 �J�5, �J�»𝐵𝐵 = 3 , �%𝐶𝐶�»𝐵𝐵=1700 nM, �%𝐶𝐶�Ì𝑆𝑆 = 800 �J�/ , �J�Ì𝑆𝑆 = 3 , �8�à 𝑚𝑚𝑚𝑚=


F24.7 �I 𝑚𝑚, �-�à 𝑚𝑚𝑚𝑚= 3.4 �I 𝑚𝑚,  �8�Û�Ç𝑁𝑁= 
F41.2 �I 𝑚𝑚,  �G�Û�Ç𝑁𝑁= 4.2 �I 𝑚𝑚,  �8�à 𝑚𝑚 = 12 �I 𝑚𝑚,  �-�à 𝑚𝑚 =

7 �I 𝑚𝑚,  �8�à 𝑚𝑚𝑚𝑚= 
F23 �I 𝑚𝑚, �-�à 𝑚𝑚𝑚𝑚= 6.5 �I 𝑚𝑚,  �8�Û�¼𝐶𝐶= 
F59 �I 𝑚𝑚,  �-�Û�¼𝐶𝐶= 15 �I 𝑚𝑚,  F=96485.35 10-9 
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C/nM, R=8.31 10-9 J/(nM*K), Cm = 0.01 nF, z=2, Vol=0.2 pL, k=403 s-1, �%𝐶𝐶�à𝑚𝑚�á=50 nM, [Ca2+]e 

=2 106 nM, �ì�à 𝑚𝑚𝑚𝑚 = 0.04 �O, �ì�à 𝑚𝑚𝑚𝑚= 0.0035 �O, �ì�Û�¼𝐶𝐶= 0.095 �O, �ì�Ç𝑁𝑁= 0.0001 s, B=1. Canonical 

parameters for TRP current are: �)�Í�Ë�É
$
$
$
$
$
$=1.2 nS; Th=290 K; A=1K-1; N=2; Cah=700 nM; 

�ì�Û�Í�Ë�É=10 s; �ì�à 𝑚𝑚𝑚𝑚𝑚𝑚=0.002 s. 
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3 COLD TEMPERATURE CODING WITH BURSTING AND SPIKING BASED ON 

TRP CHANNEL DYNAMICS IN DROSOPHILA LARVA SENSORY NEURONS  

This chapter is based on the paper Natalia Maksymchuk, Akira Sakurai, Daniel N. Cox, and 

Gennady Cymbalyuk. Cold Temperature Coding with Bursting and Spiking based on TRP Channel 

Dynamics in Drosophila Larva Sensory Neurons, which is currently under review in special issue 

"TRP Channels in Physiology and Pathophysiology" of the International Journal of Molecular 

Sciences.  

3.1  Introduction 

Sensing cold temperatures is crucial for the survival of animals. To trigger physiological and 

behavioral protective responses, primary sensory neurons are capable of reliably detecting 

potentially harmful stimuli and reporting the rate of temperature change and the magnitude of cold 

temperature (Altner & Loftus, 1985; Broman & Kallskog, 1995; Cheung et al., 2003; Gallio et al., 

2011). In Drosophila larva, Class III (CIII) primary sensory neurons have been shown to detect 

light mechanical touch (Tsubouchi et al., 2012; Yan et al., 2013) and noxious cold (Himmel et al., 

2023; Patel et al., 2022; Turner et al., 2016; Turner et al., 2018) stimuli. We demonstrated that CIII 

neurons encode the rate of temperature decrease and the magnitude of cold temperature 

(Maksymchuk et al., 2022). The majority of CIII neurons responded with a peak of spiking rate 

detecting a fast change of temperature and steady spiking activity at stationary temperature, with 

the spiking rate corresponding to the temperature value. It is not well understood how different 

characteristics of the same stimulus, e.g., rate of temperature change and cold temperature 

magnitude, can be reliably encoded by the same primary sensory neuron. For the Drosophila 

model system, a wealth of available neurogenetic, pharmacological, and electrophysiological tools 
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are available to address this question (Himmel et al., 2021; Himmel et al., 2022; Jovanic, 2020; 

Pandey & Nichols, 2011; Patel & Cox, 2017; Turner et al., 2016). 

Informed by feature coding in other sensory systems, we investigated temporal characteristics 

of thermal signal and classified qualitatively distinct events in patterns of CIII responses to cold 

stimulation. For example, bursting and spiking distinguish types of information in electric stimuli 

coding in electric fish, Apteronotus leptorhynchus (Oswald et al., 2004), temperature coding in 

mammalian cold receptors (Korogod et al., 2020; Longtin & Hinzer, 1996; Schäfer et al., 1982; 

Tchaptchet, 2018), and mechanical stimuli in normal, inflammatory and neuropathic conditions in 

mammalian high threshold mechanoreceptors (P. Delmas et al., 2018). The importance of temporal 

properties of electrical activity (patterns) was shown in studying physiological versus pathological 

conditions such as mechanical and cold hypersensitivity and inflammatory conditions (Amir et al., 

1999; P. Delmas et al., 2018; Xie et al., 2012).  

 In this chapter, we combined electrophysiological and modeling approaches to investigate the 

cold-evoked activity patterns of CIII neurons during the transient and steady phases of cold 

temperature stimulation. We identified different basic types of activity, spiking and bursting, and 

showed that, different features of thermal information, such as rate of temperature change and cold 

temperature magnitude are represented by distinct activities (spike-pattern code). We developed 

computational model of CIII neuron that suggested that the interaction of TRP channels with a 

pattern-generating mechanism of the cell plays important roles in the encoding of specific features 

of the thermal signal.  

We developed and analyzed of our biophysical model in two stages that correspond to two 

levels of the model complexity. The level-I model represents TRP currents as a passive, lumped 

TRP current, i.e., a TRP leak current, to map basic steady stationary and oscillatory states under 
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two parameters variation: temperature (Temp), and the TRP conductance (GLTRP) and to match 

experimentally observed elements of spiking responses. For the level-II model, we included TRP 

current with dynamical conductance governed by basic processes, temperature-dependent 

activation and Ca2+ dependent inactivation, to reproduce transient characteristic CIII responses. 

With this approach, we investigated different temperature coding mechanisms depending on the 

kinetics of TRP current, and observed how TRP current dynamics shaped the trajectory of TRP 

current conductance and controlled activity pattern. 

3.2 Results 

3.2.1 Computational model activity is equipped to reproduce patterns of CIII neurons  

Analyzing electrophysiological recordings (Figure 3-1Ai-Aii ), we identified three types of 

activity that CIII neurons produced at steady or slowly changing cold temperatures: tonic spiking, 

period-2 spiking (action potential doublets) and bursting (Figure 3-1Bi-Biv). To understand 

possible mechanisms underlying these diverse cold-evoked CIII responses, we developed a 

computational model of the CIII neuron based on transcriptomic data obtained from Drosophila 

larva CIII cells (Maksymchuk et al., 2022; Turner et al., 2016). First, we investigated the steady-

state activity regimes obtained for the level-I model which has constant GLTRP and temperature 

(Materials and Methods). Our model reproduces the identified experimental events (Figure 3-

1Bi-Biv) at certain values of temperature and GLTRP: tonic spiking (Figure 3-1Ci), period-2 

spiking (Figure 3-1Cii), and bursting (Figure 3-1Ciii-Civ).  

We generated a map which color-codes the mean frequency under the variation of two 

parameters, GLTRP, and temperature. Representative electrical activities at a given temperature 

(Temp) and GLTRP are shown in Figure 3-1Ci-Civ and are indicated on color maps (Figure 3-1D 

and E). The CIII model is silent at warmer temperatures and low values of GLTRP (white color in 
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Figure 3-1D). At temperature decrease, the model starts generating activity at a certain threshold 

temperature that is determined by GLTRP (shown with color in Figure 3-1D). We identified three 

areas of different major types of activity: silence, bursting, and tonic spiking (Figure 3-1E). 

Depending on temperature and GLTRP, the CIII model has a different number of spikes in a burst 

(Figure 3-1E). 
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Figure 3-1. Responses of CIII neurons to cold stimulation employed a wide repertoire of activity 
patterns. 
(A) Two example recordings of spiking activity of CIII neurons responding to a slow temperature 
change. Spiking activities of CIII neurons were recorded as current impulses under voltage-clamp 
mode. We identified several basic types of CIII activity at different steady cold temperature values: 
spiking (Bi), period-2 spiking (Bii ), and bursting (Biii  and Biv); Bi and Bii  at 10 oC, Biii at 15 oC, 
and Biv at 17 oC and found corresponding level-1 model activities (Ci-Ciii ) on a 2-parameter 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    101 

(GLTRP, Temperature) color maps of mean frequency (D) and average number of spikes in burst 
(E) with corresponding symbols (defined on the top of each activity panel). For bursting activity 
the mean frequency was calculated as mean intraburst frequency (D). The maps are obtained with 
�)�¼𝐶𝐶
$
$
$
$
$= 3.5 �J�5 (F) firing rate versus temperature at different values of GLTRP: 0.12, 0.28, 0.42, and 
0.88 nS; (G) 2-parameter (GLTRP, Temperature) contour map for intracellular Ca2+, [Ca2+] i.  

Next, we investigated the dependence of spiking rate produced by the CIII model over 

temperature. In our previous work (Maksymchuk et al., 2022), we found high variability in the 

dependence of spiking rate over temperature (temperature-response curve) between individual CIII 

neurons. Some CIII cells showed a monotonic increase of spiking rate with temperature decrease, 

while there also were cells which had a maximum spiking rate at a certain cold temperature. We 

explained these differences between the temperature-response curves by variability in parameters 

of TRP currents. With a simpler level I CIII model, we consider an additional mechanism of 

possible variability in CIII neurons’ temperature-response curves (Figure 3-1F). We found that 

the character of the dependence of spiking rate over temperature can also be influenced by different 

levels of intracellular Ca2+ ([Ca2+]i), with the main Ca2+ influx produced by TRP and voltage-gated 

Ca2+ channels. In turn, [Ca2+]i activates Ca2+-dependent K+ currents. Colormap (Figure 3-1G) 

shows how [Ca2+]i  changes with temperature and GLTRP. At GLTRP equal to 0.12 nS, spiking rate 

initially increases to a maximal value and then slowly declines with temperature decrease (Figure 

3-1F); with GLTRP increased to 0.34 nS, the firing rate monotonically increases with the 

temperature; at GLTRP equal to 0.52 nS, the spiking rate monotonically increases to saturation; at a 

higher value of GLTRP 1nS, spiking rate has a peak at ~12oC and decreases at lower temperatures. 

With the increase of TRP conductance, intracellular Ca2+ grows. Higher Ca2+ concentration, in 

turn, leads to higher activation of calcium-activated K+ currents.  
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3.2.2 Cold-evoked CIII activity patterns at temperature change: bursters and tonic 

spikers   

In our previous study, we investigated the responses of two subtypes of CIII neurons (ddaA and 

ddaF) which encode the rate and magnitude of decrease in temperature; we found that their patterns 

of activities evaluated in terms of spiking rate were highly variable across the neurons 

(Maksymchuk et al., 2022). Here, we report that based on the response spiking patterns in 

experiments, both ddaA and ddaF neurons can be categorized into two groups: bursters and tonic 

spikers (Figure 3-2A). With a fast temperature change from room temperature (Troom) down to 

10°C, the bursting responses were detected - as groups of spikes with interspike intervals smaller 

than 0.2 seconds (instantaneous spike frequency above 5 Hz, Figure 3-2Ai, red symbols). In such 

neurons, the histogram of spike intervals had a peak below 0.2 seconds (Figure 3-2Bi). In contrast, 

the tonic spikers exhibited only spiking activity with interspike intervals larger than 0.2 seconds 

(Figure 3-2Bii). We found that approximately half of the CIII neurons responded with one or more 

bursts to a 60-second noxious cold temperature stimulation (10°C: 57.5% of ddaA, N = 23 of 40; 

46.2% of ddaF, N = 12 of 26). The proportion of bursters declined as the target temperature became 

warmer; with 15°C stimulation, 51.4% of ddaA (N = 18 of 35) and 39.1% of ddaF (N = 9 of 23) 

exhibited bursting, and with 20°C stimulation 24.2% and ddaA (N = 8 of 33) and 19.0% of ddaF 

(N = 4 of 21). In this study, we categorized all the neurons that showed bursting activity, even if it 

was transient or sporadic, as bursters. The percentage of bursters became higher with the colder 

target temperatures. 

 CIII bursters did not produce bursts periodically, but rather the rate frequency of burst 

occurrence was constantly changing, especially during the fast stimulation protocol. Moreover, 

bursts were often mixed with single spikes between them. During the stimulus, the activity transits 
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from bursting into mostly tonic spiking activity at a steady temperature level, whereas in a few 

cases neurons kept bursting discharge during stationary cold temperatures as well. The proportion 

of neurons showing bursting activity is also time-dependent, appearing most frequently at the 

beginning of stimulation (phase b in Figure 3-2Ci,Di), decreasing during the steady phase of 

stimulation (phase c in Figure 3-2Ci,Di), and rarely seen during the post-stimulus (phase d in 

Figure 3-2Ci,Di), temperature-increase phase. By 10°C stimuli, 57.5% of ddaA neurons (N = 23 

of 40) and 49% of ddaF neurons (N = 12 of 26) showed bursting activity during the first half (0-

30 sec) of the stimulus; but during the steady-state temperature (30-60 sec), 2.5% of ddaA (N = 1 

of 40) and 3.8% ddaF neurons (N = 1 of 26) were bursters. No bursting activity was detected 

during the temperature increase in both ddaA and ddaF types of CIII neurons. By 15°C stimuli, 

51.4% of ddaA neurons (N = 18 of 35) and 34.8% of ddaF neurons (N = 8 of 23) showed bursting 

activity during the first half (0-30 sec) of the stimulus. During the steady-state temperature (30-60 

sec), 22.9% of ddaA (N = 8 of 35) and 30.4% of ddaF neurons (N = 7 of 23) were identified as 

bursters. During the temperature increase (60-90 sec), 2.9% of ddaA (N = 1 of 35) and 8.7% ddaF 

neurons (N = 2 of 23) were bursters. By 20°C stimuli, 21.2% of ddaA neurons (N = 7 of 33) and 

19.0% of ddaF neurons (N = 4 of 21) showed bursting activity during the first half (0-30 sec) of 

the stimulus. During the steady-state temperature (30-60 sec), 21.2% of ddaA (N = 7 of 33) and 

14.3% ddaF neurons (N = 3 of 21) were bursters. During the temperature increase (60-90 sec), 

6.1% of ddaA (N = 2 of 33) but no ddaF neurons (N = 0 of 21) were bursters. 
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Figure 3-2. CIII neurons can be classified into two categories bursters and tonic spikers by the 
patterns of cold-evoked activity. 
(Ai-Aiii)  Representative data showing the patterns of spiking activity of CIII neurons evoked by 
the fast stimulation protocol (Ai,Aii ) and the slow stimulation protocol (Aiii) decreasing the 
temperature down to 10°C. The neurons were categorized as either the bursters (Ai, Aiii ) or the 
tonic spikers (Aii ), depending on whether they produced bursts or not: a burster (Ai, Aiii) and a 
tonic spiker (Aii ). Spiking activity of CIII neurons (ddaF, top), changes in saline temperature 
(middle), and plots of instantaneous spike frequencies (bottom) are shown. Spike groups with spike 
intervals of 0.2 seconds or less were defined as bursts (red), while those with larger spike intervals 
were defined as single spikes (blue). (Bi-Biii ) Histograms of spike intervals obtained from the 
corresponding types of neurons (Bi and Biii, burster; Bii tonic spiker) show that each has a 
distinct proportion of spike intervals. (Ci,Cii,Di,Dii) Bar graphs showing proportions of bursters 
vs. tonic spikers in ddaA (Ci,Cii) and ddaF (Di,Dii ) in response to the fast stimulation protocols 
(Ci,Di) with three different temperatures (20°C, 15°C, and 10°C) and the slow stimulation 
protocols (Cii,Dii). Each bar represents % of the bursters (red), tonic spikers (blue) or silent 
(black) during the room temperature (a), falling phase (b), steady phase temperature (c), and 
rising phase (d) of the fast (Ci,Di) and slow stimulation protocol (Cii,Dii ) drawn schematically 
above the graphs. 
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A large proportion of the bursters had a pronounced peak in spike frequency immediately after 

the fast temperature drop (73.9% of ddaA, N=17 of 23; 66.7% of ddaF, N = 8 of 12). In the previous 

study, we showed that a fast temperature stimulus of 10°C produced a significant peak in spike 

frequency immediately after the temperature change in most of the cells (70% of ddaA and 61.5% 

of ddaF) (Maksymchuk et al., 2022). These results indicate that the initial peak in spike frequency 

that occurs during fast temperature changes is shaped at least in part by bursting activity.  

The bursting activity was also seen during the slow stimulation protocol (Figure 3-2Aiii,Biii). 

Overall, 38.1% of ddaA (N = 8 of 21) and 56.3% ddaF (N = 9 of 16) exhibited bursting activity. 

The proportion was also dependent on the phase of stimulation (Figure 3-2Cii,Dii): during the 

downslope of temperature, bursting activity was observed in 38.1% of ddaA (N = 8 of 21) and 

50% of ddaF (N = 8 of 16), while no ddaA (N = 0 of 21) and 25% of ddaF (N = 4 of 16) showed 

bursting at the steady-state temperature. During the rising temperature, 7.7% of ddaA (N = 1 of 

13) and 18.2% of ddaF (N = 2 of 11) exhibited bursting.  

3.2.3 Bursts and spikes in response patterns presumably encode different properties 

of thermal signal  

The results described so far have shown that the peaks of spiking rate occurred in association 

with the rapid temperature changes and that the bursts mostly occurred at the beginning of the 

temperature stimulus. To investigate how these two activity patterns are correlated with the rate of 

temperature change or/and the intensity of the cold stimulus, we analyzed the bursting activity of 

CIII neurons separately from tonic spiking activity at fast and slow temperature protocols (Figure 

3-3). 
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Figure 3-3. Distinct temporal changes in bursting and tonic spiking. 
Spiking activities of ddaA (A-D) and ddaF (E-H) in response to the fast-stimulation protocol 
(20°C, A and E; 15°C, B and F; 10°C, C, and G) and the slow-stimulation protocol (D and H). 
Representative traces of spiking responses to low-temperature stimuli are shown on the top. The 
panels below the traces show (i) the plot of averaged spiking rate (spikes/sec) against time, (ii ) the 
temperature (°C), (iii ) the rate of temperature change (°C/s), (iv) the bar graphs showing the rate 
of burst occurrences (bursts/sec). Each bar shows the average rate of burst occurrence and is 
divided into three colors based on the number of spikes in the burst: orange, two-spike bursts; red, 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    107 

three-spike bursts; dark red, bursts with four or more spikes. In graphs (i), the grey traces show 
individual data; black traces show the mean values; blue traces show the mean values of bursting 
spikes; red traces show the mean values of tonic spikes. In these graphs, only spikes that lasted 
three or more at intervals of 0.2 s or less were considered bursting spikes. The number of ddaA 
and ddaF neurons and the corresponding number of animals, are as follows: (A) 33 ddaA neurons 
in 21 animals, (B) 35 ddaA neurons in 22 animals, (C) 40 ddaA neurons in 24 animals, (D) 21 
ddaA neurons in 14 animals; (E) 21 ddaF neuronss in 18 animals, (F) 23 ddaF neurons in 19 
animals, (G), 26 ddaF neurons in 21 animals, (H) 16 ddaF neurons in 13 animals. Time zero is 
set to the onset of the stimulation. Error bars show standard errors. 

 

Bursting activities were induced by both the fast- and slow- stimulation protocols, and there 

was no significant difference in the number of bursts. For ddaA neurons, the total number of bursts 

produced by the fast protocol of a 10°C drop was 4.8±0.76 (mean±SEM), while the slow protocol 

produced 4.8±1.5 (mean±SEM) bursts. For ddaF neurons, the fast protocol produced 6.1±1.4 

bursts, while the slow protocol produced 6.3±2.0 bursts. There was no statistical significance 

between the fast and slow stimulation protocols (ddaA, P=0.91; ddaF, P=0.92, both assessed by 

the Mann-Whitney Rank Sum Test). Rather, we found that the rate and pattern of burst 

occurrences changed with the profile of stimulation. In response to the fast-stimulation protocol 

with end temperatures of either 15°C or 10°C, the temporal distribution of burst occurrences 

became more skewed toward the early part of the stimulus due to an immediate decline of the 

frequency of the burst occurrence (red traces in Figure 3-3Ai-Ci). During the stimulation (from 0 

to 60 sec) at 15°C and 10°C, the rate of burst occurrences declined significantly in ddaA (Figures 

3-3Biv,Civ; 15°C, P < 0.001; 10°C, P < 0.001 by Friedman RM ANOVA on ranks, N = 40) and in 

ddaF (Figures 3-3Fiv,Giv; 15°C, P < 0.001; 10°C, P < 0.001 by Friedman RM ANOVA on ranks, 

N = 25). In contrast, the rate of burst occurrences was kept relatively constant during 20°C 

stimulation (Figures 3-3Aiv and 3-3Eiv). The peak frequency of burst occurrences in the first 10 

seconds increased with increased magnitudes (20°C, 15°C, 10°C) of the stimulation (ddaA, 

P<0.001 by One Way RM ANOVA, N = 33-40; ddaF, P<0.001 by One Way RM ANOVA, N = 
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21-25). These results suggest that the accumulation of peaks of the spiking rate in response to the 

rapid temperature change (Maksymchuk et al., 2022) is largely due to the concentrated bursting 

activity, whereas the tonic spiking is attributed largely to the steady-state responses during the 

stimulation. 

In contrast to a fast stimulus, the slow stimulation protocol with the end temperature 10°C 

resulted in a broad distribution of bursting activity across all temperature ranges (Figure 3-3D,H). 

The bursting activity was also sparse, and the distribution of bursting activity was not concentrated 

in the same way as the distribution of peak activity. From room temperature to the bottom of the 

ramp (0 to 150 sec), ddaA neurons showed a statistically significant difference in the median values 

of burst frequencies (P = 0.020 by Friedman RM ANOVA on Ranks) but not in ddaF (P = 0.057 

by Friedman RM ANOVA on Ranks). In ddaA, all pairwise multiple comparison procedures 

(Tukey Test) provided no statistical difference among different time bins (P>0.05).  

To compare the effects of different rates of change in temperature, we next investigated the rate 

of burst occurrences within two different time windows (initial falling phase and subsequent 

steady-state phase) during the fast and slow stimulation protocols by plotting the average rate of 

burst occurrences against the minimal temperature (Figure 3-4A,B). In the fast stimulation 

protocols of three different amplitudes, the rate of burst occurrences during the initial falling phase 

(a) increased with lowering the target temperatures, reaching the maximal with the 10°C stimuli 

(blue). Similar increases were seen during the slow stimulation protocol, but the rate of burst 

occurrences was lower on average and maxed out around 15°C and then declined, so it did not 

show the maximal response near 10°C. In both protocols, the increases in the rate of burst 

occurrences were significant (by one-way RM ANOVA P <0.001). In contrast, during the 

subsequent steady-state temperature period in the fast protocol, the rate of burst occurrences did 
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not increase significantly with temperature and was lower on average at 10°C than at 15°C (b; 

one-way RM ANOVA with Holm-Sidak method, P <0.05). In the slow protocol, the rate of burst 

occurrences did not differ significantly from that in the pre-stimulus period (ddaA, P =0.13; ddaF, 

P = 0.05 by one-way RM ANOVA). Taking the results of the two protocols together and plotting 

the rate of burst occurrences changes (a-b) against the rate of changes in temperature revealed 

significant correlations between them, indicating that the greater the rate of temperature change, 

the greater the initial rate of burst occurrences (Figure 3-4). 
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Figure 3-4. Tonic spiking and burst occurrence in the responses related differently to the rate of 
change and the magnitude of low-temperature stimulation. 
A, Schematic drawings illustrating the fast (left) and slow (right) stimulation protocols. In the fast 
protocol, the initial 30 seconds were designated as the temperature-drop period (a), followed by 
30 seconds of steady state (b). For the slow stimulation protocol, the initial 120 seconds were 
designated as the temperature-drop period (a), followed by 30 seconds of steady state (b). In the 
slow protocol, bursting and spiking activities during the temperature-drop period (a) was recorded 
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in three intervals: from the beginning of the temperature drop to 20°C, 15°C, and 10°C, 
respectively. B,C, The average rate of burst occurrence (B, ddaA; C, ddaF) were plotted against 
the target temperatures during the initial 30s or 120s of the temperature drop (a) after the onset 
of stimulation and the following 30s (b). D,E, The average tonic spike frequency (D, ddaA; E, 
ddaF) plotted against the target  temperatures as in B,C. For all graphs, the dataset is the same 
as the one used in Figure 3 but the only data from bursters with more than 3 spikes per burst were 
plotted. The open circles are individual data whose colors indicate the target temperature of the 
stimulation (red, fast 20°C; green, fast 15°C; blue, fast 10°C; pink, slow 10°C). Gray symbols 
represent data at room temperature. The bold symbols filled with the same colors are the averages 
(mean±SD). In some cases, horizontal error bars are too small to be hidden by symbols. F,G, 
Changes in bursting or tonic spikes versus the rate of temperature change. The differences in the 
rate of burst occurrences (left) or the tonic spike frequency (right) between the initial temperature 
drop period and the steady-state period were plotted against the rate of changes in temperature. 
The lines in the (a-b) graphs show linear regression (see the text). 

 

Tonic spike frequency increased with lowering the target temperatures during the initial falling 

phase (a) in both fast and slow protocols on both types of neurons (Figure 3-4Da,3-4Ea). The 

increases were significant in all cases (P<0.001, all by one-way RM ANOVA) in the fast protocol 

on ddaA (N=33-40, P<0.001) and ddaF (N=21-26, P<0.001), and in the slow protocol on ddaA 

(N=21, P<0.001) and on ddaF (N=16, P<0.001). In both neurons, the fast protocol (blue) elicited 

tonic spiking at higher frequencies compared to the slow protocol (pink) at 10°C. (ddaA, P=0.006 

by Student’s t-test; ddaF, P=0.023 by Mann Whitney rank sum test). Unlike bursting, tonic spiking 

during the steady-state temperature exhibited temperature-dependent increase in frequency 

(Figure 3-4Db,Eb). In the fast stimulation protocol, the steady-state (b) tonic spike frequency 

increased as the target temperature decreased in both ddaA and ddaF (red, green, and blue symbols 

in Figure 3-4Db,Eb; P<0.001 for both ddaA and ddaF by one-way RM ANOVA). Similar 

increases were seen in the slow stimulation protocol (ddaA, p<0.001 by Wilcoxon Signed Rank 

Test; ddaF, P<0.001 by paired t-test), in which the tonic spike frequency during the 10°C was 

similar to that of the fast stimulation protocol (pink symbols). There was no statistical difference 

in steady-state at 10°C between the fast and the slow protocol (ddaA, P=0.10 by Student’s t-test; 
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ddaF, P = 0.41 by Mann-Whitney Rank Sum Test). The results from both the fast and slow 

protocols during two distinct periods (a and b) revealed a correlation between the changes in the 

tonic spike frequency (�ûspikes/sec) and the rates of temperature change (°C/sec). The correlation 

between the differences in the tonic spike frequency and the rate of temperature drop (Figure 3-

4F,G, right graphs) are weak but statistically significant in both ddaA and ddaF neurons (F, ddaA 

tonic spikes, P<0.001, N=129; G, ddaF tonic spikes, P=0.012, N=86, both by Pearson correlation). 

This indicates that, as with the rate of burst occurrence, the faster the temperature change, the 

higher the frequency of tonic spikes. 

The parameters of bursts, such as the intra-burst spike numbers, burst duration, and intra-burst 

spike frequency, varied largely across individual neurons. In ddaF, the fast stimulation protocol 

produced a larger number of intra-burst spikes on average than the slow stimulation protocol (P = 

0.03 by Student’s t-test). Otherwise, there was no statistical difference in those parameters between 

the fast and slow stimulation protocols (Figure 3-5). 
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Figure 3-5. Bar graphs comparing the burst parameters between fast and slow stimulation 
protocols. 
(A,B) Comparisons were made between the fast and slow stimulation protocols on the averages of 
intra-burst spike numbers (left), burst duration (middle), and intra-burst spike frequency (right) 
for ddaA (A) and ddaF (B). The dataset is the same as the one used in Figure 3-3. There was a 
statistically significant difference in the number of intra-burst spikes in ddaF between the fast and 
slow stimuli (B, Intra-burst spike#, P = 0.03 by Student’s t-test). Otherwise, no statistically 
significant differences were found in the number of intra-burst spikes in ddaA (P =0.20 by Mann-
Whitney rank sum test), the duration of a burst (ddaA, P= 0.10; ddaF, P=0.97 by Mann-Whitney 
rank sum test), or the intra-burst spike frequency (ddaA, P=0.36; ddaF, P=0.11 by Mann-Whitney 
rank sum test).  

Altogether, both ddaA and ddaF neurons responded specifically to the rate of temperature 

change and the cold temperature magnitude by generating both burst and tonic spiking. Burst 

activity appears more frequently at the onset of a fast and large temperature drop and is highly 

skewed in its distribution to the onset of change. In contrast, they appear irregularly and in a widely 

distributed manner during mild cold stimuli and slow temperature drops. These results indicate 
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that the slow temperature change was reflected mainly in the tonic spiking activity of CIII neurons 

as described in the previous study (Maksymchuk et al., 2022), and that the bursting activity could 

still occur when the temperature changed slowly.  

3.2.4  Basic mechanisms distinguishing bursters from tonic spikers at temperature 

change: computational modeling    

The level-I CIII model (Figure 3-1) describes steady-state activity of a CIII neuron at different 

steady temperatures and the constant TRP conductance and, thus, does not describe transient CIII 

responses to temperature change with time. To investigate transient bursting or tonic spiking 

responses during the temperature change we employed our full CIII model (level-II model) 

(Materials and Methods). The full model has the TRP current conductance gated by temperature-

dependent activation and Ca2+-dependent inactivation state variables (Maksymchuk et al., 2022). 

These dynamics introduce a phasic-tonic response of the CIII model to cold temperature 

stimulation (Maksymchuk et al., 2022). Next, we projected the trajectory for instantaneous TRP 

conductance obtained with the level-II model onto the 2-parameter map of the level-I model 

(Figure S2). This approach allows us to investigate how TRP current dynamics affects patterns of 

CIII activity. Our model shows that dynamics of TRP current can shape the trajectory of TRP 

conductance and produce various types of activity patterns with the same fast-temperature 

stimulation reproducing the variability of experimental results: bursting activity at the fast 

temperature change, bursting activity during both temperature change and steady noxious cold 

temperature, tonic spiking activity with and without frequency peak at temperature change, tonic 

spiking activity without peak of frequency (Figure 3-6). Depending on the parameters of TRP 

current, the trajectory of the TRP instantaneous conductance passes through different areas of 

activity patterns on the color map, bursting or/and tonic spiking (Figure 3-6Ai-Di). On the left 
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(Figure 3-6Ai) the trajectory passes through the bursting domain in the peninsula-like area and 

tonic spiking one; thus, we record bursting activity at temperature change, spiking activity at 

steady temperatures and suppressed activity at temperature returns to initial value (Figure 3-6Aii).  

Also, at temperature change, the trajectory closely approaches the bursting peninsula area that 

causes corresponding bursting activity (Figure 3-6Ai, Aii). This type of bursting relates to a 

response of an excitability type-3 neuron to a fast-changing stimulus (Meng et al., 2012; Waxman 

et al., 1999) – the temperature in our case. In Figure 3-6Bi, Bii the trajectory totally passes through 

the bursting area of peninsula, that reflects on model activity that shows bursting activity during 

both temperature change and steady-state temperature. Figure 3-6Ci-Cii and 3-Di-Dii demonstrate 

that a neuron can have only tonic spiking activity if the trajectory passes through the tonic spiking 

area. In the case of Figure 3-6Ci the trajectory enters the high-frequency area at temperature 

decrease, therefore the CIII model response has a peak of spiking rate. In contrast, when the 

trajectory goes through the low-frequency spiking area, the model response does not have peak of 

spiking rate (Figure 3-6Di). Thus, considering variability in parameters of TRP current, we can 

obtain a variety of possible model electrical activity regimes that are consistent with experimental 

ones Figure 3-6Av-Dv.  
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Figure 3-6. Dynamics of the TRP current conductance controls activity pattern. 
(Ai-Di) color maps of level I model activity superimposed with trajectories of TRP current 
conductance of level-II (full) model. (Aii-Dii ) Full model electrical activity and instantaneous 
frequency of full CIII model in response to the fast-stimulation temperature protocol. Insets show 
electrical activity patterns at fast temperature drop. (Aiii-Diii) Conductances of TRP and VGCC 

over time, GTRP and GCa, respectively. (Aiv-Div) Model distributions of inter-spike intervals of full 
CIII model under the fast-stimulation protocol. Circles on the trajectory indicate individual spikes. 
Color inside the circle encodes spike frequency. (Av-Dv) Experimental extracellular electrical 
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activities of CIII neurons, instantaneous frequency and distribution of interspike intervals under 
the fast-stimulation protocol. (A and B) are bursters, (C and D) are spikers; (A) initial bursting 
response at temperature change, then tonic spiking at a steady temperature; (B) there is a bursting 
activity at both temperature change and at a steady temperature. (C) initial transient high-
frequency spiking activity and rapid adaptation. In the case of (D) after entering the spiking area 
of the map, the trajectory follows along with the border of the spiking area producing the same 
frequency. On the way back, model neurons are silent in all cases(A-C), that is consistent with 
experimental results. Model parameters for (A) GLTRP= 2nS, A=0.5, N=5, Th=10oC.; Cah = 
500nM, tauhTRP=5s; parameters for (B) GLTRP=1.5 nS, A = 0.5, N=5, Th = 8oC.; Cah = 500 nM, 
tauhTRP=5 s; Parameters for (C) GLTRP= 6nS, A =0.3, N=5, Th = 11oC.; Cah = 500 nM, tauhTRP= 
5s; Parameters for (D) GLTRP= 1.5 nS, A = 0.25, N=1, Th =17.5 oC.; Cah = 300 nM, tauhTRP=15 
s; Circles on the trajectory indicate individual spikes. Color inside circle encodes spike frequency. 
(Av, Bv, Cv, Dv) Experimental electrical activities and distribution of inter-spike intervals. 

 

Figure 3-6Aiii -Diii  also shows that parameters of TRP current affect the balance between TRP 

current and VGCC that is important for activity patterns. At larger VGCC and smaller TRP 

conductance, we observe a bursting pattern (Aiii-Biii). When the balance between these currents 

is shifted towards a larger contribution of TRP current than VGCC, the CIII neuron model 

produced tonic spiking activity (Aiii- Biii).  

Our model shows that bursters have bimodal interspike interval (ISI) distribution with small 

ISIs (<~0.2 sec) (Figure 3-6Aiv-Biv) which is consistent with experimental data (Figure 3-2Ai). 

Short ISIs correspond to bursting activity, whereas larger ISIs represent tonic spikes and pauses 

(Figure 3-6Av-Cv). Spikers have mainly unimodal distribution of ISI with larger ISIs (Figure 3-

6Div, Dv). Some neurons can respond with high-frequency spiking to temperature change (Figure 

3-6Cii). Such activity has bimodal ISI distribution, and can be also considered as a spiker or a 

burster which has one burst with a large number of intraburst spikes that appear at the ISI 

distribution with short ISIs (Figure 3-6Civ). Experimental data confirm the existence of this 

pattern in CIII neurons (Figure 3-6Cv).  

     About half of biological CIII neurons, 57.5% of ddaA, and 49% of ddaF, respond with 

bursting activity to fast temperature change from room temperature to 10oC (Figure 3-2 Ci, Di), 
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whereas the rest of the neurons responded with tonic spiking activity. We propose that such 

variability in experimental CIII responses can be explained by variability in the expression of TRP 

channels, that have different properties. In terms of the computational model such properties can 

be tested by biophysical parameters of a TRP current. In order to validate the proposed assumption 

and mechanism proposed by the model, sets of three parameters of TRP current, estimated by 

curve-fitting multiple temperature-response (spiking rate) curves obtained through 

experimentation in our previous work (Maksymchuk et al., 2022), were introduced to the model. 

The parameters assessed by curve-fitting of spiking rates are as follows: temperature of the half-

activation, Th, scaling factor for maximal TRP conductance, B, and the steepness of temperature 

dependence of TRP activation, A. Hence, we obtained bursting or spiking activity at temperature 

change depending on TRP parameter set. Representative examples of such activity are presented 

in Figure S3. As a result, 47.3% of model neurons responded with bursting activity, 42.8% with 

tonic spiking, that is consistent with experimental results. In addition, among bursters 4.5% 

neurons showed plateau-like responses. The rest of the neurons had depolarization block (9.3%) 

and or did not show response at first 30 s after stimulation (0.6%).  

Our results suggest that dynamics of TRP current explain the appearance of bursting and tonic 

activity patterns of CIII neurons at cold temperature stimulation.  

3.2.5 CIII activity pattern at fast temperature change is determined by the rate of 

temperature decrease but not the cold temperature magnitude 

Experimental data showed that bursts mostly appeared at fast temperature decrease. To 

investigate how different rates of temperature decrease affect the CIII activity pattern, we applied 

experimental fast and slow stimulation protocols with temperature decrease to 10oC to our model 

(Figure 3-7). In fast-stimulation protocols the temperature decreases exponentially with time and 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    119 

the rate of temperature change, dT/dt is different at every moment of time. To simplify the analysis 

of temporal properties of CIII activity we also applied a trapezoid temperature protocol where 

temperature decreases and increases with constant rate, dT/dt (Figure 3-8). Both exponential and 

trapezoid temperature protocols show that rate of temperature change affects electrical activity 

pattern of the CIII model: higher rates evoke bursting activity (Figures 3-7Ai, 3-8Ai,Bi) whereas 

slower rates elicit tonic spiking activity (Figure3- 7Ci, 3-8Ci,Di). 

 

Figure 3-7. The rate of temperature change affects activity pattern at temperature drop 
(experimental temperature protocols). 
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Ai-Ci Model responses to three experimental temperature protocols with different rates of 
temperature change and the same minimal cold temperature 10oC. On the top are insets of 
electrical activity at temperature drop, scale - 4s. Aii -Cii Instantaneous frequency versus TRP 
conductance. Aiii-Ciii color maps of level-I model activity superimposed with trajectories of TRP 
current conductances of level-II (full) model. Circles on the trajectory indicate individual spikes. 
 

We built our model assuming that spike frequency is roughly proportional to TRP conductance, 

GTRP. This is the case when a neuron produces tonic spiking activity (regions with linear 

dependence in Figures 7Aii -Bii, 8Aii -Cii ). Bursting activity appears as a high-frequency cluster 

at fast temperature change (Figures 3-7Aii, 3-8Aii,Bii ) which corresponds to a peak of firing rate 

at temperature change. Such bursting activity at fast temperature change appears near the peninsula 

area due to voltage-gated Ca2+ current (Figure 3-7Aiii, 3-8Aiii,B iii). At a slow temperature change 

(Figures 3-7Bii,Cii, 3-8Cii,Dii), we do not observe these clusters of bursts. When the temperature 

changes rapidly, TRP conductance, GTRP, reaches higher values which is followed by spike 

frequency (Figures 3-7,8Aii). This finding corresponds to a longer path of trajectory of TRP 

conductance that reaches an area with higher frequencies at fast temperature change (Figures 3-

7,8Aiii). In contrast, at a slow temperature change, we observe a small change in both TRP 

conductance and frequency as well as a shorter path of TRP conductance despite the same 

temperature range (Figures 7Bii-Biii,Cii- Ciii, 8 Cii- Ciii,Dii -Diii).  
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Figure 3-8. The rate of temperature change affects activity pattern at temperature decrease 
following trapezoid temperature protocols. 
Ai-Di Model responses to trapezoid temperature protocols with different rates of temperature 
change and the same minimal cold temperature values and corresponding model responses to 
these protocols. On the top are insets of electrical activity at temperature drop, scale - 5s. Aii -Dii 
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Instantaneous frequency versus TRP conductance. Aiii-Diii color maps of level I model activity 
superimposed with trajectories of TRP current conductances of level II (full) model. Circles on the 
trajectory indicate individual spikes. Color inside the circle encodes spike frequency. (E) Spiking 
rate at temperature change versus rate of temperature change; (F) Maximal frequency at 
temperature change versus rate of temperature change.  

 

Higher rates of temperature change increase spiking rate (Figure 3-8E) and maximal 

instantaneous frequency (Figure 3-8F). After increase of rate of temperature change to a certain 

value (|dT/dt|>1.3 oC/s in our case) we observe a transition from tonic spiking to bursting (Figure 

3-8E).  

Next, we investigated how cold temperature magnitude affects CIII activity pattern. We applied 

a trapezoid temperature protocol with fixed rate of temperature change and different minimal cold 

temperatures (Figure 3-9). 
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Figure 3-9. The temperature magnitude does not affect activity patterns at temperature drop. 
(Ai-Di) Model responses to trapezoid temperature protocols with different cold temperature 
magnitudes and constant rate of temperature change. On the top, there are insets of electrical 
activity at temperature drop. (Aii -Dii) Instantaneous frequency versus TRP conductance. (Aiii-
Diii) color maps of level-I model activity superimposed with trajectories of TRP current 
conductances of level-II (full) model. Circles on the trajectory indicate individual spikes. Color 
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inside the circle encodes spike frequency. (E) Spiking rate versus rate of temperature decrease 
versus cold temperature magnitude; (F) Maximal instantaneous frequency at temperature change 
versus cold temperature magnitude. 

  

Cold temperature magnitude does not affect activity pattern at temperature change but impacts 

activity only at steady-state cold temperature (Figure 3-9Ai-Di). With lower temperatures 

instantaneous frequency of tonic spikes and spiking rate increases, but maximal intraburst 

frequency remains unchanged (Figure 3-9Aii -Dii,E,F). Also, with increasing low temperature 

magnitude the trajectory of instantaneous TRP conductance passes via a longer path reaching the 

high-frequency spiking area (Figure 3-9Aiii -Diii).  

3.3 Discussion 

Growing evidence underscores the significance of spiking patterns in the responses of sensory 

neurons. This research highlights the functional role of bursting activity in enabling specialized 

roles that extend beyond the limitations of spiking rate coding (Birmingham et al., 1999; Braun et 

al., 1980; Cho et al., 2016; Eyherabide et al., 2008; Eyherabide et al., 2009; Longtin & Hinzer, 

1996; Marsat & Pollack, 2006; Merivee et al., 2003; Must et al., 2017; Nurme et al., 2018; Olivares 

et al., 2015; Onodera et al., 2017; Oswald et al., 2004; Schafer et al., 1986; Sherman, 2001; Terada 

et al., 2016). We investigated patterns within the activity of primary sensory CIII neurons of 

Drosophila larvae including two subtypes of these neurons: ddaA and ddaF. They generate 

transient spiking activity in response to temperature decrease with a peak marking fast temperature 

change (Maksymchuk et al., 2022). Here, we distinguished three basic patterns in their responses: 

tonic spiking, period-2 spiking, and bursting, and accounted neurons as bursters or spikers based 

on whether bursts were detected in their activity. We investigated the relationship between the 

occurrence of bursts and two aspects of the temperature change process: the rate of temperature 

change and the magnitude of the final temperature. The fraction of CIII neurons exhibiting bursts, 
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i.e. bursters, showed a dependence on the rate of temperature change. As the rate increased, the 

percentage of bursters also grew, ranging from 20% to 55%. The fraction of bursters was higher 

among ddaA neurons than among ddaF neurons. There was a significant correlation between the 

occurrence rate of bursts and the rate of temperature change. Moreover, the high occurrence rate 

of bursts constituted the initial peak of the spiking rate marking the fast temperature drop. 

Conversely, during a slow temperature decrease, bursts occur at a lower rate and are broadly 

distributed across the whole temperature range. We developed an empirical biophysical model 

reproducing this repertoire of patterns and proposing basic mechanisms explaining the CIII 

responses. Our results suggest that the tonic spiking activity contributes to encoding both the rate 

of temperature change and end-temperature value, whereas the bursting activity encodes the rate 

of change in temperature. These findings also shed light on mechanisms underlying the 

multimodality of sensory cells.      

3.3.1 Multimodality and features coding with patterns 

Drosophila CIII somatosensory neurons are multimodal, displaying activation in response to 

noxious cold (Maksymchuk et al., 2022; Turner et al., 2016), and innocuous mechanical stimuli 

(Tsubouchi et al., 2012; Yan et al., 2013). These different modalities evoke distinct levels of 

intracellular Ca2+ and distinct behavior of Drosophila melanogaster larva (Turner et al., 2016). 

Noxious cold evokes significantly higher calcium level in CIII neurons compared to gentle touch 

(Turner et al., 2016). Activation of CIII neurons with noxious cold mediates bilateral contraction 

of Drosophila larvae whereas gentle touch modality is accompanied by head withdrawal behavior 

(Turner et al., 2016). The gentle touch modality elicits a brief spiking response in CIII neurons 

with very fast adaptation where the spiking frequency decreases to zero despite continuing 

mechanical stimulation (Yan et al., 2013). The number of action potentials and magnitude of 
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calcium response increased with larger mechanical stimulation (Yan et al., 2013). Cold-evoked 

spiking responses of CIII neurons are not well understood. In our previous studies, we 

demonstrated that CIII neurons exhibit a sustained spiking rate in response to noxious cold stimuli, 

unlike their response to gentle touch (Maksymchuk et al., 2022). We observed that their firing rate 

increases as the final temperature of the stimulus decreases (Maksymchuk et al., 2022). Moreover, 

CIII neurons respond with a peak firing rate to fast temperature decrease and suppress activity at 

temperature rise (Maksymchuk et al., 2022). Similarly, in polymodal Drosophila class IV neurons, 

which mediate aversive rolling and photo-avoidance behaviors, different modalities evoke distinct 

patterns of activity (Cho et al., 2016; Terada et al., 2016). Noxious heat (but not other modalities) 

triggers the occurrence of short bursts, i.e., doublets or sometimes triplets of spikes characterized 

by very short interspike interval (groups of ‘unconventional spikes’) followed by long pauses 

(Onodera et al., 2017; Terada et al., 2016). This specific burst-pause pattern has been implicated 

in triggering robust heat avoidance rolling behavior of Drosophila larvae (Terada et al., 2016). The 

number of unconventional spikes displays a positive correlation with peak amplitudes of Ca2+ 

transients. Thus, pauses and unconventional spikes participate in coding of the noxious heat stimuli 

(Onodera et al., 2017). This noxious heat-specific activity pattern is mediated by coordinated 

activities of TRP channels (TRPA1 and Painless), L-type voltage-gated Ca2+ channels and Ca2+ 

activated K+ (SK) channels (Onodera et al., 2017; Terada et al., 2016). Temperature-sensitive 

neurons are often multimodal and can change their activity pattern under application of agonists 

of thermoTRP channels. For example, menthol sensitivity is conserved across mammalians’ and 

insects’ TRPA1 and TRPM channels (Himmel et al., 2019; Karashima et al., 2007; McKemy et 

al., 2002; Peier et al., 2002). In Drosophila larva, topical application of menthol evokes aversive 

rolling behavior (Himmel et al., 2019). This behavior was mediated by activation of CIV 
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nociceptor neurons expressing TRPA1 and TRPM channels. Menthol superfusion activated CIV 

neurons and significantly increases spike frequency compared to the control group (Himmel et al., 

2019). In feline nasal and lingual cold receptors at higher temperatures, above 25°C, menthol 

induces bursting or enhances it through an increase in burst frequency (Schafer et al., 1986). At 

cold temperatures menthol suppresses bursting activity (Schafer et al., 1986).     

Our results show that different information from the same modality can be encoded with distinct 

activity patterns, namely, information about the rate of temperature change can be encoded with 

bursting activity whereas tonic spiking activity can encode both the rate of the change and cold 

temperature magnitude. Similarly, burst-like activity, which occurs as a transient strong response 

to temperature change, has been reported in other thermosensory neurons (Merivee et al., 2003; 

Must et al., 2017). Distinctly, in the hygrothermoreceptor neurons of carabids, it was shown that 

bursting activity does not convey temporal information about the stimulus but rather encodes its 

magnitude (Nurme et al., 2018).  

 

3.3.2 Roles of bursting activity in responses of sensory neurons 

In addition to its role in distinguishing sensory signal modalities, bursting activity has been 

identified to play various distinct functional roles in sensory systems, including mammalian 

auditory and visual ones. For example, bursts can increase the reliability of information transfer at 

synapses, also bursting activity mediate orientation and navigation, as well as convey parallel 

codes that contain different stimulus features, i.e., to function as feature detectors (Ache, 2016; 

Ache et al., 2016; Marsat & Pollack, 2006; Oswald et al., 2004; Sherman, 2001; Park et al., 2016). 

In the present study, we observed not only the initial transient bursts during nociceptive stimuli, 

but also a low-frequency, sustained bursting activity in response to mild temperature stimuli.  
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Although CIII neurons in a Drosophila larva respond to temperature drop similarly to 

mammalian cold-sensitive neurons, with a peak of spiking rate, there is a difference in their 

responses to steady cold temperatures. The majority of Drosophila CIII neurons have irregular 

spiking activity, whereas mammalian cold-sensitive neurons respond with regular patterns that 

change with cold temperature magnitude (Braun et al., 1980; Longtin & Hinzer, 1996; Olivares et 

al., 2015). For example, cold thermoreceptor neurons have regular spiking activity at resting 

temperatures of skin, 33–34°C, and bursting activity at lower temperatures. Period of bursting 

activity, burst duration, average interspike interval inside burst, and the number of spikes per burst 

increase with temperature decrease (Braun et al., 1980; Longtin & Hinzer, 1996; Olivares et al., 

2015). At low temperatures, 10°C, about 50% of mammalian cold-sensitive fibers exhibit irregular 

patterns, while the other 50% were either bursting or silent. In Drosophila larval CIII neurons only 

2.5% of ddaA and 3.8% of ddaF neurons exhibited irregular occurrence of bursts at steady 

temperature. In contrast, in mammalian cold-sensitive neurons, bursting activity is regular and is 

described as a regime of activity with temporal properties evolving along with a variation of the 

temperature parameter within a wide range of values from about 30°C to noxious cold (Braun et 

al., 1980; Longtin & Hinzer, 1996; Olivares et al., 2015). Thus, Drosophila larval CIII neurons 

and mammalian cold-sensitive neurons encode cold temperature magnitude in different ways: with 

rate coding for Drosophila and pattern-based coding for mammalians.    

In a variety of sensory systems bursts were implicated in conveying specific information about 

stimulus (Eyherabide et al., 2009). For example, receptor neurons of the grasshopper auditory 

system demonstrated sparse neural code for auditory stimulus where the number of spikes in burst 

encodes information about the amplitude and duration of sound. Burst onset time corresponds to 

time of sound (Eyherabide et al., 2008). The functional importance of bursting was shown in AN2 
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neuron of cricket Teleogryllus oceanicus that encodes direction of the sound and predicts 

ultrasound-avoidance behavioral response (Marsat & Pollack, 2006). In electric fish Apteronotus 

leptorhynchus, the pyramidal cell distinctly encode behaviorally relevant stimuli with patterns of 

spiking activity: low-frequency (prey like) stimuli with bursting and high-frequency 

(communication) stimuli with isolated spikes (Oswald et al., 2004). Muscle stretch receptors of 

the crab Cancer borealis encode rapidly and slowly varying stimuli with different activity patterns 

(Birmingham et al., 1999). Bursting patterns correspond to long, sustained muscle stretches, 

whereas spiking activity encodes fast stretches. Noxious and innocuous stimuli are also encoded 

by distinct patterns. For example, neurons in rostral trigeminal relay nuclei of cats demonstrate 

characteristic distinct firing patterns under innocuous and noxious mechanical stimuli (Khayyat et 

al., 1975). Neurons’ response to the noxious stimulus was frequently bimodal and prolonged, while 

the non-noxious stimulus elicited monomodal short response. In addition, change in normal 

activity pattern in sensory neurons to abnormal high frequency spontaneous activity can be a 

signature of pathological conditions such as neuropathic or inflammatory pain (Bedi et al., 2010; 

Devor, 2009; Sorkin & Yaksh, 2009). For example, high-frequency bursting spontaneous activity 

and underlying subthreshold membrane oscillations in sensory neurons are associated with local 

inflammation of the DRG and mechanical pain (Xie et al., 2012; Xie et al., 2013). Cells with such 

high-frequency bursting activity had upregulated expression of Nav1.6. Erythromelalgia, 

autosomal dominant painful neuropathy, characterizes with bursting activity in DRG sensory 

neurons (Dib-Hajj et al., 2005). Such disorder is caused by a mutation in Nav1.7 that reduces the 

threshold for action potential and leads to high-frequency activity in DRG neurons (Dib-Hajj et 

al., 2005).  
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3.3.3 Dynamics of a thermoTRP current navigates spiking responses to the 

temperature change. 

To explain the mechanism of cold temperature coding we developed an empirical 

computational model of cold-sensitive CIII neurons. The model is informed by transcriptomic data 

from larval CIII neurons (Turner et al., 2016), and includes pattern-generating subsystem and 

thermotransduction subsystem represented by a thermoTRP current (Maksymchuk et al., 2022) 

(level-II model). The conductance of TRP current is activated by low temperature and inactivated 

by intracellular Ca2+ concentration. It also is permeable for Ca2+, which provides a negative 

feedback to the TRP conductance and activates SK and BK K+ currents. We developed the model 

in two empirical steps. First, by adjusting mainly kinetic parameters of voltage-gated Ca2+, fast 

Na+ and fast K+ currents of pattern-generating subsystem (level-I model) with the conductance of 

the thermoTRP current kept constant (GLTRP), we found a parameter set that captured the repertoire 

of all basic CIII activity patterns observed in experimental data. We mapped the basic steady-state 

activity patterns, i.e. silence, tonic spiking, period-2 spiking, and bursting, on a diagram with two 

parameters swept: GLTRP and Temperature. We found that the silent and tonic spiking regimes 

occupy the largest areas on the diagram. The domain of silent regime has largest range of 

temperature at 0 nS conductance of the TRP current and shrinks as GLTRP is increased. Conversely, 

the tonic spiking regime occupies the largest range of temperature at the high end of GLTRP and 

shrinks towards smaller values. In a certain relatively small range of GLTRP we found a peninsula-

like range of temperatures where the subsystem generated bursting activity. Second, this map was 

handy in dissection of contributions of the thermoTRP current and pattern generating subsystem. 

We projected instantaneous value of the conductance of the thermoTRP current in the full model 

(level-II model). We found that TRP activation and inactivation by defining instantaneous TRP 
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conductance determine the response of the model to temperature change and could recapitulate 

and explain the key experimental observations. In this way we can observe different temperature 

coding mechanisms depending on the dynamics of TRP current: coding of rate of temperature 

change with bursting and tonic spiking; coding of steady-state temperature magnitude with spiking 

rate. Variability of parameters describing kinetics of TRP current produced variability of paths on 

the map which allows one to relate these parameters to characteristics like presence of bursting in 

responses (bursters versus spikers) and produce similar to the variability of CIII responses which 

were found in experimental data between different cells. Thus, dynamics of TRP conductance 

shape the path on the map of activities and produce various types of CIII cold-evoked responses 

to fast temperature protocol: bursting pattern at temperature change when the neuron response path 

crosses the region of bursting or passes in its vicinity and tonic spiking activity at steady-state 

noxious cold temperature; bursting activity during both temperature change and steady 

temperature; pure tonic spiking activity with or without peak of spiking rate (Figures 6-8). All 

these model results recapitulate electrophysiological data obtained from CIII neurons. In addition, 

the model demonstrated that intraburst frequency depends on the rate of temperature change but 

does not depend on cold temperature magnitude that is also consistent with experimental results. 

Together the results indicate that magnitude of temperature decrease could be encoded by tonic 

spiking activity, whereas the rate of temperature change by either bursting or tonic spiking. 

Our research on the cellular mechanisms underlying noxious cold stimuli coding provides an 

understanding of how primary sensory afferents transduce features of thermal stimuli (rate of 

temperature change and cold temperature magnitude) into specific patterns of electrical activity. 

Taking into account that CIII neurons express different types of TRP channels involved in cold 

sensation, PKD2, Trpm, TRPA1, each of these channels could differently impact the 
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characteristics of cold-evoked CIII responses. Our CIII model shows fundamental principles of 

how TRP current with different dynamics could navigate neuron’s response pattern. Particularly, 

we showed how dynamic of TRP currents can modulate the cell’s response to noxious cold 

stimulus, making it spiking or bursting. Deeper understanding of the cellular mechanisms of 

pattern generation during cold sensation, as well as dynamics of different TRP channels 

coexpressed in sensory neurons could potentially lead to new therapeutic strategies for treatment 

of sensory neuropathies.  

 

3.4 Materials and Methods 

3.4.1  Electrophysiology and statistics 

The third instar Drosophila larva was dissected as described previously (Maksymchuk et al., 

2022). Briefly, the ventral body wall was cut longitudinally and the body wall was spread out and 

pinned to the bottom of the experimental dish. Dorsal longitudinal muscles were carefully removed 

with fine scissors and a tungsten needle to expose the dorsal cluster of the sensory neurons. The 

dish was constantly superfused with gravity-dripped HL3 saline (Stewart et al., 1994).  

CIII neurons were visually identified under the microscope using epi-fluorescence for GFP 

driven by 19-12-Gal4-driven expression of UAS-mCD8-GFP. Extracellular recordings were made 

from either ddaA or ddaF with a pipette (tip diameter, 5–10 µm) connected to the headstage of a 

patch-clamp amplifier (AxoPatch 200B or MultiClamp 700A, Molecular Devices, San Jose, CA, 

USA) set to voltage-clamp mode held at 0 mV. The high-frequency noise of the current signal was 

filtered out with a 3 kHz low-pass filter. The output signals of the amplifier were digitized at a 

sampling frequency of 10 kHz using an A/D converter (Micro1401-4, Cambridge Electronic 

Design, Cambridge, UK) and acquired into a laptop computer running Windows 10 (Microsoft, 
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Redmont, WA, USA) with Spike2 software v. 8 (Cambridge Electronic Design, Cambridge, UK). 

The saline temperature was continuously recorded by BAT-12 Microprobe Thermometer 

(Physitemp, Clifton, NJ). The temperature probe was placed adjacent to the fillet preparation and 

the readings were sent to Micro1401. 

To detect spikes in the saved data, we set the amplitude threshold in the Spike2 software 

function. The instantaneous frequency was directly determined from spike interval (Figure 3-2A); 

their spiking rate (spikes/sec) was calculated as an average over a fixed time window of 30 seconds 

(Figure 3-2C,D), 2 seconds (Figure 3-7), or 20 seconds (Figure 3-8). A burst was defined as a 

series of three or more spikes with inter-spike intervals of 0.2 seconds or less, while those with 

larger spike intervals were defined as tonic spikes (Figure 3-2). When there were more than six 

spikes at intervals of 0.2 seconds or less, any peak in the spike interval was considered a break 

between bursts. To determine the relationship between the spiking rate and temperature in the slow 

stimulation protocol, we plotted the average of the spiking rate in a 2°C temperature bin (Figure 

3-8). 

Statistical comparisons were conducted using SigmaPlot ver. 12.5 (Jandel Scien-tific, San 

Rafael, CA) for Student's t-test (two-tailed) and one-way repeated measures (RM) ANOVA 

followed by all pairwise multiple comparison procedures using the Holm-Sidak method. The 

assumption of normality of the data structure was assessed using the Shapiro-Wilk test for all tests. 

When the assumption of normality was not met, Friedman RM ANOVA on Ranks, Mann-Whitney 

Rank Sum test, or Wilcoxon Signed Rank Sum Test was employed. The results are presented as 

the mean ± standard error or standard deviation as specified in the text. 
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3.4.2 Cold temperature stimulation 

We used two different methods to apply the cold stimulus while recording spiking activity from 

a CIII neuron as described previously (Maksymchuk et al., 2022). One approach is to switch 

perfusates from the saline held at room temperature to one pre-chilled to the desired temperature 

(fast-stimulation protocol). The other method is directly controlling the perfusate by sending a 

command voltage waveform to the temperature control device (slow-stimulation protocol). In fast-

stimulation protocol, the cooler temperature is set to the target temperature (20°C, 15°C, or 10°C) 

in advance to chill the saline to the desired temperature before delivery. This protocol can change 

the temperature of the saline in the dish at a rate of -2 to -6°C/sec. In slow-stimulation protocol, 

the temperature stimulus was applied by directly changing the perfusate temperature at the rate of 

-0.12 °C/s through the in-line cooler without turning the valve to switch the saline path. The 

waveform of the temperature change is created by the graphical sequence editor function in Spike2 

software. The command output was directly fed to the temperature controller (CL-100) as a voltage 

signal from DAC output of the data acquisition interface. 

3.4.3 Computational model 

We developed a biophysical Hodgkin-Huxley-type model of the Drosophila larva cold-

sensitive CIII neuron. Full description of the CIII currents is given in our previous work 

(Maksymchuk et al., 2022). In the present study we made a few modifications and improved our 

model. The suggested ionic currents used in our model were based on transcriptomic data of ion 

channels' expression in CIII neurons (Turner et al., 2016): voltage-gated Na+ current, INa - encoded 

by para gene; delayed rectifier potassium current, IK encoded by shab gene; voltage-gated N-type 

calcium current, ICa; Ca2+ activated potassium channels: small conductance, ISK, and big 
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conductance, IBK, encoded by SK and slowpoke genes respectively; leak current, IL, and TRP 

current, ITRP
+ (Maksymchuk et al., 2022). 

To perform detailed analysis of electrical activity regimes we developed CIII model with two 

levels of complexity regarding TRP current. Using level-I model where TRP current is represented 

by a leak current component with constant conductance (GLTRP) we investigated steady-state 

electrical activity regimes of CIII neuron model. In the level-II model the conductance of the TRP 

current has dynamics and is governed by activation and inactivation. With level-I, state-dependent 

model we investigated model response to changing temperature stimulation.   

Custom MATLAB scripts were utilized to perform simulations and data analyses. For solving 

the system of differential equations that described the CIII neuron model, we employed the 

variable-step integration method with backward differentiation formulas. We set the absolute 

tolerance to 10-9 and the relative tolerance to 10-8 and used the MATLAB function ode15s to obtain 

a numerical solution. 

 

3.4.3.1 Level-I model  

In the level-I model TRP current is phenomenological and represented as nonspecific leak 

current, ILTRP permeable to Na+, K+, and Ca2+ with a reversal potential close to zero.   

The dynamics of the electrical activity of the CIII model are described by the equation: 

�×�Ï�Ø
�×𝑑𝑑

= 
F[�+�Ç𝑁𝑁+ �+�Ä + �+�¼𝐶𝐶+ �+�»𝐵𝐵+ �+�Ì𝑆𝑆 + �+�Å+ �+�Å𝐿𝐿𝐿𝐿𝐿𝐿]/�%�à            [1] 

where Vm is a membrane potential in mV, t is time in s, Cm is a total neural membrane 

capacitance, Cm =0.01 nF. The currents in the model are described by the following equations: 

�+�Ç𝑁𝑁= �é(�6) �®�)�Ç𝑁𝑁
$
$
$
$
$�®�I �Ç𝑁𝑁
�7 �®�D�Ç𝑁𝑁�®[�8�à 
F �' �Ç𝑁𝑁], 

�+�Ä = �é(�6) �®�)�Ä
$
$
$
$�®�I �Ä
�8 �®[�8�à 
F �' �Ä], 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    136 

�+�¼𝐶𝐶= �é(�6) �®�)�¼𝐶𝐶
$
$
$
$
$�®�I �¼𝐶𝐶�®�D�¼𝐶𝐶�®[�8�à 
F �' �¼𝐶𝐶], 

�+�»𝐵𝐵= �é(�6) �®�)�»𝐵𝐵
$
$
$
$
$�®�B�¼𝐶𝐶𝐶𝐶𝐶𝐶�®�I �»𝐵𝐵
�8 �®[�8�à 
F �' �Ä], 

�+�Ì𝑆𝑆 = �é(�6) �®�)�Ì𝑆𝑆
$
$
$
$
$�®�I �Ì𝑆𝑆 �®[�8�à 
F �' �Ä], 

�+�Å=  �é(�6) �®�)�Å�®[�8�à 
F �' �Å], 

�+�Å𝐿𝐿𝐿𝐿𝐿𝐿= �)�Å𝐿𝐿𝐿𝐿𝐿𝐿�®[�8�à 
F �' �Í�Ë�É], 

where �)�*
% – is the maximal conductance in nS, �' �Ü is the reversal potential in mV, �I �Ü and �D�Ü are 

dimensionless activation and inactivation gating variables of current i, with i �ë {Na, K, Ca, BK, 

SK, TRP} respectively; �é(T) – temperature-dependent scaling factor for the maximal conductances 

�é(�6) = 1.3�?(�Í �?�Í�, )/ �5�4, where T is a temperature in K, To = 298.15K is a reference temperature 

(Hille, 2001). We used temperature in K for parameters of our biophysical model, while, in figures 

for consistency with experimental data, modeling results were presented in °C. 

 Gating variables are described with the following equations: 

�@�U�Ü

�@𝑑𝑑
= �î (�6) ·

𝑦𝑦�¶ �Ü(�8�à ) 
F 𝑦𝑦�Ü
�ì�Ü(�8�à )

, 

�@𝑑𝑑�Ü

�@𝑑𝑑
= �î (�6) ·

�B�¶ �Ü(�%𝐶𝐶) 
F �B�Ü
�ì�Ü(�%𝐶𝐶)

, 

where 𝑦𝑦�¶ �Ü is a steady-state activation/inactivation for the current i �ë���N̂a, K, Ca, BK}; �B�¶ �Ü is a 

steady-state activation SK current.  

�î (�6) is  a temperature-dependent scaling factor for activation and inactivation kinetics, 

�î (�6) = 3(�Í �?�Í�, )/ �5�4 (Hille, 2001). 

Steady-states activation for Na+, K+, Ca2+ currents is described with equation: 

�I �Ü�¶ (�8�à ) =
1

1 + �A
�?(�Ï�Ø�?�Ï �Ø𝑚𝑚)

�Ä�Ø𝑚𝑚

; 

Steady-state inactivation for Na+ and Ca2+ currents are defined as: 
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�D�Ü�¶(�8�à ) =
1

1 + �A
(�Ï�Ø�?�Ï�Ó�Ô)

�Ä�Ó�Ô

. 

  

Steady-state activation of BK current consists with Ca2+-dependent part: �B�¼𝐶𝐶𝐶𝐶𝐶𝐶(�%𝐶𝐶�Ü) =

�5
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l
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p

�Ù�³ 𝐵𝐵; and voltage-dependent one: �I �»𝐵𝐵�¶ (�8�à ) =
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�7(�Ç�Ø�6�.�4.�/)

�/�,

. 

Steady-state activation of SK current is Ca2+-dependent and obey the following equation: 

�I �Ì𝑆𝑆�¶ (�%𝐶𝐶�Ü) =
�5

�5�>
l
�´𝐶𝐶 �Ä𝑆𝑆
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p
�Ù�Ä𝑆𝑆. 

In our model, BK, K+ and Na+ currents have voltage-dependent kinetics that is described with 

following equations: 

�ì�à 𝑚𝑚𝑚𝑚(�8�à ) =

F0.1502

1 + �A
�?(�Ï�Ø�>�8�:)

�6�6.�;

+ 0.1806; 
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�ì�à 𝑚𝑚(�8�à ) = (
�9

�a�m�q�f (
�Ç�Ø�6�Ç�Ø𝑚𝑚

�.�¼�Ø𝑚𝑚
)
+ 0.75)/1000 ; 

Ca2+ dynamics is described by the differential equation: 

�@�%𝐶𝐶�Ü
�@𝑑𝑑

=  
F
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where �+�Í�Ë𝑃𝑃�´𝐶𝐶
is a Ca2+component of TRP current. It is calculated as: 

�+�Í�Ë𝑃𝑃�´𝐶𝐶
=  �)�Í�Ë�É
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The reversal potential for TRP current takes into account changes in the intracellular Ca2+ 

concentration and is calculated as: 

�' �Í�Ë�É=
𝑃𝑃�¼�¾�¼�>𝑃𝑃�¿�Ì �¾�¿�Ì �>𝑃𝑃�´𝐶𝐶 �¾�´𝐶𝐶
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, 
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where �2�Ä, �2�Ç𝑁𝑁, �2�¼𝐶𝐶 are relative permeabilities for corresponding ions. Relative permeabilities 

for K+ and Ca2+ were constant, 1 and 0.4 respectively, whereas permeability for Na+ was calculated 

considering zero reversal potential for the taken reversal potentials: 

�2�Ç𝑁𝑁= 
F(�2�Ä�' �Ä + �2�¼𝐶𝐶�' �¼𝐶𝐶
�Û )/�' �Ç𝑁𝑁, 

where �'�Ä, �' �Ç𝑁𝑁, �' �¼𝐶𝐶
�Û  are equal to -75 mV, 65 mV, 120 mV, correspondingly. 

The Ca2+ reversal potential, �' �¼𝐶𝐶, dynamically changes in time and is calculated as the Nernst 

potential using �%𝐶𝐶�Ü and assuming that the external  Ca2+  concentration (�%𝐶𝐶�Ø) is constant and equal 

2 mM: �' �¼𝐶𝐶= 1000
𝑅𝑅�Í �¼

�í𝑧𝑧
�H𝑙𝑙

�¼𝐶𝐶�Ð

�¼𝐶𝐶�Ô
, where R, F, �6�Ä are the gas constant, Faraday’s constant, and 

temperature in Kelvin, respectively. 

The reversal potential for a leak current, EL is –75 mV. 

We used same parameters for the model as in (Maksymchuk et al., 2022), except for �)�Å
$
$
$ 

and �-�Û�¼𝐶𝐶,that are �•�‘�†�‹�Ð�‹�‡�†: �)�Ç𝑁𝑁
$
$
$
$
$= 80 �J�5, �)�Ä
$
$
$
$= 140 �J�5, �)�¼𝐶𝐶
$
$
$
$
$= 3.5 �J�5, �)�»𝐵𝐵
$
$
$
$
$=6 nS, �)�Ì𝑆𝑆
$
$
$
$
$=0.31 

nS, �)�Å
$
$
$= 0.25 �J�5, �J�»𝐵𝐵= 3, �%𝐶𝐶�»𝐵𝐵=1700 nM, �%𝐶𝐶�Ì𝑆𝑆 = 800 �J�/ , �J�Ì𝑆𝑆 = 3, �8�à 𝑚𝑚𝑚𝑚= 
F24.7 �I𝑚𝑚,

�-�à 𝑚𝑚𝑚𝑚= 3.4 �I𝑚𝑚, �8�Û�Ç𝑁𝑁= 
F41.2 �I𝑚𝑚,  �-�Û�Ç𝑁𝑁= 4.2 �I𝑚𝑚, �8�à𝑚𝑚 = 12 �I𝑚𝑚,  �-�à𝑚𝑚 = 7 �I𝑚𝑚,  �8�à 𝑚𝑚𝑚𝑚=


F23 �I𝑚𝑚, �-�à 𝑚𝑚𝑚𝑚= 6.5 �I𝑚𝑚, �8�Û�¼𝐶𝐶= 
F59 �I𝑚𝑚,  �-�Û�¼𝐶𝐶= 12 �I𝑚𝑚, F=96485.35 10-9 C/nmol, R=8.31 

10-9 J/(nmol*K), Cm = 0.01 nF, z=2, Vol=0.2 pL, k=403 s-1, �%𝐶𝐶�à𝑚𝑚�á=50 nM, [Ca2+] e =2 106 nM, 

�ì�à 𝑚𝑚𝑚𝑚 = 0.04 �O,  �ì�à 𝑚𝑚𝑚𝑚= 0.0035 �O, �ì�Û�¼𝐶𝐶= 0.095 �O, �ì�à 𝑚𝑚𝑚𝑚= 0.0001 s. 

For creating color maps, GLTRP was changed from 0 to 1nS with step 0.02nS (rows), steady-

state temperature was changed from 24oC to 4oC with step -0.5oC (columns). We made pre-

integration for 100s at room temperature, then, at every change of GLTRP or temperature we made 

two integrations: the first integration was 60s, after we took the last point from the first integration 

as initial conditions for the second integration and integrated for 40s. During these 40s we made 

the analysis of patterns, spike frequency, intracellular Ca2+ levels, �%𝐶𝐶�Ü, and average number of 
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spikes in burst (Figure 3-1). For this analysis we wrote custom MATLAB script. In tonic spiking 

area we calculated mean tonic spiking frequency, for bursting area we calculated mean frequency 

inside bursts (Figure 3-1E).     

  

3.4.3.2 Level-II model (full model) 

For level II model, we upgraded the level-I model with temperature activation, �I �Í�Ë�É, and Ca2+-

dependent inactivation, �D�Í�Ë�É of TRP current, ITRP. For the level-II model ITRP current is used in 

equation [1] instead of ILTRP.   

�+�Í�Ë�É=  �)�Í�Ë�É
$
$
$
$
$
$�® �I�Í�Ë�É�® �D�Í�Ë�É�®[�8�à 
F �'�Í�Ë�É]. 

Gating variable for TRP current are described with the following equations:  

�×𝑑𝑑 �Å�Ã𝑇𝑇

�×𝑑𝑑
=

�à �Å�Ã𝑇𝑇�®(�Í )�?�à�Å�Ã𝑇𝑇

���Ø𝑚𝑚𝑚𝑚𝑚𝑚
, 

�×�Û�Å�Ã𝑇𝑇

�×𝑑𝑑
=

�Û�Å�Ã𝑇𝑇�®(�Í )�?�Û�Å�Ã𝑇𝑇

���Ó�Å�Ã𝑇𝑇
. 

                             We applied the following expression for steady-state TRP activation: 

�I �Í�Ë�É�¶ (�6) =
�»

�5�>�Ø�7�²(�Å�7�Å�Ó), 

where A – the steepness of temperature dependence of TRP activation, B – activation scaling 

factor, Th – the temperature of the half-activation in Boltzmann function in K, T – the temperature 

in K. 

Steady-state inactivation of TRP current is: 

�D�Í�Ë�É�¶ (�%𝐶𝐶�Ü) = 1 
F
�%𝐶𝐶�Ü

�Ç

�%𝐶𝐶�Û
�Ç + �%𝐶𝐶�Ü

�Ç 

where �%𝐶𝐶�Ü – intracellular Ca2+ concentration, �%𝐶𝐶�Û – the half inactivation Ca2+ concentration, N 

– the Hill coefficient. The concentration of cytosolic Ca2+ is a crucial factor in the process of TRP 

inactivation, which involves several sub-processes and stages that are not yet fully understood and 
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quantitatively described. We focused our investigation on the phenomena and variables that we 

hypothesize to be critical or dominant. When the cytosolic Ca2+ concentration increases, 

downstream pathways are activated that lead to the desensitization of many TRP channels. The 

process of desensitization can occur via kinases, phosphatases, phospholipases, or calmodulin 

(Gordon-Shaag et al., 2008; McKemy, 2013). In our model, we used a general expression for TRP 

inactivation that reflects the Ca2+-dependent modulation of TRP current, which can be induced by 

these pathways. 

�+�Í�Ë𝑃𝑃�´𝐶𝐶
, a Ca2+ component of TRP current, is calculated as 

�+�Í�Ë𝑃𝑃�´𝐶𝐶
=  �)�Í�Ë�É
$
$
$
$
$
$�®�I �Í�Ë�É�®�D�Í�Ë�É�®

𝑃𝑃�´𝐶𝐶

𝑃𝑃�¼�6𝑃𝑃�¿�Ì �>𝑃𝑃�´𝐶𝐶
[ �8�à 
F�' �¼𝐶𝐶]. 

 

Parameters for TRP current, used in figures 3-7, 3-8, 3-9, are: �)�Í�Ë�É
$
$
$
$
$
$=1.2 nS, Th=290.15 K, 

A=1K-1, N=2, Cah=700 nM, �ì�Û�Í�Ë�É=10 s, �ì�à 𝑚𝑚𝑚𝑚𝑚𝑚=0.002 s, B=1. 

For our level-II model, we made two integrations: the first integration was 100s at room 

temperature (the initial room temperature from temperature protocols that are provided). Then we 

took the last point from the first integration as initial conditions for the second integration. The 

time of the second integration was the same as the time of the corresponding temperature protocol. 

Using temperature traces recorded from the microprobe thermometer (2.2.3), we applied 

thermal stimulation to our model, following the same temperature protocols as those used in 

experimental recordings. Additionally, we administered trapezoid stimulation temperature 

protocols with two variations. In the first case, the temperature was held at 24oC for 30 seconds 

and then gradually decreased at different rates (ranging from 0.1 to 5.5oC/s with an increment of 

0.1oC/s per trial) until it reached a target value of 10oC, where it was maintained for another 30 

seconds. The temperature was then gradually raised to 24oC at the same rate and held constant for 
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30 seconds. In the second case, the temperature was held at 24oC for 30 seconds and then gradually 

decreased at a constant rate of 3oC/s until it reached different target temperatures (ranging from 

20oC to 6oC with a decrement of 0.5oC per trial). Once it reached the target temperature, it was 

held constant for 30 seconds before gradually increasing to 24oC at the same rate. The temperature 

was then held constant at this level for 30 seconds.   

For investigation of the effect of TRP current parameters on model activity patterns we used 

experimentally-obtained sets of parameters assessed by curve-fitting of spiking rates, presented in 

our previous work (Maksymchuk et al., 2022). These parameter sets are given in Table S1, Group 

I (Maksymchuk et al., 2022)�����$�V���W�H�P�S�H�U�D�W�X�U�H���S�U�R�W�R�F�R�O���I�R�U���W�K�H���P�R�G�H�O�����Z�H���X�V�H�G�������Û�&���I�D�V�W-stimulation 

temperature traces with small variations in temperature stimulations from experiment to 

experiment that were applied to biological neurons. We obtained color maps of spiking rates for 

every fixed temperature trace at different parameters sets (Figure S3). Electrical activity patterns 

were analyzed for 22X22 model traces. Discrimination between spikers and bursters for these 

traces was done using custom written MATLAB script. 
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4  MECHAN ISMS UNDERLYING BURSTING RESPONSES TO FAST 

TEMPERATURE CHANGE IN COLD SENSITIVE NEURONS  

 I acknowledge Dr. Sergiy Korogod for the developing TRPA1 model which was incorporated in 

our CIII model. 

4.1 Introduction 

Drosophila larval CIII sensory neurons serve as the primary cold nociceptors. They exhibit 

a characteristic phasic-tonic response to a fast temperature drop from 24°C to 10°C, showing a 

peak of spike frequency during the temperature drop followed by frequency adaptation (Chapter 

2, 3, Maksymchuk et al., 2022, and 2023). These responses can encode both, magnitude of cold 

temperature and rate of temperature change (Maksymchuk et al., 2022, and 2023). The peak of 

spike frequency depended on the rate of temperature change, whereas the steady temperature was 

mostly represented by tonic spiking activity. The frequency of the tonic spiking activity grew with 

the colder temperatures.   

Investigating cold-evoked electrical activity patterns of CIII neurons we revealed that about 

half of the neurons responded with bursting activity when temperature changed from room 

temperature to noxious cold (10-15oC) (Chapter 3, Maksymchuk et al., 2023). Moreover, some 

neurons had sustained bursting activity in response to mild cold steady temperatures. The peak of 

spike frequency of the CIII neurons was mostly formed by bursts of spikes (Chapter 3, 

Maksymchuk et al., 2023). The bursting activity of CIII neurons is not regularly periodic and often 

substituted with tonic spiking activity. Role of bursting activity in sensory responses is not unique 

for CIII neurons. Bursting activity has been implicated in coding features of different sensory 

modalities including the auditory, visual, and somatosensory signals (Eyherabide et al., 2008; 

Eyherabide et al., 2009; Marsat & Pollack, 2006; Oswald et al., 2004; Sherman, 2001). Bursts 
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enhance the reliability of information transmission at synapses. Importance of bursting activity 

was previously shown in temperature coding by mammalian cold receptors, and CIII and CIV 

Drosophila neurons (Maksymchuk et al., 2023). (Braun et al., 1980; Longtin & Hinzer, 1996; 

Olivares et al., 2015). 

Dynamics underlying bursting describes steady and transient properties and responses to 

perturbations by sensory stimuli. We envisage a single CIII neuron as a dynamical system 

describing generation of oscillatory regimes like tonic spiking and bursting and maintenance of a 

steady state referred as a silent regime or a steady state. The steady state is defined by rest potential 

and steady state intracellular Ca2+ concentration. We investigate occurrences of these regimes 

under various of biophysical parameters and describe transitions between them. One of the key 

varied biophysical parameters in our case is the temperature. Based on transition types, i.e. 

bifurcations, three types of neuronal excitability underlying bursting have been described as 

bursting types I, II, and III (Izhikevich, 2007). Types of neural excitability play a crucial role in 

neural information processing because such characteristics as spiking frequency responses to 

stimulation, distributions of interspike intervals to noise, precision of spike timing and properties 

of stochastic resonance vary based on their excitabilities (Gai et al., 2010; Huguet et al., 2017; 

Meng et al., 2012; Ratté et al., 2013; Zhao et al., 2020). Type I bursting regime is associated with 

non-local saddle-node bifurcations of either/or stationary states or periodic orbits. These 

bifurcations give rise to bursting activities which could have infinitely long interburst intervals at 

the transition point from silence to bursting and/or infinitely long burst durations along with 

transition from spiking to bursting (Barnett & Cymbalyuk, 2014; Shilnikov & Cymbalyuk, 2005). 

Type II bursting activity is associated with the Andronov Hopf bifurcation (Cymbalyuk et al., 

2002; Malashchenko et al., 2011; Marin et al., 2013).  This bifurcation describes transition from 
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silent regime to oscillations which appear first with zero amplitude and non-zero frequency. The 

oscillations could appear stable or unstable, i.e. through supercritical bifurcation or subcritical 

bifurcation, respectively. Subcritical bifurcation creates a mechanism supporting co-existence of 

bursting and silent regime with the unstable orbit creating a barrier between the regimes. Type III 

essentially describes transient bursting activity which appears during the change of a parameter. 

The dynamical system would not exhibit any steady bursting regime within the range of the 

parameter variation. Nevertheless, type III usually appears in the vicinity of the transition leading 

to either type I or type II bursting. Features of type III allow them to function as phase locking 

feature and coincidence detectors in neural systems (Huguet et al., 2017; Meng et al., 2012). What 

currents are responsible for generation bursting activity in CIII neurons, type of bursting activity, 

and how transient bursting activity is generated and its molecular background in CIII neurons 

remains unknown.  

To address these questions, we further develop our model of CIII neuron (Chapter 2, 3, 

Maksymchuk et al., 2022, and 2023). Noxious cold sensation involves complex molecular 

apparatus participating in temperature coding that includes voltage-gated calcium channels 

(VGCC), Ca2+-activated potassium channels (SK and BK), voltage-gated sodium and potassium 

currents participating in spiking generation. In our previous work (Maksymchuk et al., 2022, and 

2023), we used a basic empirical model of a TRP channel with temperature-dependent activation 

and Ca2+-dependent inactivation. We found ranges of parameters determining temporal properties 

of the activation and inactivation processes and their dependence on temperature and intracellular 

Ca2+ concentration which reproduce major temporal characteristics and explain differences 

between CIII responses (Chapter 2, 3, and Maksymchuk et al., 2022, and 2023). We showed that 

a TRP current with these basic dynamics could navigate neuron’s response pattern with a 
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temperature change. This family of models showed that the dynamics of TRP current can modulate 

the cell’s response to a noxious cold stimulus, making it spiking or bursting and responding to the 

fast temperature drop with the peak of spiking frequency including transient bursting 

(Maksymchuk et al., 2023).  

Here, we further developed our general TRP model including additional process of 

activation by intracellular Ca2+ concentration. We use experimental data describing dynamics 

TRPA1 channel and biophysical representation of the gating mechanism with two state model. We 

investigate how our findings in Chapters 2 and 3 regarding the aforementioned model parameters 

can inform a new TRP current model, which can potentially explain our new experimental data. 

These data associate the rapid dynamics of the peak spiking frequency and bursting activity with 

the properties of the Transient Receptor Potential (TRP) generated by the conductance of TRPA1 

current.  We also investigate the role of VGCC in generating bursting activity and emphasize that 

this mechanism plays important role in the transient bursting responses, implicating Class III 

bursting mechanism. The CIII model with this implementation of TRPA1 current exhibits a high 

propensity for bursting activity in various parameter regimes. Our results suggest the role of the 

TRPA1 in promoting bursting activity at temperature drop and coding of the rate of temperature 

change.  

4.2 Results 

Analysis of response patterns recorded in electrophysiological experiments, combined with the use 

of RNA interference to knock down specific TRP channels, allowed us to delineate the roles for 

TRPA1 (unpublished data of Cox and Cymbalyuk labs). We found that knocking down TRPA1 in 

CIII neurons resulted in a significant attenuation of the initial peak due to the loss of bursting 

activity in response to a fast temperature drop. To explain these phenomena, we developed a series 
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of models of the CIII neuron. Our core CIII model producing basic spiking and bursting patterns 

is based on our transcriptomic data from CIII neurons (Turner et al., 2016) and patch-clamp data 

on gating characteristics of Drosophila Na+ and K+ channels (Chapter 2, 3, and Maksymchuk et 

al., 2022, and 2023). CIII neurons express a suite of thermosensitive TRP channels (thermoTRPs), 

e.g. TRPA1, PKD2 and TRPM, implicated in the noxious cold sensation (Turner et al., 2016; 

Turner et al., 2018; Letcher, 2021).   

In this study, we added the next level of complexity to our TRP channel model by using 

the available quantitative data that characterized temperature- and calcium-dependence of the 

mammalian prototypes of TRPA1 channel. The temperature-dependence characteristics were 

taken from the study of TRPA1 channels by (Karashima et al., 2009), who provided experiment-

based estimates of the relevant parameters for the channels represented by a “two-state” model 

(Voets, 2012). The “two-state” class of models represents gating mechanism of thermoTRPs as 

having two states, open and closed, with the between-state transitions characterized by 

temperature- and voltage-dependent forward and backward rates (Voets, 2012). The calcium-

dependence added to the new TRP model reflected experimental evidence of activation and 

desensitization by intracellular Ca2+ that is typical for different types of TRP channels, in particular 

TRPA1 (Wang et al., 2008; Zurborg et al., 2007) and PKD2 isoforms (DeCaen et al., 2016). We 

described these processes by Hill equations using experimental estimates of the Ca2+ 

concentrations of half-activation (Wang et al., 2008). We hypothesize that one of key features of 

CIII response to cooling, namely the peak of spike frequency during the temperature drop, is 

associated with the time course of a TRP channel conductance, generating transient receptor 

potential which also has an initial peak followed by a lower level plateau, and that the peak is 

shaped by characteristics of Ca2+-dependence of thermoTRPs. In the next section, through our 
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computational experiments, we demonstrate that the inclusion of the updated TRP model equips 

the neuron with the ability to respond to a temperature drop with transient bursting. Furthermore, 

we establish that the time constant of Ca2+-dependent desensitization of the TRP channels plays a 

vital role in shaping this transient activity of the simulated CIII cell. 

We developed series of computational models of CIII neuron that consists of different 

subsystems: spike-generating, fast subsystem that includes voltage-gated Na+ current, INa, voltage-

gated K+ current IK, and leak current IL; pattern-generating, moderately-slow subsystem that 

includes Ca2+- activated potassium currents: small conductance ISK, and big conductance 

potassium current, IBK, and voltage-gated N-type calcium channel, ICa (Chapters 2, 3, and 

Maksymchuk et al., 2022, and 2023) with the updated  thermotransduction subsystem represented 

by the new TRP current, ITRPA1. We found that cold-evoked CIII response can be defined by 

interaction of TRP current and pattern-generating mechanism (voltage-gated Ca2+ currents and 

Ca2+-activated K+ currents) and VGCC produces the basis for bursting activity. 

4.2.1 Experiment-based biophysical characteristics of TRP channel model  

We implemented characteristics of temperature- and calcium-dependence of our model of TRP 

channel (Figure 4-1) using estimates from different available experimental sources (Karashima et 

al., 2009; Wang et al., 2008; Zurborg et al., 2007).  This development is based on the assumption 

of independence of the three processes: channel activation by temperature and intracellular Ca2+, 

and desensitization by Ca2+. In other words, the probability of the channel’s open state equals the 

product of probabilities of the mentioned independent events (processes) represented by 

corresponding state variables (mTV·mCa·hCa). A temperature drop from 31°C to 21°C and further 

to 11°C resulted in leftward shifts of the plot of mTV representing the open state probabilities at 

different steady voltages (Figure 4-1A). Such behavior indicates that the two-state model with the 
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gating charge z, enthalpy �ûH and entropy �ûS differences taken from (Karashima et al., 2009) 

adequately represents the TRP channel as a cold sensor.  

 

A 

 

B 

 

Figure 4-1. Biophysical characteristics of TRP channel model. 
(A) Temperature- and voltage-dependent activation function mTV of the channel represented by 
the two-state model of TRP channel with parameters based on experimental estimates by 
(Karashima et al., 2009). Blue, red, and yellow plots correspond to 11 °C, 21 °C, and 31 °C, 
respectively. (B) Ca2+-dependent functions of activation mCa (blue line), desensitization hCa (red 
line), and their product mCa·hCa (yellow line). 

 

The Ca2+-dependent part of the combined probability, mCa·hCa is represented by an 

asymmetrical bell-shaped plot (Figure 4-1B, yellow line). The maximum probability is below 0.5 

with the higher values in the low [Ca2+]i range (100 to 200 nM) for the given half-effective Ca2+ 

concentration of 225 nM taken from (Wang et al., 2008) for the Ca2+-induced channel opening mCa 

(Figure 4-1B, blue line) and that of 250 nM for the desensitization hCa, (Figure 4-1B, red line) 

whatever are membrane potentials and temperatures. In the high [Ca2+]i range (several hundred 

nM to 1 µM), the desensitization dominates and, correspondingly, the channel opening probability 

is low (<0.1). This result makes the desensitization deserving special attention, because a hundred 

nanomolar “range of dominance” is typical for physiologically normal neuronal activity. 

 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    158 

4.2.2 TRP channel Ca2+ desensitization kinetics shapes the peak depolarization on the 

rapid falling phase of temperature 

The TRP channel model with the above-described characteristics was further inserted in 

an RC model compartment, which was devoid of any other voltage-dependent channels but 

included mechanisms of dynamics of the intracellular Ca2+ concentration.  This made it possible 

to elucidate whether thermosensitive Ca2+-conducting TRP channels themselves are able to 

produce a peak of membrane depolarization as a prerequisite for the peak of neuronal activity 

observed in CIII prototype neurons at initial phase of response to trapezoid cooling (Figure 4-2). 

Another aim of these computational experiments was to find basic properties of the TRP channel 

for generating such a response. Based on our previous results, we anticipated that one or few key 

parameters of the channel model would be sufficient. The results described above prompted the 

desensitization as an obvious candidate having only one free parameter, the desensitization time 

constant �2hCa.  



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    159 

 

Figure 4-2. Response of a single-compartment passive (RC) cell model with TRP channels to 
trapezoid cooling from 21 °C to 11 °C. 
Time course of the temperature (top inserts in each column); membrane potential (A); 
intracellular Ca2+ concentration (B); total TRP current (C) and its calcium (D), sodium (E), and 
potassium (F) components; temperature- and voltage-dependent activation function mTV of TRP 
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channel (G); Ca2+-dependent activation mCa (H), inactivation/desensitization hCa (I ) of TRP 
channel, and their product mCa·hCa (J). The product of (G) and (J), mTV·mCa·hCa representing in 
two scales (K, L) the combined kinetic function that modulates the TRP channel conductance. Plot 
colors correspond to different values of the Ca2+-dependent desensitization time constant �2hCa: 
from 1 to 9 s, step 2 s. 

 

Before the temperature stimulus, the model stayed in the steady state characterized by a 

constant membrane potential of Vm = –67.38 mV and intracellular Ca2+ concentration [Ca2+]i = 

92.1 nM (Figure 4-2A and B). The membrane potential settled between the reversal potentials for 

the TRP and leak currents, 0 mV and –70 mV, respectively, in the proportion of corresponding 

partial conductances. The steady [Ca2+]i was slightly above the basal level of 50 nM according to 

a balance of ion influx through TRP channels partly activated at 21°C and sequestration considered 

an equivalent efflux from the sub-membrane cytosol layer. 

Trapezoid cooling from 21°C to 11°C (Figure 4-2, top inserts in both columns) indeed 

produced the membrane depolarization (Figure 4-2A) due to the inward current through TRP 

channels (Figure 4-2C), which increased the intracellular Ca2+ concentration (Figure 4-2B) via 

its pronounced calcium component (Figure 4-2D). After an initial transient, the membrane 

depolarization reached a steady level of –57.4 mV (shift about 10 mV). The voltage transient had 

a shape of a peak, the development of which continued after the phase of linear temperature 

decrease turned to the phase of holding at steady value of 11 °C. The magnitude of the peak and 

duration of the transient grew with an increase in the desensitization time constant �2hCa, from 1 to 

9 s with 2-s increment in this example (Figure 4-2). Comparison of time course of changes in mTV, 

mCa, and hCa variables (Figure 4-2G, H, and I, respectively) shows the most pronounced changes 

characterize the desensitization hCa. The function of the temperature-dependent activation mTV 

rapidly (time constant �2mTV = 2 ms) reached its steady value of 0.13 (Figure 4-2G) that 

corresponded 11 °C (Figure 4-3A, blue line, see at ~ -57 mV). Also, relatively rapidly (time 
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constant �2mCa = 3 ms) the steady value of ~ 0.53 was reached by the Ca2+-dependent activation, 

mCa.  Presented in the same scale (Figure 4-2H and I ), hCa clearly displays a wider range of 

changes than mCa at the same time moments during the transients and thus dominates the product 

mCa·hCa (Figure 4-2J). The TRP overall opening probability represented by the product, 

mTV·mCa·hCa of all three variables each <1 (Figure 4-2K) is smaller than the smallest factor mTV. 

However, the enlarged plot (Figure 4-2L) shows that if the desensitization time constant �2hCa is 

big enough (e. g. 7-9 s), then the peak of the overall opening probability is nearly twice as large as 

the steady level at 11 °C. With that big time constants �2hCa the duration of the transient becomes 

as long as nearly half of the 30-s phase of holding the 11°C temperature. 

 

4.2.3 CIII model bursting rate follows the depolarization peak transient associated with 

TRP activation by trapezoid cooling 

Next, we investigated functional consequences of TRP channels activation by trapezoid 

cooling for the activity of a CIII neuron model. Unlike the RC model, in which the inserted TRP 

current was the only source of the membrane depolarization and Ca2+ entry into the cell, the CIII 

model had other sources: depolarizing currents through voltage-gated fast sodium channels and 

VGCCs for the former and Ca2+ influx through VGCCs for the latter. Therefore, to avoid 

hyperexcitation and supra-physiological elevation of [Ca2+]i in CIII case the maximum 

conductance and the proportion of Ca2+ component of the total TRP current were reduced from 

3.22 nS to 0.9 nS and from 0.5 to 0.26617, respectively. The temperature- and calcium-dependence 

of TRP remained the same. 
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Figure 4-3. Responses of a single-compartment CIII neuron model with TRP channels to 
trapezoid cooling from 21 °C to 11 °C without (a) and with (b) TTX block of fast sodium 
channels. 
Time course of the temperature (top inserts in each column); membrane potential and insert 
showing transient activity (A); intracellular Ca2+ concentration (B); total TRP current (C) and its 
calcium (D), sodium (E), and potassium (F) components.    

 
Such CIII model responded to trapezoid cooling to 11 °C (temperature time-course on the top 

inserts to Figure 4-3) by a series of bursts of the action potentials (APs) with significant overshoots 

(to ~ +50 mV) followed by a steady depolarization (-56.12 mV) and subsequent transient return to 

the pre-stimulus level of -70.0 mV after the rewarming to 21 °C (Figure 4-3A). In this example, 

there were four bursts containing from 5 to 9 spikes (insert to Figure 4-3A). Calcium response 

comprised brief, synchronous with spikes elevations of [Ca2+]i to peak values of 2.07-2.63 µM 

followed by relaxation to a steady level of 244.5  nM and transient return to pre-cooling value of 

~ 97  nM after the temperature stimulus offset (Figure 4-3B). The total TRP current (Figure 4-

3C) and its Ca2+, Na+, and K+ components (Figure 4-3D, E, and F, respectively,) changed 

accordingly: transiently increased and decreased between steady temperature values 

corresponding to 21 °C and 11 °C, with brief surges linked to spikes. Noteworthy, the total TRP 
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current changed its direction from inward to outward during the overshoots of action potentials as 

the membrane depolarization (up to +50 mV level) went above the TRP channel reversal potential 

of 0 mV (Figure 4-3C). This behavior essentially differs from that of currents through voltage-

gated Na+ and Ca2+ channels keeping their inward direction (not illustrated).  

 

Figure 4-4. CIII bursts (blue lines) shown in Figure 3A are generated in the time interval 
corresponding to the peak of the depolarization response and TRP opening probability (red line) 
revealed in the RC model (Figure 2A and L). 

 

Comparison of the responses of CIII and RC models containing TRP channels that have 

the same kinetics of temperature and calcium-dependent gating (Figures 4-3 and 4-2, respectively) 

revealed an important detail: the bursts of spikes are generated by CIII model in the time interval, 

which corresponds well to the peak of the transient depolarization and TRP opening probability 

observed in the RC model (Figure 4-4).  

Blockade of the voltage-gated Na+ channels, which are key elements of the spike-

generating mechanism, led to characteristic change in the CIII response to the same temperature 
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stimulus (Figure 4-3Ab to Fb, compared with Aa to Fa, respectively). In these conditions 

mimicking the effect of TTX application to prototype neurons, instead of the bursts the cell 

generated a sequence of depolarization plateau potentials in approximately the same time interval 

as the bursting (Figure 4-3Ab and insert therein). The tops of the plateau were below the overshoot 

level of 0 mV and thus the total TRP current did not change its direction (Figure 4-3Cb). 

Correspondingly, during the depolarization plateaus the calcium signal, total TRP current, and its 

Ca2+, Na+, and K+ components (Figure 4-3Bb, Cb, Db, Eb, and Fb, respectively) took the form 

of peaks of wider duration compared to brief surges observed during spikes in the bursts when Na+ 

channels were not blocked (cf. Figure 4-3Ba-Fa). These results show that TRP channels are key 

contributors to the generation of repetitive depolarization plateau potentials, which are crowned 

with spikes when the depolarization reaches the level of activation of fast Na+ channels. 

 

4.2.4 CIII model with TRPA1 current promotes bursting activity 

To investigate steady-state electrical activity of our CIII model with TRPA1 current we 

implemented 2-parameter sweep for fixed values of temperature and maximal conductance of the 

TRPA1 current and produced color maps of mean frequency for two parameter sets (Figures 4-

5,6,A) and electrical activity regimes (Figures 4-5,6,B). Depending on parameters GTRPA1 and 

temperature, we obtained various regimes of CIII neuron model activity: silence at higher 

temperatures and lower TRPA1 conductances, tonic spiking at low temperatures and wide area of 

bursting activity between silence and tonic spiking (Figure 4-5,B).   
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Figure 4-5. CIII model with TRPA1, parameter set 1 produces bursting and tonic spiking activity 
in wide ranges of temperatures and TRPA1 conductances. 
Two-parameter (T, GTRPA1) color map for mean frequency (A), electrical activity regimes with 
number of spikes in burst if bursting (B) and intracellular calcium concentration (C). (Di-Div) 
Representative electrical activity traces at fixed temperature, 10oC, and different GTRPA1. (Ei-Eiv) 
Representative electrical activity traces at fixed GTRPA1 = 1nS and different temperatures. 
Parameters: GL=0.171ns, �D1/2 = 225 nM, relative proportions for Ca2+, Na+, and K+ currents 
are 0.27041: 0.15907: 0.57052 correspondingly. 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    167 

 

Figure 4-6. CIII model with TRPA1, parameter set 2 produces bursting activity in all ranges of 
temperatures and TRPA1 conductances.  
Two-parameter (T,GTRPA1) color map for mean frequency (A), electrical activity regimes with 
number of spikes in burst if bursting (B) and intracellular calcium concentration (C). (Di-Div) 
Representative electrical activity traces at fixed temperature, 10oC, and different GTRPA1. (Ei-Eiv) 
Representative electrical activity traces at fixed GTRPA1 = 1nS and different temperatures. 
Parameters: GL=0.25ns, �D1/2 = 100 nM, relative proportions for Ca2+, Na+ and K+ currents are 
0.26617: 0.15657: 0.571 correspondingly. 
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Examples of electrical activity of our model (parameter set 1) at constant temperature 

(10oC) and distinct values of maximal TRPA1 conductances are represented in Figure 4-5,Di-Div.  

Increase in maximal TPRA1 conductance slightly increases intraburst frequency, decreases 

number of spikes per burst and burst cycle period (Figure 4-5 A,B,Di-Div).  When GTRPA1 is fixed, 

the decrease of temperature decreased intraburst frequency (Figure 4-5A,Ei-Eiv). At the constant 

low temperature, we observe at least three different activity regimes: silence at high temperatures 

that transforms into bursting, and then in tonic spiking at further temperature decline. Transition 

from bursting to tonic spiking is accomplished through period-two-spiking (Figure 4-5,Eiii). Such 

transitions are similar to reported mammalian cold receptor activity change at cold temperatures 

as well as Drosophila larval cold-evoked responses (Chapters 3,5), where neurons produce more 

bursting activity in a certain range of cold temperatures and become tonic spiking or irregular 

spiking at noxious cold temperatures.  

Also, we assessed intracellular Ca2+ concentration inside the CIII neuron model for every 

value of T and GTRPA1. We observe elevated Ca2+ concentration when CIII neuron model produces 

bursting activity, suggesting that cold-evoked bursting causes enhanced influx of Ca2+ into the cell, 

that in turn can trigger various downstream Ca2+-dependent intracellular cascades of biochemical 

reactions. It is notable in this contact, that CIII model with parameter set 2 produces (Figure 4-6) 

only two regimes: silence and bursting. 

 

4.2.5 TRPA1 current is implicated in coding of rate of temperature decline in 

Drosophila CIII neurons 

We investigated the response of our CIII model with the TRPA1 current (parameter set 2) to 

temperature change with different rates. We took the model with the maximal TRPA1 conductance 
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GTRPA1=0.9 nS and applied a trapezoid temperature protocol to our CIII model with fixed maximal 

and minimal steady temperatures (24oC and 10oC correspondingly) and variable rate of 

temperature change (Figure 4-7). Slow temperature changes (0.1-0.8 deg/s) evoked rising 

subthreshold membrane depolarization or transient potential (Figure 4-7, A). Higher rates of 

temperature change (starting from 0.9 deg/s) elicited transient bursting activity at temperature 

change (Figure 4-7, B-C). The insets of representative bursting activity are shown in Figure 4-

7Bi-Di. Higher rates of temperature drop evoked larger numbers of bursts. Also, an increase in the 

rate of temperature change decreased the time of delay of model response and increased maximal 

burst frequency (Figure 4-7E). Our CIII model responds to rapidly changing temperature with 

transient bursting activity at 10C (lower steady temperature in trapezoid protocol) where the color 

map of steady-state CIII model activity (Figure 4-6) shows silence regime. Such response to 

rapidly changing stimulus is a characteristic of type-3 excitability, that is observed in other sensory 

systems.  
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Figure 4-7. Response of CIII model with TRPA1 depends on rate of temperature change. 
(A-D) Examples of model electrophysiological responses and trpa1 conductances at different rates 
of temperature change: 0.8 grad/s, 0.9 grad/s, 1.3 grad/s, 2.2 grad/s.  (Bi-Di) Insets showing 
bursting activity.  (E) Maximal intraburst frequency versus rate of temperature decline. (F) and 
(G) Response of TRPA1 conductance to trapezoid temperature protocol (same as in D) with rate 
of temperature change 3 grad/s at two different conditions: canonical values of voltage-gated Ca2+ 
current conductance, GCa=3.5 nS and at elimination of voltage-gated Ca2+ current, GCa=0 nS. 
 

Next, we investigated the contribution of voltage-gated Ca2+ current to our new CIII model with 

TRPA1 current (Figure 4-6F,G). TRPA1 conductance is voltage-dependent, and thus it responds 

to oscillations of membrane potential. Elimination of voltage-gated Ca2+ current leads to 

disappearance of bursting activity and thus, oscillations of GTRPA1. Without VGCC we observe 
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only an increase in TRPA1 conductance that reaches its peak followed by adaptation at steady 

temperature. Thus, interplay of TRPA1 and voltage-gated Ca2+ current creates conditions for 

bursting activity at temperature change. 

 

4.2.6 VGCC creates a mechanism for bursting activity  

For a deeper understanding of the role of VGCC in producing bursting activity, we 

investigated spike-generating subsystem (SGS) of our CIII model, that consists of the voltage-

gated Na+, INa, delayed rectifier potassium current, IK, voltage-gated N-type calcium current, ICa 

and leak current, IL. We investigated the model making sweeps for two parameters: EL and GL at 

three constant temperatures, 10, 15 and 20oC. As a result, we have a full repertoire of activity 

regimes the same as for the full CIII model: silence, tonic spiking and bursting (Figure 4-8 A-C). 

Bursting activity appears only at certain ranges of EL and GL. Currents in the model have 

temperature scaling Q10 factors. Temperature affects the bursting properties of CIII neurons. 

Lower temperatures increase the number of spikes per burst, burst duration and burst period 

(Figure 4-8 A-C).   

The shape of this bursting activity is of square-wave type. Bursting is based on activation 

and inactivation of VGCC (Figure 4-8C). Inactivation of VGCC is relatively slow compared to 

fast kinetics of Na+ and K+ currents. VGCC creates slow waves at the top of which fast spikes 

appear. Inactivation of VGCC is responsible for the burst termination. Elimination of Na+ current 

unveils slow oscillations of membrane potential (Figure 4-8D). Thus, our model suggests that the 

dynamics of the VGCC produces high frequency bursting activity at steady cold temperature. The 

transition from silence to bursting in this model occurs through Andronov-Hopf bifurcation. This 

finding describes this bursting as type II bursting the range of the leak current properties supporting 
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bursting. Also, it predicts the transient bursting responses could be elicited in the range of the leak 

parameter where only the silent regime is stable. 

 
Figure 4-8. Bursting activity is driven by VGCC. (A-C) Color maps demonstrating that 
appropriate leak current supports bursting activity driven by VGCC. 
Color maps show the average number of spikes in burst and representative electrical activity in 
bursting area at three different temperatures: 10, 15 and 20oC, EL=-55mV, gL=0.4 nS. (C) 
Activation and inactivation of VGCC produces bursting activity, T=10oC, EL=-55mV, gL=0.4 nS. 
(D) Removal of Na+ current shows calcium oscillations of electrical potential caused by activation 
and inactivation of VGCC, T=10oC, EL=-55mV, GL=0.4 nS. 
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4.3 Discussion 

We investigated a new model of cold nociceptive CIII neuron which includes dynamic 

calcium sensitivity of TRPA1 channel. In experiments, electrical and optical recording from living 

CIII neurons reveal characteristic responses to temperature drop: transient increases in the spiking 

frequency associated with the bursting activity and in the intracellular Ca2+ concentration as 

reported by increased intensity of signal emitted by a calcium-sensitive dye. TRPA1 channels are 

essential contributors to both aspects of the response: they conduct inward current bringing the 

membrane potential to the VGCC activation threshold and also TRPA1 current includes a 

pronounced Ca2+ component. Moreover, the TRPA1 current depends on [Ca2+]i via loops of 

dynamic feedback, positive (potentiation) and negative (inhibition or desensitization). Our 

modeling experiments revealed the role of such Ca2+ concentration feedback as an essential factor 

that shapes the membrane depolarization transient and thus the firing pattern of the TRPA1-bearing 

cells. 

Elevations of [Ca2+]i above the basal level are restricted by a number of calcium 

sequestration mechanisms preventing calcium excitotoxicity. Ca2+ concentrations in a range of 

several hundred nanomoles are considered safe. In this context, calcium-induced activation and 

desensitization implemented in our TRP model based on experimental estimates of half-effective 

Ca2+ concentrations have noteworthy features. The most important is the dominance of the channel 

desensitization and thus low combined opening probability when the  [Ca2+]i is elevated to several 

hundred nM that is the “working range” of concentration during cold-induced activity (Figure 4-

1B). This is explained by the concentration-dependence of the activation and desensitization. With 

increasing [Ca2+]i, the steady value of the TRPA1 calcium-dependent combined  opening 

probability (mCa·hCa) first increases, reaches a maximum at about 130 nM, and then decreases 
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tending to zero on approach to 1 ��M (Figure 4-1B, yellow line). The increasing part of (mCa·hCa) 

is determined by increasing activation mCa (Figure 4-1B, blue line) that begins at [Ca2+]i slightly 

exceeding the basal level of 50 nM (the half-effective value of 225 nM (Wang et al., 2008)). The 

(mCa·hCa )  decrease is determined by the steady desensitization hCa  (Figure 4-1B, red line) which, 

in this “working” concentration range, develops steeper than mCa.  Such behavior of the channel 

combined opening probability prompts the mechanism underlying the “peak-plateau” shape of the 

depolarization generator potential induced by trapezoid cooling (Figure 4-2) and the 

corresponding consequences for the CIII bursting on the dropping phase of the temperature 

stimulus (Figures 4-3Aa and 4-4). Obviously, the cell bursting begins when the cooling -induced 

membrane depolarization by TRPA1 inward current reaches the threshold of AP generation. For 

that, the opening probability of TRPA1 channels has to be sufficiently high. This requires 

sufficiently high activation by both factors, temperature and [Ca2+]i, to  exceed the counter-effect 

of the desensitization. At the constant low temperature (bottom side of the temperature trapezoid), 

the transition of the depolarizing generator potential from peak to plateau (Figure 4-2) is 

associated with a transient decrease in the TRPA1 combined opening probability. The only factor 

providing the decrease is the development of desensitization. Hence, the temporal characteristics 

of the latter should be definitive for the moments when the opening probability begins to decrease 

and becomes critically low. This critically low probability would determine the balance of inward 

and outward currents and maintenance of the depolarization plateau potentials in case of RC model 

and silent CIII model at the mentioned above low temperature maintained during bottom phase of 

the temperature trapezoid. Indeed, the computation experiments showed that the greater time 

constant (the slower development) of the Ca2+-induced TRPA1 desensitization the later the 

depolarization generator potential begins to decline and later reaches the plateau level so that peak 
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transient becomes higher and wider (Figure 4-2).  Correspondingly, the inter-burst interval 

shortens on the rising phase and lengthens on the falling phase of the peak (Figure 4-4) that lasts 

while the depolarization declines below the APs threshold and turns to a plateau. 

4.3.1  Blockade of fast Na+ channels reveals TRPA1-related repetitive plateau 

potentials underlying the repetitive bursting 

The processes underlying the repetitive bursting of simulated TRPA1-bearing CIII neuron 

were revealed when the fast Na+ channels were blocked that mimicked the effect of TTX blocking 

the generation of fast spikes. In the time interval when the repetitive bursting was observed 

previously in the “intact” CIII model (Figure 4-3Aa-Fa), the repetitive activity of another type 

occurred. These were repetitive plateau potentials (Figure 4-3Ab, insert) with plateau duration 

approximately equal to the burst duration in the previous computational experiments (Figure 4-

3Aa, insert). These relatively narrow plateaus can be alternatively called wide calcium spikes as 

the CIII model contains the voltage-gated calcium channels (VGCC) that have activation and 

inactivation processes. Hence, these experiments revealed finer details of the biophysical 

mechanism underlying the CIII neurons’ bursting response to cooling. The primary molecular 

sensor of the cold, TRPA1 channels initiated a depolarization shift of the membrane potential in 

response to the temperature drop. As soon as the depolarization became sufficient for activation 

of VGCCs, the calcium current through the latter boosted the depolarization and contributed to the 

Ca2+ influx that elevated [Ca2+]i. The VGCC-generated depolarization activated fast Na+ channels 

responsible for the fast spikes generated on the top of the Ca2+-plateaus (slow Ca2+ spike) and 

elevated Ca2+- activated outward currents through potassium SK and BK channels to terminate the 

calcium plateau/spike and thus the burst of fast Na+ driven spikes. Such a mechanism is 

characteristic of different types of burst-generating neurons, and its feature in the present CIII case 
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is the “initiator” of the depolarization shift, the TRPA1 channels, and the modality of the “initiator” 

activation, the cooling temperature. 

4.3.2 TRPA1 current contributes to transient and steady-state bursting activity and 

creates mechanisms for coding of rate of temperature change  

Our model with the TRPA1 current has a large parameter domain of bursting activity in 

comparison to our previous models with empirical TRP current that has a large area of tonic 

spiking activity. Model responds with transient bursting activity to rapid temperature drop that is 

consistent with biological CIII neurons. Higher rates of temperature change correlate with larger 

bursting frequency and add more bursts into response that creates a mechanism for encoding of 

the rate of temperature change. 

Being in the silence regime at steady temperature CIII neuron model with TRPA1 responds 

to rapidly changing temperature stimulus. Based on our modeling study we suggest that dynamics 

of the type 3 bursting explains these responses. The type 3 bursting has been reported in many 

sensory systems. It helps neurons to detect critical fast changes in a signal.  Moreover, biological 

CIII neurons respond to gentle mechanical stimulation with burst of action potential. Here, we 

showed that interaction between TRPA1 and VGCC create a mechanism supporting type 3 

bursting in CIII neurons. 

Our model also shows that bursting activity leads to increased intracellular Ca2+ 

concentration.  High or low ambient temperature change triggers significant Ca2+ responses in 

peripheral afferents in DRG (Ran, Hoon, & Chen, 2016).  
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4.3.3 General summary and conclusions 

The updated model of TRP channel is a core element of the mechanisms that underlie cooling-

induced bursting of simulated CIII neurons and the ways of coding different aspects of temperature 

impacts. The principal features of the model are as follows.  

1. The channel opening probability is determined by a combination of temperature-

dependent activation, Ca2+-dependent activation, and Ca2+-dependent desensitization considered 

independent processes and thus represented by a product of three corresponding partial 

probabilities, i.e. state variables. 

2. To describe the temperature dependence of the TRP opening probability (activation), a 

class of two-state models was used with the experiment-based parameters of the temperature- and 

voltage-dependent transitions between the open and closed states [Voets, 2012].  

3. The Ca2+-dependent-dependent activation and desensitization were characterized by the 

opening probabilities based on experimental estimates of half-effective ion concentrations [Wang 

et al., 2008].  

4. In the absence of relevant experimental data on the temporal characteristics of those 

processes, their kinetic properties were quantified by the time constants considered free 

parameters.  

5. Thus constructed TRP channel model can serve in future as a basic model for developing 

empirical models grasping responses of CIII neurons with specific TRP channel knockdowns by 

adjusting the parameters to target the TRP-related properties of the hosting cell.  
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6. An example of such TRPA1 model employed in this study allowed reproducing a 

number of aspects of the prototype CIII neuron responses to cooling. In particular, this model 

exhibited a robust bursting pattern with the activity peak related to the trapezoid cooling onset. 

4.4 Methods 

4.4.1 Models 

The following models were developed in MATLAB (Mathworks Inc.): (1) A temperature-sensitive 

TRP channel model; (2) A single-compartment passive RC cell model, to which the above 

mentioned TRP channels were added; (3) A single-compartment model of Drosophila CIII neuron.  

To represent the Drosophila TRP channels, a “two-state” class of TRP channel models 

(Voets, 2012) was used. In the latter, transitions between the two states, open and close, were 

characterized by temperature- and voltage-dependent rates derived from Eyring theory. The rates 

provided the expression of the open state probability in terms of the gating charge z and the 

between-state differences in enthalpy �ûH and entropy �ûS. The values of z, �ûH, and �ûS were taken 

from the experiment-based estimates for TRPA1 channels (Karashima et al., 2009). In our model 

we introduced calcium-dependent activation and desensitization, the properties characteristic of 

several types of TRP channels (Zuborg et al., 2007; Wang et al., 2008) that we described by the 

Hill equations. The half-effective concentrations were based on experimental estimates (Zuborg et 

al., 2007; Wang et al., 2008). In the absence of experimental data on the time constants of the 

activation and desensitization processes, they were considered free parameters and adjusted to 

approach experimentally recorded responses of Drosophila CIII neurons to cooling. 
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4.4.2 TRP channel 

The Hodgkin-Huxley-type model was based on experimental data characterizing the channel 

principal biophysical properties, including (1) combined/associated temperature- and voltage-

dependent activation, (2) calcium-dependent activation, and (3) calcium-induced desensitization 

(inactivation). Each property was described by the corresponding kinetic function, the channels 

state variable mTV, mCa, and hCa, yielding the current intensity equation: 

Itrpa1 = Gtrpa1·mTV·mCa·hCa·(Vm – Etrpa1),   (1) 

where Gtrpa1·is the maximum conductance, Vm is the membrane potential, Etrpa1 is the reversal 

potential. The product (mTV·mCa·hCa) represents the probability of the channel open state resulting 

from occurrence of statistically independent events of channel activation by temperature or 

calcium, or desensitization by calcium, which are characterized by respective probabilities mTV, 

mCa, and hCa. Such representation is justified by results of experimental studies (Zuborg et al., 

2007; Wang et al., 2008). In experiments on human TRPA1 expressed in HEK-293 cells, it was 

found that intracellular Ca2+ can directly activate the channels (via an EF-hand domain), and 

TRPA1 is not directly gated by cold but is activated by increased basal [Ca2+]i in HEK293 cells 

during cooling (Zuborg et al., 2007). Experiments on rat TRPA1 channels expressed in HEK-293 

cells showed that the current through these channels are activated (potentiated) by elevation of 

intracellular Ca2+ (just slightly higher than the resting level, K1/2 ~225 nM) and that Ca2+-

dependent potentiation and Ca2+-dependent inactivation are independent processes (Wang et al., 

2008). 

The state variables obeyed the differential equations: 

dmTV/dt = (mTV,�’  – mTV)/�2mTV,   (2) 

dmCa/dt = (mCa,�’  – mCa)/�2mCa,   (3) 
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dhCa/dt = (hCa,�’  – hCa)/�2hCa,   (4) 

where mTV,�’ , mCa,�’ , and hCa,�’  are steady-state values of respective variables; �2mTV, �2mCa, 

and �2hCa are time constants of relaxation of the corresponding variables to their steady state values. 

In this model, the experimental data were used to determine mTV,�’ , mCa,�’ , and hCa,�’ , 

whereas �2mTV, �2mCa, and �2hCa were considered free parameters, of which the constant values were 

chosen depending on the tested hypotheses of the channel kinetics properties. 

We employed the general theory of the temperature-dependent gating of TRP channels 

summarized in (Voets, 2012) as a framework for modeling TRPA1. Among several classes of TRP 

models, we have chosen the two-state model for the sake of simplicity. In the framework of this 

model, the value of mTV,�’  representing the channel’s open probability due to the combined 

temperature- and voltage-dependent gating is described as (eqn. 12 in (Voets, 2012)): 

mTV,�’  = 1/(1 + exp(–z·F(Vm – V1/2)/RT)),   (5) 

where z is effective valence of the gating voltage sensor;  

 V1/2 = (�ûH–T�ûS)/(z·F)      (6) 

is the membrane potential of the channels half-maximum activation (eqn. 13 in (Voets, 2012)); F 

and R are the Faraday and gas constants, respectively; T is absolute temperature; �ûH and �ûS are 

respectively changes in enthalpy and entropy during the channel transition between open and close 

states. The values of �ûH=–1.2413e5 (J/mole), �ûS=–446.0 (J/(mole·K)), and z=0.375 taken from 

(Karashima et al., 2009), who obtained these estimates in the whole-cell voltage clamp 

experiments on mice TRPA1 channels expressed in CHO cells in the conditions of Ca2+-free 

intracellular and extracellular solutions. 

The steady value mCa,�’  was described by the Hill equation: 

 mCa,�’  = 1/(1 + (�D1/2/[Ca2+]i)�G��);    (7) 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    181 

where [Ca2+]i  is the intracellular free calcium concentration, �D1/2 = 225 nM is the [Ca2+]i value for 

the channels half-activation; H=1 is the Hill coefficient (cooperativity factor).  

The steady value hCa,�’  was also described by the Hill equation: 

hCa,�’  = 1 – 1/(1 + (�D1/2/[Ca2+]i)�G��)    (8) 

with parameters �D1/2 = 250 nM and H=3.  

The time constants were �2mTV = 2 ms, �2mCa, = 3 ms, and �2hCa = 7 s. 

The multi-ion permeability of the channel was accounted for by splitting the total current   

into specific Ca2+, Na+ and K+ components: 

Itrpa1 = Itrpa1,Ca + Itrpa1,Na + Itrpa1,K.   (9) 

with relative proportions of 0.27041:0.15907:0.57052, respectively. 

 

4.4.3 Single-compartment passive cell with TRP 

A simplified single-compartment cell model with passive resistive-capacitive (RC) 

membrane was developed for exploration whether the non-linear electrical properties endow TRP 

channels with the ability to produce peak membrane depolarization in response to a drop in 

temperature.  This will be further referred to as RC-model. The above described simulated TRP 

channels were added to voltage-independent leak channels conducting a non-specific ion current  

Ileak = Gleak·(Vm – Eleak) 

characterized by a fixed conductance Gleak = 0.5 nS and reversal potential Eleak = -70 mV. 

The membrane potential yielded the equation 

Cm dVm/dt = Ileak + Itrpa1, 

where Cm = 0.01 nF is the cell membrane capacitance. 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    182 

Ca2+-dependent activation and desensitization of TRP channels was provided by binding 

intracellular calcium in a thin sub-membrane cytosol layer having the volume Vol = 0.2 pL. The 

only source of Ca2+ entry in this volume was calcium component of TRP current. The intracellular 

concentration dynamics was described as: 

d[Ca2+]i/dt =  – Itrpa1,Ca /(2F·Vol) + ([Ca2+]0 – [Ca2+]i)/�2Ca,  

where [Ca2+]0 = 50 nM is the basal concentration and �2Ca  = 0.0025 s is the time constant 

of  [Ca2+]i  relaxation to the basal level [Ca2+]0 in result of sequestration by various mechanisms 

(pumping, diffusion in the bulk cytosole et al.).  

 

4.4.4 Single-compartment CIII cell with TRP 

In this study we used a modified single-compartment model of the Drosophila CIII neuron 

earlier described in detail by Maksymchuk et al., 2022. In this modification, the above-described 

model of TRP channel replaced the earlier described generalized model of the channel 

(Maksymchuk et al. (2022)). 

 

4.4.5 Temperature stimulation protocol. 

We investigated responses of both RC and CIII models to cooling from 21°C   to 11°C 

with a trapezoid time-course like that described in Maksymchuk et al., 2022. 
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5  ADVERSE MODULATION OF THE FIRING PATTERNS OF COLD RECEPTORS 

BY VOLATILE ANESTHETICS AFFECTING ACTIVATION OF TRPM8 

CHANNELS: A MODELING S TUDY  

This work was published as an original research article, S. M. Korogod, N. V. Maksymchuk, L. 

E. Demianenko, O. O. Vlasov & G. S. Cymbalyuk. Adverse Modulation of the Firing Patterns of 

Cold Receptors by Volatile Anesthetics Affecting Activation of TRPM8 Channels: a Modeling 

Study, Neurophysiology 52, 324–333 (2020). https://doi.org/10.1007/s11062-021-09889-2. 

5.1 Introduction 

To maintain the body temperature, homoeothermic animals react to cold exposures by up-

regulated thermogenesis. The thermoregulatory “heat-gain” responses that include shivering 

thermogenesis in skeletal muscles, non-shivering thermogenesis in brown adipose tissue (BAT), 

and cutaneous vasomotion are controlled by a dedicated control chain comprised of the afferent 

input, hypothalamic thermoregulatory center, and efferent output (for detailed reviews, see [1–4]). 

The above thermoregulatory center receives afferent signals generated by primary cold receptors, 

which are most numerous in the skin, the major thermal interface with the environment.  The 

information on temperature coded by these receptors is transmitted via spinal cord projection 

neurons to the lateral parabrachial nucleus and further to the preoptic area (POA) of the 

hypothalamus. In the POA, these afferent signals are integrated along with signals of local 

thermosensitive neurons. The integrated efferent output from the POA affects the activity of 

GABAergic inhibitory projection neurons, which form descending (efferent) pathway from the 

POA to the dorsomedial hypothalamus (DMH) or to the rostral medullary raphe (rMR) region. 

Cooling leads to the attenuation of descending inhibition and causes disinhibition of the DMH 

thermogenic neurons, as well as the sympathetic and somatic premotor neurons in the rMR. The 
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latter then drive spinal motor output mechanisms, in particular that of shivering thermogenesis in 

the skeletal muscles.  

In this chapter, we investigated the formation of functional temperature-coding signals by 

innocuous cold receptor neurons, i.e., front-end elements of the intricate thermoregulatory 

circuitry. This problem is highly significant because the heat-gain physiological responses are also 

known to occur at warm temperatures under exposure to certain chemicals, to which the cold 

receptors are sensitive. For instance, such responses can be evoked by the application of menthol 

to the skin (in particular, in wild-type mice) [5]. The hypersensitivity to cold temperatures and a 

decreased shivering threshold are commonly observed after administrations of volatile anesthetics 

(VAs) during surgery (for review, see [6]). Noteworthy, both menthol and VAs were shown to 

activate the same special type of thermosensitive ion channels abundantly expressed in primary 

sensory thermoreceptor neurons innervating the skin and viscera. Hence, in this study of the 

mechanisms of cold receptor activity, we have focused on the role of such channels, which are the 

transient receptor potential melastatin 8 (TRPM8) channels known as molecular detectors of cold 

temperatures. These channels are activated at a temperature threshold of ~28°C and conduct the 

nonselective cationic current, the magnitude of which increases with cooling down to 8°C [7, 8] 

�V�S�D�Q�Q�L�Q�J�� �W�H�P�S�H�U�D�W�X�U�H�� �U�D�Q�J�H�V�� �I�U�R�P���L�Q�Q�R�F�X�R�X�V�� �F�R�R�O�� ���������í�����ƒ�&���� �W�R�� �Q�R�[�L�R�X�V�� �F�R�O�G�� ���������ƒ�&������ �7�K�H�V�H��

channels are also activated by cool mimetics, such as menthol, iciline, and eucalyptol [7–10], as 

well as by membrane depolarization [11], changes in osmolality [12], and pH shifts [13]. Due to 

such distinct gating mechanisms, TRPM8 channels are characterized polymodal sensor proteins 

capable of integrating multiple chemical and physical stimuli into cellular signaling [14]. Most 

TRPM8 sensory modalities undergo Ca2+-dependent desensitization [15]; the latter occurs through 
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direct Ca2+ binding at a site (the linker of S2–S3 segments, which also has binding sites for menthol 

and icilin) that is conserved among a subset of the TRPM channels [16].  

Physiologically, TRPM8 channels are proved to mediate cold sensations [17–19] and to be 

crucial for heat-gain thermoregulation [20, 21]. Cooling-induced TRPM8 current in the sensory 

ending produces depolarization, which is converted by a set of voltage-dependent channels into a 

pattern of the action potentials. The latter conveys information about temperature to the CNS. The 

common biophysical mechanism, underlying the primary increase of TRPM8 depolarizing current, 

is a leftward (hyperpolarization-directed) shift of its activation characteristic produced by cooling 

or menthol binding [22]. Recently, it was shown that VAs produce a transient enhancement of the 

TRPM8 current through a shift of its activation towards smaller depolarizations, i.e., toward 

physiological membrane potentials [22]. This initial effect, similar to those produced by cooling, 

was followed by a sustained TRPM8 inhibition.  

We used a computer model of a cold receptor unit, which includes the TRPM8 channels 

with a basic mechanism of VA-induced activation and investigated responses to cooling and to 

VA exposure considered as ‘true” and “misleading” coding patterns. Our results show how the 

TRPM8 modulation by VAs can affect the firing pattern of innocuous cold receptors and, thereby, 

misinform the circuitry of thermal homeostasis. 

 

5.2 Results  

5.2.1 Adjustment of the TRPM8 Model to the Prototype Channels Affected by Volatile 

Anesthetics.  

First, we adjusted the characteristics of our model of the TRPM8 channel [24] to the 

activation characteristic of the prototype channel experimentally measured in a heterologous 
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system under conditions of zero intracellular Ca2+ at 23°C (Figure 5-1, A1, B1). The model 

activation curves closely match the experimental data. This was achieved by setting the difference 

between the activation energies of the close and open states to 142.5 kJ/mol, a value that has the 

same order of magnitude as in other thermosensitive channels [22], with the gating charge of z = 

0.85. Under these conditions, the experiment-based VA-induced 100-mV leftward shift of the 

steady activation characteristic was observed. The voltage of half-activation (�ûE(VA)) was shifted 

from 174 to 74 mV (A1), which caused a significant increase in the steady inward TRPM8 current 

(B1). Then, we determined these characteristics at higher (33.5°C) and lower (15°C) temperatures 

that corresponded to the usual neutral temperature during surgical interventions and to the 

innocuous cold range limit, respectively. At 33.5°C, mimicking a routine neutral temperature 

during surgical interventions, the steady activation curves shifted toward more depolarized 

voltages; �ûE(VA) shifted from 74 to 145.36 mV and from 174 to 245.36 mV under VA+ and VA– 

conditions, respectively (A2), and the steady inward TRPM8 current was significantly reduced 

(B2). In the absence of VA, the TRPM8 steady characteristics demonstrated a typical temperature 

dependence; the activation curves were shifted to the left (A3) and the steady inward current 

amplitude increased with cooling and reached the greatest negative values at more hyperpolarized 

membrane potentials (B3). 
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Figure 5-1. Voltage dependence of steady-state activation (A) and current-voltage relation (B) of 
the simulated TRPM8 channel at different temperatures without (VA–) and with (VA+) the action 
of a volatile anesthetic (VA). 
The abscissa in all panels) Membrane potential, mV; ordinate in A and B) activation function, 
dimensionless, and current density, mA/cm2, respectively. In A, 1 and 2) Steady-state activation 
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characteristics at zero intracellular Ca2+ and different temperatures (shown above, °C); in A1 
demonstration of coincidence of the computed (solid lines) and experimental (circles) data under 
conditions according to [23]. In A3) Activation characteristics at three temperatures in the 
absence of VA. B, 1, 2, and 3) Current-voltage relations corresponding to activation functions in 
A, 1, 2, and 3. 

 

5.2.2 Effect of Temperature on Non-TRP Channels of the Cold Receptor Model.  

Correspondingly to [24], our innocuous cold receptor model takes into account the 

temperature dependence of the non-TRP voltage-gated currents. This dependence is determined 

by two temperature coefficients, �3��t°) and �!��t°) (see Methods). Like in many other models of ion 

channels, �3��t°) enters the expressions of the activation time constants and, thus, influences the 

dynamic but not the steady states.  �!��t°) enters the equations of ion currents so that the conductance 

is scaled by this coefficient. Such scaling of the conductances complemented the effective steady-

state characteristics of the channels present in the cold receptor model (Figure 5-2). Cooling 

caused a notable decrease in the saturation level and a small rightward shift of the effective steady 

activation of fast and slow inward currents (A). A similar effect was observed in the case of the 

fast repolarizing current (B). The bell-shaped effective steady-state activation functions of the slow 

repolarizing current decreased in their amplitude with cooling (B). 
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Figure 5-2. Temperature modulation of the effective activation functions of the voltage-gated 
channels in the simulated innocuous cold receptor. 
A and B) Abscissas: membrane potential, mV; ordinates: the dimensionless effective activation 
functions of, respectively, depolarizing and repolarizing currents at the temperatures of 33.5°C 
(a), 23°C (b), and 15°C (c). Solid and dashed lines correspond to the fast and slow currents, 
respectively.  
 

 

5.2.3 Effects of Temperature and a Volatile Anesthetic on the Firing Patterns of a Cold 

Receptor Model.  

Either cooling or application of VA caused leftward shifts of the steady-state activation 

function of the TRPM8 current (Figure 5-1). Such shifts are associated with increases in the 

excitability of neurons, which can be described by the average spiking rate and type of the spiking 

pattern. Noteworthy, one factor, the temperature, affects all channels in our cold receptor model 

(Figure 5-2) except for the leak channels, whereas the other factor, VA, affects only TRPM8 

channels. Figure 5-3 illustrates typical firing patterns generated by the cold receptor model under 

the action of either one common factor, the temperature (A1–A4), or both above-mentioned factors 

(B1–B4). At 33.5°C, i.e., the neutral temperature during surgical interventions the cold receptor 

under VA– conditions show typical low-frequency singlet spiking (Figure 5-3A, 1). At the same 
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temperature, but under VA+ condition, the activity pattern turns into doublet bursting (Figure 5-

3B, 2), the pattern which under normal VA– condition appears at clearly cooler temperatures 

(Figure 5-3A, 2). Indeed, at 33.5°C, the firing intensity in the VA+ case (Figure 5-3B, 2) was 

greater (Figure 5-3A, 2, B, 2) compared to the VA– case (Figure 5-3A, 1), and the cell generated 

a qualitatively different pattern. The latter, being a bursting pattern, is considered more efficient 

in eliciting postsynaptic responses and represents the hypersensitized response of the cold-

sensitive afferent under the effect of the anesthetic. 
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Figure 5-3.Characteristic steady-state patterns of action potentials generated by a simulated 
innocuous cold receptor at different temperatures without (A, VA–) and with (B, VA+) effect of 
administration of a volatile anesthetic (VA). 
A and B) Patterns of action potentials generated in the absence (VA–) and presence (VA+) of a 
VA at different temperatures shown above. Dashed lines: levels of the zero membrane potential. 
Insert: voltage (40 mV) and time (0.5 sec) calibration bars. In A1) Rhythmic (singlet) spiking at 
the neutral temperature (33.5°C) characteristic of the environment at surgical interventions. In 
A3) Triplet bursting at 23°C corresponding to the temperature in the prototype experiments [23]. 
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In B3) The doublet bursting under VA+ conditions at the neutral temperature of 33.5°C; note the 
similarity to the pattern in A2 generated under VA– conditions at 29°C. The doublet-triplet-
quadruplet sequences of bursting patterns in A2-A4 (VA–) and B2-B4 (VA+) are qualitatively the 
same, but under VA+ conditions they are observed at higher temperatures, and the average spiking 
rates are higher. 

 

Remarkably, the activity-boosting effect of cooling within a 33.5°C to 20°C range, which 

exhibited patterns from singlet spiking to quadruplet bursting observed in the absence of VA 

(Figure 5-3A, 1–4), was accentuated by the effect of VA starting with doublet bursting already at 

the neutral "surgery-associated" temperature of 33.5°C and attaining the quadruplet bursting 

pattern at 27.5°C (Figure 5-3B, 1–4). With cooling under both conditions, our model demonstrated 

qualitatively similar sequences of spike-adding transitions between single-spike (singlet), doublet, 

triplet, and quadruplet bursting patterns. The average spiking rate changed with temperature non-

monotonously; notably, it was higher under VA+ conditions. It is obvious that, because the 

dependence is non-monotonous, it would not be possible to code the temperature with the average 

spiking rate in an unambiguous fashion. On the other hand, under normal VA– conditions, bursting 

patterns could digitally encode ranges of the temperatures from neutral one down to innocuous 

cold temperatures (Table 3). Introduction of the VA+ condition upregulates the sensitivity of the 

receptor, shrinks the ranges corresponding to each bursting pattern, and shifts these ranges up 

towards the neutral temperature range. Interestingly, the whole set of ranges of the doublet, triplet, 

and quadruplet bursting patterns in the VA+ case falls within only two ranges of the VA– receptor 

model, the ranges supporting the singlet spiking and doublet bursting.  

Table 3. Correspondence of Spiking Patterns of the Receptor Models to the Temperature 
Ranges under VA– and VA+ Conditions 

Activity type VA– VA+ 

Single-spike generation  T�t29.5°C T �t 34°C 
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Doublet bursting 29–24.5°C 33.5 – 30°C 

Triplet bursting 24 – 20.5°C 29.5 – 28°C 

Quadruplet bursting 20 – 18°C 27.5 – 26°C 

Tonic spiking T �d 13.5°C T �d 25°C 

 

5.2.4 Novelty and Limitations of the Innocuous Cold Receptor Model.  

The considered model of an innocuous cold receptor, like any other model, has certain 

limitations concerning both the “sensor” and “transducer” subsystems. For our modeling, we used 

the transducer subsystem described in [24] and [26]; it is based on the generic fast and slow kinetic 

properties of depolarizing Na+- or Ca2+-like currents and repolarizing K+-like currents and does 

not utilize any specific properties of known isoforms of the ion channels expressed in cold receptor 

units. Nevertheless, the assembly of this transducer subsystem with a TRPM8 current [24] was 

sufficient for reproducing an entire repertoire of the firing patterns recorded from mouse corneal 

cold-sensitive nerve endings [24] and lingual nerve fibers [27]. This basic model exhibited a low-

frequency (4 to 7 sec–1) rhythmic singlet spiking at neutral temperature (33–34°C) and switched 

to a bursting mode with cooling down below 25°C.  

Our modeling approach was instructed by the Ca2+ desensitization mechanism described 

for the TRPM8 model [24], which utilizes the desensitization through a linear calcium-dependent 

shift of the channel half-activation potential �ûE([Ca2+]i) (eq. 8–10). We propose a novel basic 

mechanism implementing the VA-induced shift of TRPM8 activation described in [23] by 

incorporating a linear additive term �ûE(VA) in EM8,half  (eq. 8) based on the data of [24]. Parameters 

of our TRPM8 model were adjusted so that the simulated activation characteristics closely matched 

those measured experimentally under the same conditions of zero intracellular Ca2+ at 23°C 
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(Figure 5-1A, 1). This was achieved by changing the difference between activation energies in the 

open and close states of the channel to a difference value typical of the thermosensitive channels 

[22]. Thus, we achieved a "meeting point" of our model with the experimental results of Vanden-

Abeele et al. [23].  

We assembled the experiment-based modification of TRPM8 with the transducer 

subsystem and assessed possible alterations of the firing patterns of innocuous cold receptors due 

to the VA application. The patterns result from the modulatory effects of TRPM8 operating as the 

primary temperature sensor with a set of voltage-gated channels operating as the transducer of the 

detected signal into a pattern of the action potentials, described for the Huber–Braun model of the 

cold receptor [27, 28]. The influence of temperature on non-TRP channels can have significant 

consequences for neuron excitability (see, e.g. [29] for review). Although not accounted for in our 

simplified receptor model, the non-TRP (transducer) channels of different types can be affected 

by VA too (see, e.g. [30–32]). The detailed effects of the mentioned factors, as well as the effects 

of differential expression of the channels, on the firing patterns in the innocuous cold receptors are 

out of the scope of the present study and can be addressed in future investigations. 

We compared the firing patterns of the modified cold receptor model generated at a neural 

temperature of 33.5°C in the absence and presence of the VA-induced shift in the TRPM8 

activation.  We justified the choice of 33.5°C as a landmark temperature for two reasons. First, 

shivering has been observed in surgical patients under neutral temperatures as a systemic adverse 

thermoregulatory effect of VA administration [33]. Second, infrared thermography provided 

values of the “neutral” temperature of the skin surface about 33.57ºC, on average [34]. These are 

estimates of the actual temperature of the outermost thin skin layer, in which sensory endings 

detecting the environmental temperature are located. Our results (Fig. 3A, 1, and 2) show that, 
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indeed, at the neutral temperature of 33.5°C and slightly below (33.5–30°C), the simulated cold 

receptor switches from single-spike (singlet) firing generated in the absence of VA to doublet 

bursting in the VA presence. This pattern was similar to the pattern generated in the absence of 

VA when the temperature decreases into the range between 29 and 24.5°C. Under both conditions, 

VA– and VA+, the receptor model exhibited a similar sequence of spike-adding transitions with 

cooling, from singlet spiking to quadruplet bursting, which could digitally encode the 

corresponding ranges of temperature. The main differences between the above ones are that, in 

general, the VA+ patterns correspond to a higher average spiking rate, and all ranges are 

compressed and shifted towards warmer temperatures. These alterations suggest that VAs increase 

the temperature sensitivity of the cold receptors so that they begin to provide misleading 

information about temperature. 
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Figure 5-4. Interspike intervals (1) and average spike rate (2) characterizing the steady-state 
patterns at different temperatures without (A, VA–) and with (B, VA+) the effect of administration 
of a VA. 
Abscissa in all panels) Temperature, °C; ordinate in 1 and 2) inter-spike interval (ISI), msec, and 
average spike rate, number of spikes per second.  In A1 and B1) each dot corresponds to one ISI; 
one, two, three, or four dots at a given temperature correspond to the steady singlet, doublet, 
triplet, or quadruplet patterns. In A2 and B2) The average spike rates depend non-monotonously 
on the temperature; each step-up change corresponds to an abrupt change of the number of spikes 
in the burst; it is higher in VA+ patterns (B2) compared to VA– ones (A2) at each temperature.  
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5.3 Methods 

5.3.1 Model of the Cold Receptor 

This study is performed using a single-compartment model of a primary sensory unit, 

innocuous cold receptor, implemented in MATLAB programming language (MathWorks, Natick, 

USA). It is a modification of a model described earlier [24], implemented in the NEURON 

software environment [25] and deposited in the database ModelDB (accession #182988). We used 

the model by Olivares et al. [24] as a starting point. From this model we have taken without 

changes five currents, an ohmic leak current, Jl, and four voltage-gated inward and outward 

currents, with fast (Jd and Jr) and slow (Jsd and Jsr) activation kinetics and modified the kinetics of 

the TRPM8 channels conducting the inward current JM8. The equation for the membrane potential 

E is:  

Cm�d̃E/dt = – Jd – Jr – Jsd – Jsr – Jl – JM8,    (1) 

where Cm = 1 �PF/cm2 is the membrane capacitance. The equations for all ion currents, 

except JTRPM8 (see below), were the same as in [24]:   

Jl = gl� ̃(E – El); Ji = �U(t°)�g̃i�ãi�(̃E – Ei), i = d, r, sd;   (2) 

Jsr = �U(t°)�g̃sr�ãsr2/(asr2 + 0.42)�(̃E – Esr),    (3) 

where correspondingly indexed gi and Ei are the maximum conductance per unit membrane 

area and equilibrium potential, respectively. The activation variables ar and asd obeyed the 

following differential equation:  

  dai/dt = �I(t°)�˜(ai,�f (E) – ai)/�Wi , i=r, sd      (4) 

where �Wi is the activation time constant. The activation variable ad is instantaneous, defined 

by its steady-state function ad = ad,�f (E). Activation of a slow repolarizing current, Jsr, obeys the 

differential equation: 
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dasr/dt = �I(t°)�(̃–�KJsd – ��asr)/�Wsr,     (5) 

where �K is the coupling constant, and ����is the relaxation factor.  

The steady-state activation function ai,�f (E) for the i-th (i = d, r, sd) current is defined as 

 ai,�f (E) = 1/(1 + exp(– ki�(̃E – Ei,half))),    (6) 

where Ei,half and ki are the half-activation potential and the slope factor, respectively.  

The above equations include the temperature-dependent factors for the conductance �U(t°) 

= 1.3(t°–25)/10 and kinetics �Ë(t°) =3(t°–25)/10, where t° is the temperature in Celsius degrees. The 

parameters of these equations were also nearly the same as in [24], with few exceptions (see 

below): Ed = Esd = 50 mV; Er = Esr � ���í�������P�9����El � ���í�����������P�9�����L�Q�V�W�H�D�G���R�I���í�������P�9�������2sd = 10 msec; 

�2sr = 24 msec; �2r = 1.5 msec; ksd = 0.1 mV�í1; kd = kr = 0.25 mV�í1; Esd,half � ���í�������P�9����Ed,half = Er,half 

� ���í�������P�9������ = 0.012 cm2/��A; �� = 0.17; gd = 5 mS/cm2 (instead of 3.9 mS/cm2); gr = 5 mS/cm2; gsd 

= 0.25 mS/cm2; gsr = 0.21 mS/cm2, and gl = 0.22 mS/cm2.  

5.3.2 Model of the TRPM8 Channel 

For this study, we modified the TRPM8 channel model [24], which was based on the two-

state model described by Voets et al. [22]. Our modification concerned the activation variable aM8 

of the JM8 current: JM8 = gM8�ãM8�(̃E – EM8). According to [24], we assumed that aM8 instantaneously 

reaches its steady-state value aM8 = aM8�f . 

The aM8�f  is a function of temperature, membrane potential, and intracellular calcium 

concentration, [Ca2+]i. We modified it so that it also depends on the presence of volatile anesthetic, 

VA:  

aM8,�f (T, E, [Ca2+]i,VA) = 1/(1 + exp( –kM8�(̃E – EM8,half(T, [Ca2+]i,VA)))),  (7) 
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where EM8,half(T, [Ca2+]i, VA) and kM8 are the half-activation potential and the slope factor, 

respectively The latter was described in [22] and [24]: kM8 = zF/RT, where F and R are the Faraday 

and gas constants, respectively; T = 273.15 + t° is the absolute temperature in the Kelvin scale, 

and z is the effective charge associated with voltage-dependent gating. The half-activation 

potential was described by a modified equation comprising three additive terms:  

EM8,half (T, [Ca2+]i, VA) = E(T) + �ûE([Ca2+]i) + �ûE(VA).    (8) 

The first term E(T), derived from equations (1) of  [22], determines the principal 

dependence of EM8,half on the temperature: E(T) = (CRT – �ûEa)/zF, where C is a constant related to 

the pre-exponential factors of the rate constants �.��and ����in equations (1) of [22], and �ûEa is the 

difference between the activation energies for channel closing and opening. 

The second term �ûE([Ca2+]i), introduced in [24], described an additional shift of EM8,hal, 

which depended on [Ca2+]i: 

d�ûE([Ca2+]i)/dt = (�ûE�f ([Ca2+]i) – �ûE([Ca2+]i))/�2�ûE,     (9) 

�ûE�f ([Ca2+]i) = �ûEmin + (�ûEmax – �ûEmin)�˜[Ca2+]i/([Ca2+]i + KCa,M8),  (10) 

where �ûE�f ([Ca2+]i), �ûEmin, and �ûEmax are the steady-state, minimum, and maximum values 

of �ûE([Ca2+]i); �2�ûE is the time constant of �ûE([Ca2+]i) relaxation; KCa,M8 is the dissociation constant 

characterizing the reaction of Ca2+-dependent TRPM8 desensitization. Changes in [Ca2+]i 

underlying the activity-dependent desensitization are considered due to Ca2+ influx transferred by 

JM8 and Ca2+ sequestration with a certain time constant according to the equation:  

 d[Ca2+]i/dt = – pCa�˜JM8/2Fd – [Ca2+]i/�WCa,                   (11) 

where pCa is a fraction of the influx contributing to a free Ca2+ pool, d is the thickness of 

the sub-membrane shell hosting the pool, and  �WCa is the time constant of Ca2+ sequestration.  
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The third term in (8), �ûE(VA), describes a shift of the activation function caused by VA, as 

in [23], for conditions of the zero [Ca2+]i  at the temperature of t°=23°C.  The experimentally 

measured activation characteristics were fitted by Boltzmann functions aVA = 1/(1 + exp( –kVA�(̃E 

– EVA,half))) with the half-activation potential EVA,half = 173 mV and slope factor kVA = 1/29 mV-1 in 

the absence of VA and EVA,half = 72 mV and kVA = 1/29 mV-1 in the presence of VA (halothane). 

The parameters of the above equations describing the TRPM8 current were as follows: gM8 

= 150 mS/cm2; EM8 = 0 mV; z = 0.85; C = 67; �ûEa = 142.5 kJ/mol; �ûEmin = –100 mV; �ûEmax = 170 

mV; KCa,M8 = 500 nM; �2�ûE, = 80 sec; pCa = 0.01; d = 1 �Pm; �WCa = 15 sec. These parameters were 

adjusted to fit the activation functions of the model and experimentally measured in [23] under the 

same conditions (see below). 

 

References 

1. K. Nakamura, “Central circuitries for body temperature regulation and fever,” Am. J. 

Physiol. Regul. Integr. Comp. Physiol., 301, No. 5, 1207–1228 (2011). 

2. K. Nakamura, “Afferent pathways for autonomic and shivering thermoeffectors,”  Handb. 

Clin. Neurol., 156, 263–279 (2018). 

3. K. Uchida, K. Dezaki, T. Yoneshiro, et al., "Involvement of thermosensitive TRP channels 

in energy metabolism," J. Physiol. Sci., 67, No. 5, 549–560 (2017). 

4. T. Yahiro, N. Kataoka, Y. Nakamura, et al., “The lateral parabrachial nucleus, but not the 

thalamus, mediates thermosensory pathways for behavioral thermoregulation,” Sci. Rep., 

7, No. 1, 5031 (2017). 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    205 

5. K. Tajino, K. Matsumura, K. Kosada, et al., “Application of menthol to the skin of whole 

trunk in mice induces autonomic and behavioral heat-gain responses,”  Am. J. Physiol. 

Regul. Integr. Comp. Physiol., 293, No. 5, 2128–2135 (2007). 

6. D. I. Sessler, “Perioperative thermoregulation and heat balance,”  Lancet, 387, No. 10038, 

2655–2664 (2016).  

7. D. D. McKemy, W. M. Neuhausser, and D. Julius, “Identification of a cold receptor reveals 

a general role for TRP channels in thermosensation,”  Nature, 416, No. 6876, 52–58 (2002). 

8. A. M. Peier, A. Moqrich, A. C. Hergarden, et al., “A TRP channel that senses cold stimuli 

and menthol,” Cell, 108, No. 5, 705–715 (2002). 

9. N. J. Himmel, J. M. Letcher, A. Sakurai, et al., “Drosophila menthol sensitivity and the 

Precambrian origins of transient receptor potential-dependent chemosensation,”  Philos. 

Trans. R. Soc. Lond. B Biol. Sci., 374, No. 1785, 20130369 (2019).  

10. N. J. Himmel and D. N. Cox, “Transient receptor potential channels: current perspectives 

on evolution, structure, function and nomenclature,” Proc. Biol. Sci., 287, No. 1933, 1–9 

(2020). 

11. N. Raddatz, J. P. Castillo, C. Gonzalez, et al., “Temperature and voltage coupling to 

channel opening in transient receptor potential melastatin 8 (TRPM8),” J. Biol. Chem., 

289, No. 51, 35438–35454 (2014). 

12. T. Quallo, N. Vastani, E. Horridge, et al., “TRPM8 is a neuronal osmosensor that regulates 

eye blinking in mice,” Nat. Commun., 6, 7150 (2015). 

13. D. A. Andersson, H. W. Chase, and S. Bevan, “TRPM8 activation by menthol, icilin, and 

cold is differentially modulated by intracellular pH,”  J. Neurosci., 24, No. 23, 5364–5369 

(2004). 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    206 

14. Y. Yin, M. Wu, L. Zubcevic, et al., “Structure of the cold- and menthol-sensing ion channel 

TRPM8,”  Science, 359, No. 6372, 237–241 (2018).  

15. M. Iftinca and C. Altier, “The cool things to know about TRPM8!,” Channels (Austin), 14, 

No. 1, 413–420 (2020). 

16. M. M. Diver, Y. Cheng, and D. Julius, “Structural insights into TRPM8 inhibition and 

desensitization,”  Science, 365, No. 6460, 1434–1440 (2019).  

17. D. M. Bautista, J. Siemens, J. M. Glazer, et al., “The menthol receptor TRPM8 is the 

principal detector of environmental cold,” Nature, 448, No. 7150, 204–208 (2007). 

18. A. Dhaka, A. N. Murray, J. Mathur, et al., “TRPM8 is required for cold sensation in mice,” 

Neuron, 54, No. 3, 371–378 (2007). 

19. R. W. Colburn, M. L. Lubin, D. J. Jr Stone, et al., “Attenuated cold sensitivity in TRPM8 

null mice,”  Neuron, 54, No. 3, 379–386 (2007). 

20. K. Tajino, H. Hosokawa, S. Maegawa, et al., “Cooling-sensitive TRPM8 is thermostat of 

skin temperature against cooling,” PLoS One, 6, No. 3, e17504 (2011). 

21. M. C. Almeida, T. Hew-Butler, R. N. Soriano, et al., “Pharmacological blockade of the 

cold receptor TRPM8 attenuates autonomic and behavioral cold defenses and decreases 

deep body temperature,”  J. Neurosci., 32, No. 6, 2086–2099 (2012). 

22. T. Voets, G. Droogmans, U. Wissenbach, et al., “The principle of temperature-dependent 

gating in cold- and heat-sensitive TRP channels,”  Nature, 430, No. 7001, 748–754 (2004). 

23. F. Vanden Abeele, A. Kondratskyi, C. Dubois, et al., “Complex modulation of the cold 

receptor TRPM8 by volatile anesthetics and its role in complications of general 

anesthesia,”  J. Cell. Sci., 126, Pt. 19, 4479–4489 (2013).  



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    207 

24. E. Olivares, S. Salgado, J. P. Maidana, et al., “TRPM8-dependent dynamic response in a 

mathematical model of cold thermoreceptor,”  PLoS One, 10, No. 10, e0139314 (2015).  

25. N. T. Carnevale and M. L. Hines, The NEURON Book, Cambridge Univ. Press, Cambridge 

(2006). 

26. H. A. Braun, M. T. Huber, M. Dewald, et al., “Computer simulations of neuronal signal 

transduction: the role of nonlinear dynamics and noise,”  Int. J. Bifurc. Chaos, 8, No. 5, 

881–889 (1998). 

27. H. A. Braun, H. Bade, and H. Hensel, “Static and dynamic discharge patterns of bursting 

cold fibers related to hypothetical receptor mechanisms,”  Pflügers Arch., 386, No.  1, 1–9 

(1980).  

28. H. A. Braun, M. T. Huber, N. Anthes, et al., “Interactions between slow and fast 

conductances in the Huber/Barun model of cold-receptor discharges,”  Neurocomputing, 

32–33, 51–59 (2000). 

29. S. M. Korogod and L. E. Demianenko, “Temperature effects on non-TRP ion channels and 

neuronal excitability,”  Opera Med. Physiol., 3, 84–92 (2017).  

30. K. F. Herold and H. C. Jr. Hemmings, “Sodium channels as targets for volatile anesthetics,”  

Front. Pharmacol., 3, 50 (2012).  

31. S. Rajagopal, S. R. Sangam, and S. Singh, “Differential regulation of volatile anesthetics 

on ion channels,” Int. J. Nutr. Pharmacol. Neurol. Dis., 5, No. 4, 128–134 (2015).  

32. N. Denomme, J. M. Hull, and G. A. Mashour, “Role of voltage-gated sodium channels in 

the mechanism of ether-induced unconsciousness,” Pharmacol Rev., 71, No. 4, 450–466 

(2019).  



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    208 

33. A. Kurz, J. Xiong, D. I. Sessler, et al., “Isoflurane produces marked and nonlinear decreases 

in the vasoconstriction and shivering thresholds,” Ann. N. Y. Acad.  Sci., 813, 778–785 

(1997). 

34. W. Xia, H. Fu, H. Liu, et al., “A test-retest reliability study of assessing small cutaneous 

fibers by measuring current perception threshold with pin electrodes,”  PLoS One, 15, No. 

11, e0242490 (2020).  

  



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    209 

6 SUMMARY and FUTURE DIRECTIONS  

We developed a series of biophysical conductance-based models of single CIII primary 

cold sensory neurons from Drosophila larva. These models reproduced basic temporal properties 

of spiking patterns recorded from the CIII neurons.  More specifically, the CIII neurons encode 

both the temperature in the cold range and the rate of temperature change.  With these models we 

inferred the mechanisms based on the membrane dynamics underlying their cold-evoked 

responses. We showed that kinetics of TRP currents offer mechanism explaining experimental 

phasic-tonic responses of CIII neurons, coding of rate of temperature change and cold temperature 

magnitude, the character of the temperature-response curve, as well as variability in CIII cold-

evoked responses. 

Our computational modeling demonstrated that the dynamics of TRP current could account 

for the response of CIII neurons to both the rate of temperature change and the magnitude of steady 

cold temperatures. We conducted an investigation of the activation and inactivation parameters of 

TRP current, which allowed us to understand the mechanisms behind transient and steady cold 

temperature coding and variability of the coding properties between neurons. 

Notably, TRP channels feature Ca2+-dependent inactivation (desensitization), which could 

explain the adaptation of the neuron’s response. The temporal scale for TRP channel inactivation 

is of a similar order as the spiking rate adaptation of cold-sensitive neurons. Therefore, in our 

model, we utilized TRP current with temperature-dependent activation and Ca2+-dependent 

inactivation. By applying computational modeling, we proposed mechanisms that elucidate how 

TRP channels could employ temporal coding to represent both the cold temperature value and the 

rate of temperature change in cold-sensitive CIII neurons. 
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We have shown that the activation and inactivation dynamics of TRP channels can explain 

the properties of dynamic (phasic) and static (tonic) responses of CIII neurons during rapid 

temperature decreases. Our CIII neuron model reacts to a swift drop in temperature with a peak 

spiking rate, followed by a relaxation of the spiking rate to a steady-state level, which parallels our 

observations in biological CIII responses. The inactivation of TRP current, which operates on a 

timescale of roughly 3 to 20 seconds, might be responsible for the initial spiking rate peak during 

fast temperature changes, the subsequent spiking rate decay when the temperature reaches a 

steady-state level, and the inactivity of the majority of CIII neurons when the temperature returns 

to the initial value. The temperature-dependent activation and Ca2+-dependent inactivation of TRP 

current provide mechanisms for coding the rate of temperature change and the value of cold 

temperature. In alignment with the behavior of biological CIII neurons, our CIII neuron model 

with basic TRP current kinetics is sensitive to the rate of temperature decrease. The faster the 

temperature drops, the greater the maximal instantaneous conductance of TRP current, leading to 

a larger peak in the firing rate. On the other hand, a slow temperature change does not trigger a 

peak in the activity of the CIII model at the start of cold stimulation. Instead, the spiking rate tracks 

the growing TRP conductance as the temperature declines. The steady-state frequency of the CIII 

neuron model does not rely on the rate of temperature change but rises with the magnitude of the 

cold temperature value. 

Our computational model has revealed that the properties of TRP currents play a crucial 

role in regulating both the peak and steady-state values of the spiking rate. Specifically, the 

activation characteristics of the TRP current have the most significant impact on the spiking rate 

peak. Thus, the peak of frequency is larger with higher values of the steepness of TRP activation, 

the temperature of half-activation, the time constant of the TRP inactivation, and smaller values of 
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the time constant of TRP activation. Static CIII response is mostly tuned by TRP inactivation 

parameters. Hence, the steady-state spiking rate grows with a decrease in the steepness of TRP 

inactivation and has a non-monotonic dependence on, and calcium concentration of, half 

inactivation. Maximal TRP conductance, which reflects the expression level of TRP channels, 

affects both peak and steady-state spiking rates. In addition, various parameter sets for TRP 

activation and inactivation characteristics can represent variability in CIII responses between 

individual CIII cells, which can be determined by variability in the expression ensemble of 

different temperature-sensitive TRP channels.  

Finally, applying an experimental step-stimulation temperature protocol with steps of the 

cold temperature of a different magnitude to our computational model, we obtained temperature-

response curves similar to experimental ones. We found that the temperature-response dependence 

does not always directly follow the changes in conductance of TRP current with temperature. 

Temperature-response curves are determined by activation/inactivation characteristics of TRP 

current in a state-dependent fashion.  

Using our computational model, we investigated different temperature coding mechanisms 

dependent on the kinetics of TRP current. Together these results indicate that with the 

phenomenological representation of a TRP current with temperature-dependent activation and 

Ca2+-dependent inactivation, the model qualitatively reproduced the key features of CIII responses 

reflecting the rate of temperature change and the magnitude of temperature. In addition, our 

computational model brings insight that different gating characteristics of TRP current may finely 

tune CIII neurons to encode the rate of temperature change and a magnitude of cold temperature 

value.  
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Our research emphasizes the functional significance of bursting activity in facilitating 

specialized functions that extend beyond the limitations of spiking rate coding. We identified three 

basic response patterns: tonic spiking, period-2 spiking, and bursting. CIII neurons can be 

categorized as either bursters or spikers based on the presence or absence of bursts in their activity. 

We examined the relationship between burst occurrence and two aspects of temperature change: 

the rate of change and the final temperature magnitude. Significant correlation was observed 

between burst occurrence rate and the rate of temperature change. Furthermore, the high frequency 

of burst occurrences corresponded to the initial peak in spiking rate, indicating a rapid temperature 

drop. In contrast, during a slow temperature decrease, bursts occurred at a lower rate and were 

distributed across the entire temperature range. Our findings suggest that tonic spiking activity 

contributes to encoding both the rate of temperature change and the cold temperature value. On 

the other hand, bursting activity specifically encodes the rate of temperature change. These results 

provide insights into the mechanisms underlying the multimodality of sensory cells. 

We found that TRP activation and inactivation determine the response of the model to 

temperature change and could recapitulate and explain the key experimental observations. In this 

way we can observe different temperature coding mechanisms depending on the dynamics of TRP 

current: coding of rate of temperature change with bursting and tonic spiking; coding of steady-

state temperature magnitude with spiking rate. Variability of parameters describing kinetics of 

TRP current produced variability of paths on the map which allows one to relate these parameters 

to characteristics like presence of bursting in responses (bursters versus spikers) and produce 

similar to the variability of CIII responses which were found in experimental data between 

different cells. Thus, dynamics of TRP conductance shape the path on the map of activities and 

produce various types of CIII cold-evoked responses to fast temperature protocol: bursting pattern 



Role of TRP Channels in Cold and Noxious Cold Coding by a Primary Sensory Neuron: 
Modeling Study                                                                                                                    213 

at temperature change; bursting activity during both temperature change and steady temperature; 

pure tonic spiking activity with or without peak of spiking rate. All these model results recapitulate 

electrophysiological data obtained from CIII neurons. In addition, the model demonstrated that 

intraburst frequency depends on the rate of temperature change but does not depend on cold 

temperature magnitude that is also consistent with experimental results.  

Our modeling experiments revealed the role of such Ca2+ concentration feedback as an 

essential factor that shapes the membrane depolarization transient and thus the firing pattern of the 

cells equipped with TRPA-like current. Transient bursting activity supported by fast TRP current 

activated by cold temperature and intracellular calcium intracellular concentration and inactivated 

(desensitized) by high levels intracellular calcium. Transient bursting response is described by type 

3 bursting dynamics. The implementation of TRPA1 current in our CIII model resulted in a strong 

tendency for bursting activity across wide parameter ranges. Our research demonstrates that 

TRPA1 current plays a substantial role in facilitating bursting activity during rapid temperature 

decrease and encoding the rate of temperature change. 

6.1 Future directions 

Our approach has established tools that will enable us to dissect the roles of different TRP channels 

in cold sensation by comparing the responses of TRPA1 and PKD2 knockdown animals with those 

of wild type control animals. Drawing on our work and unpublished experimental data, we 

hypothesize that the function of TRPA1 current is to code the rate of temperature change, while 

the Pkd2 current codes the magnitude of sustained temperature. We are currently testing these 

hypotheses, leveraging modeling to encapsulate the principal experimental findings. The TRPA1 

knockdown appears to attenuate the initial response to rapid temperature stimuli due to the loss of 

bursting, while the PKD2 knockdown seems to reduce the spiking response to slow temperature 
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stimuli. Our constructed TRP channel model, which includes adjusted kinetic parameters that 

represent TRPA1 and PKD2 TRP channels, captures these results. 

In the future, this model will serve as a foundational platform for developing empirical 

models that encapsulate the specific responses of CIII neurons with targeted TRP channel 

knockdowns. We will achieve this by adjusting the parameters to reflect the TRP-related properties 

of the host cell. 
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SUPPLEMENTARY INFORMATION  

  Table S1 

Experimental data that was extracted from temperature-response curves obtained based on 
slow- and step-stimulation protocols and used as model parameters set: a – the maximal spiking 
rate; S – the steepness of the curve; Thf  – temperature of half-activation of spiking rate. The 
parameter sets obtained with the slow-stimulation protocol and step-stimulation protocol were 
named as two groups: group I and group II correspondingly.  

 
Group I , slow-stimulation protocol parameters sets:   

 

 

Group II, step-stimulation protocol parameters sets: 

Parameters set # a, spikes/s  S, K -1 
 Thf, oC  

G1-1 1.046 -0.8993 11.928 
G1-2 0.909 -0.5784 15.665 

G1-3 0.705 -1.7699 15.746 

G1-4 0.76 -0.8439 15.79 

G1-5 1.085 -1.4085 15.811 

G1-6 1.785 -0.6988 16.002 

G1-7 0.86 -1.1111 16.169 

G1-8 2.174 -0.4785 17.155 

G1-9 2.213 -1.0341 17.175 

G1-10 1.435 -0.6046 17.85 

G1-11 2.195 -12.048 17.971 

G1-12 1.014 -0.4593 18.038 

G1-13 1.175 -0.5187 18.5 

G1-14 1.138 -1.1976 18.588 

G1-15 0.515 -4.2373 19 

G1-16 0.886 -0.4587 20.187 

G1-17 0.98 -2.0964 20.41 

G1-18 3.183 -0.4472 20.411 

G1-19 0.945 -2.3364 21.471 

G1-20 2.376 -0.6169 22.98 

G1-21 1.752 -11.364 23.904 

G1-22 1.218 -10.417 24.059 
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Parameters set # a, spikes/s  S, K -1 
 Thf, oC  

G2-1 0.833 -2.7027 11.054 
G2-2 1.077 -1.642 11.362 

G2-3 1.217 -1.1468 12.09 

G2-4 1 -0.4131 12.289 

G2-5 0.4 -6.0606 12.368 

G2-6 0.638 -0.8489 12.461 

G2-7 1.8 -0.4409 12.652 

G2-8 0.34 -0.8985 13.739 

G2-9 0.874 -0.8834 15.857 

G2-10 0.51 -1.7794 16.95 

G2-11 0.455 -1.7825 17.597 

G2-12 0.429 -2.0202 17.823 

G2-13 0.2 -2.3585 18.096 

G2-14 1.05 -1.0256 18.15 

G2-15 0.371 -0.9881 18.488 

G2-16 0.232 -0.657 18.976 

G2-17 1.267 -0.8969 19.537 

G2-18 1.931 -0.6575 19.77 

G2-19 1.419 -0.9434 20.188 

G2-20 0.95 -0.6177 20.977 

G2-21 0.274 -0.5967 21.075 

G2-22 2.046 -0.4456 21.297 

G2-23 0.075 -12.3457 21.992 

G2-24 2.185 -0.8857 22.009 

G2-25 0.274 -2.5907 22.911 

G2-26 0.554 -0.6887 23.611 

G2-27 0.227 -0.5845 24.894 
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  Figure S1  

Representatives of model responses with different parameter sets based on slow-
stimulation protocol. Numbers in the figure correspond to parameter set numbers from Table S1, 
group I. Depending on the parameter set model responded with a peak of spiking rate (sets G1-3 
and G1-5) or without a peak (sets G1-15 and G1-16). Size of bin = 10 s.    
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  Table S2 

Model coefficients of variations for peak and steady-state when temperature protocol is 
fixed and parameters have variations (two first columns); parameters are fixed and temperature 
protocols have variations (two last columns). In the first two columns, every row corresponds to 
an experimental fast temperature stimulation trace when the temperature decreases to 10s. In the 
last two columns, every row corresponds to parameter sets.  

 
Group I , slow-stimulation protocol parameters sets:  

CoV of peak firing 
rate 
(exp.parameters 
variations) 

CoV of steady-
state firing rate 
(exp.parameters 
variations) 

CoV of peak 
firing rate 
(Temperature 
variations) 

CoV of steady-
state firing rate 
(Temperature 
variations) 

0.56 0.53 0.36 0.10 

0.60 0.52 0.33 0.05 

0.72 0.55 0.08 0.06 

0.68 0.53 0.30 0.19 

0.63 0.53 0.14 0.07 

0.63 0.55 0.24 0.06 

0.55 0.52 0.29 0.05 

0.54 0.51 0.25 0.04 

0.44 0.50 0.05 0.05 

0.63 0.52 0.10 0.06 

0.43 0.50 0.20 0.06 

0.61 0.53 0.14 0.04 

0.64 0.55 0.31 0.07 

0.57 0.52 0.27 0.07 

0.61 0.52 0.09 0.05 

0.58 0.52 0.21 0.06 

0.60 0.52 0.61 0.06 

0.62 0.55 0.19 0.05 

0.65 0.55 0.12 0.05 

0.62 0.52 0.34 0.06 

0.60 0.52 0.20 0.06 

0.65 0.53 0.48 0.07 
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Group II, slow-stimulation protocol parameters sets:   

CoV of peak  
firing rate 
(exp.parameters 
variations) 

CoV of steady-
state firing rate 
(exp.parameters    
variations) 

CoV of peak 
firing rate 
(Temperature 
variations) 

CoV of steady-
state firing rate 
(Temperature 
variations) 

0.64 0.45 0.36 0.29 

0.84 0.45 0.12 0.09 

0.81 0.46 0.15 0.05 

0.68 0.45 0.23 0.07 

0.73 0.45 0.25 0.10 

0.71 0.44 0.25 0.17 

0.71 0.43 0.34 0.14 

0.72 0.47 0.03 0.06 

0.77 0.45 0.05 0.03 

0.78 0.45 0.25 0.14 

0.78 0.46 0.05 0.04 

0.86 0.44 0.19 0.10 

0.65 0.45 0.15 0.05 

0.75 0.45 0.04 0.07 

0.72 0.45 0.18 0.03 

0.77 0.45 0.37 0.32 

0.64 0.44 0.38 0.10 

0.86 0.45 0.26 0.09 

0.77 0.45 0.42 0.15 

0.45 0.45 0.51 0.11 

0.50 0.48 0.31 0.10 

0.74 0.45 0.26 0.08 

0.70 0.45 0.03 0.05 

0.72 0.45 0.35 0.07 

0.69 0.45 0.28 0.14 

0.71 0.45 0.20 0.09 
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  Figure S2 

Projection of trajectory for instantaneous TRP conductance obtained with a level-II model (a full 
CIII model) onto the 2-parameter map of the level-I model allows us to investigate CIII model 
activity patterns. (A) Schematic representation of level-II CIII model with temperature-dependent 
activation and Ca2+-dependent inactivation of TRP current. (B) Trajectory of TRP conductance 
obtained with level-II model. (C) Superimposed trajectory of the level-II model onto color map 
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obtained with level-I model. Circles on the trajectory indicate individual spikes. Colors inside the 
circle encodes mean spike frequency (SF). 

 

  Figure S3  

Different parameters sets obtained from curve fitting of experimental temperature-response curves 
and variability in temperature protocols affect CIII activity patterns: bursting tonic spiking. (A-B) 
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Color maps coding spiking responses (x axis) of the CIII model to two representative experimental 
fast temperature stimulation traces, T3 and T7. The color maps use 22 TRP parameter sets, G1-1 
– G1-22, (y axis) obtained from curve fitting of experimental temperature-response curves [11]. 
(Ci-Ciii) four representative electrical responses from A that show spiking or bursting responses 
depending on parameters set. In all color maps, the average frequency was calculated in the 1-s 
bin window. 
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