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Abstract9

Electrical activity of excitable cells results from ion exchanges through cell mem-10

branes, so that genetic or epigenetic changes in genes encoding ion channels are likely11

to affect neuronal electrical signaling throughout the brain. There is a large litera-12

ture on the effect of variations in ion channels on the dynamics of spiking neurons13

that represent the main type of neurons found in the vertebrate nervous systems.14

Nevertheless, non-spiking neurons are also ubiquitous in many nervous tissues and15

play a critical role in the processing of some sensory systems. To our knowledge,16

however, how conductance variations affect the dynamics of non-spiking neurons has17

never been assessed. Based on experimental observations in the biological literature18

and on mathematical considerations, we first propose a phenotypic classification of19

non-spiking neurons. Then, we determine a general pattern of the phenotypic evo-20

lution of non-spiking neurons as a function of changes in calcium and potassium21

conductances. Furthermore, we study the homeostatic compensatory mechanisms of22

ion channels in a well-posed non-spiking retinal cone model. We show that there is23

a restricted range of ion conductance values for which the behavior and phenotype24

of the neuron are maintained.25

26

Keywords: non-spiking neurons; conductance variations; bifurcation; retina; Caenorhab-27
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ditis elegans.28

1 Introduction29

Electrical activity of excitable cells results from ion flows through the cell membrane, such30

that genetic or epigenetic modifications of ion channel proteins are likely to affect electri-31

cal signaling throughout the brain. In particular, dysregulations of calcium and potassium32

channel functioning, and their possible impact on ion homeostasis, are implicated in a wide33

range of neurological and psychiatric disorders. Among them, we find neurodegenerative34

disorders such as Parkinson (Zhang et al., 2020; Hurley and Dexter, 2012), Huntington35

(Czeredys, 2020; Tong et al., 2014), or Alzheimer (Supnet and Bezprozvanny, 2010; Stutz-36

mann, 2021; Villa et al., 2020) diseases, and various psychiatric diseases (Zhang et al.,37

2006; Heyes et al., 2015; Zamponi et al., 2015; Yanagi et al., 2014). Therefore, ion channel38

modifications are likely to affect sensory system processing as well, altering the electrical39

activity not only of spiking neurons, but also of non-spiking neurons as suggested by elec-40

trophysiological studies of retinal activity in patients suffering from Parkinson, Alzheimer,41

and Huntington diseases, epilepsy, depression, and schizophrenia (Silverstein et al., 2020).42

While spiking neurons are thought to convey a large part of the neuronal information via43

action potential propagation along axons, non-spiking neurons, instead, modulate analog44

signals (i.e. graded potential responses). More specifically, the amplitude and waveform of45

the action potentials are essentially invariant with respect to the amplitude, duration, and46

waveform of the stimulus, unlike graded potentials whose waveform depends directly on47

the stimulus (Lockery et al., 2009) (Figure 1.A). This type of response has the advantage48

of preserving information content, but, as a consequence, makes non-spiking neurons more49

sensitive to noise than spiking ones (Sarpeshkar, 1998).50

Spiking neurons are often perceived as the only information processing component of51

the nervous system. However, in a large diversity of nervous tissues in both vertebrate52

and invertebrate species, non-spiking neurons are prominent, such as most of the retina53

neurons (Field and Chichilnisky, 2007), a majority of C. elegans neurons (Goodman et al.,54

1998), the motorneurons of the Ascaris worm (Davis and Stretton, 1989b,a), or many55

interneurons in insects and crustaceans (Roberts and Bush, 1981). These neurons have56

been proven to play a paramount role in the functioning of these nervous systems. For57

instance, depolarizing currents received by non-spiking interneurons can reset biological58

central pattern generator rythms in insects (Bidaye et al., 2018). Also, they can suppress59

the appearance of irregular variations of neural activity in small networks of spiking neurons60
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(Koch et al., 1989). Last, they are central in neuronal integration (Roberts and Bush, 1981)61

and provide a determining mechanism for the control of motor behaviors (Burrows et al.,62

1988; Laurent and Burrows, 1989a,b).63

Despite their differences in the characteristics of their electrical signals, spiking and64

non-spiking neurons share similar mechanisms for transmitting them by active and passive65

propagation. Indeed, both types of neurons exhibit similar ion channels on their mem-66

branes, including a large diversity of classical voltage-dependent ion channels which have67

been experimentally and genetically identified in different non-spiking cell types (Roberts68

and Bush, 1981; Van Hook et al., 2019). Therefore, to characterize the non-spiking behav-69

ior, several works have built conductance-based models (CBMs) of retina neurons (Usui70

et al., 1996; Liu and Kourennyi, 2004; Publio et al., 2006; Kamiyama et al., 2009) or C.71

elegans neurons (Nicoletti et al., 2019; Naudin et al., 2020, 2022a; Jiménez Laredo et al.,72

2022) for instance.73

CBM is an accurate biophysical representation of the neuron in which every individual74

parameter and state variable have an established electrophysiological meaning. Therefore,75

it is broadly used to understand ‘low-level’ functions of neural systems (Eliasmith and76

Trujillo, 2014; O’Leary et al., 2015). In particular, it is been extensively used to describe77

the effect of conductance variations on spiking neuronal dynamics, both at the single-cell78

(Drion et al., 2015; Berry and Genet, 2021) and at the network levels (Giovannini et al.,79

2017; Aussel et al., 2018). Such computational works have also been widely employed to80

study the homeostatic compensatory mechanisms of ion channels in a neuron (Achard and81

De Schutter, 2006; Soofi et al., 2012; Alonso and Marder, 2019; Onasch and Gjorgjieva,82

2020). Indeed, much experimental evidence suggests that a given neuron can maintain a83

specific electrophysiological signature from different combinations of its individual compo-84

nents, e.g. ion channels (Goaillard and Marder, 2021; Kamaleddin, 2021). For instance,85

experimental measurements have shown two- to six-fold variability in ion channels in the86

same identified neuron from different crabs (Schulz et al., 2006).87

To our knowledge, there is no equivalent computational work that has systematically88

described the effect of conductance variations on the dynamics of non-spiking neurons,89

and the possible resulting compensatory effects. Therefore, the aim of this paper is to90

determine the effect of calcium and potassium conductance (gCa and gK) variations on91

the dynamics of non-spiking neurons, based on experimental observations in the biological92

literature, and illustrated with a mathematical analysis of a well-posed non-spiking retinal93

cone model (Kourennyi et al., 2004). Then, we discuss the computational implications on94

the neuron dynamics of these variations, and we propose a general pattern of the evolution95
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of non-spiking neuron dynamics (or “phenotypes”) as gCa and gK evolve. Ion conductance96

variations could represent possible gain- or loss-of-function mutations in the genes encoding97

Ca2+ and K+ channel sub-units. Then, we study the possible compensations between ICa98

and IK for which the quantitative behavior and phenotype of the neuron are maintained.99

Figure 1: Difference of features between action potentials (a-c) and graded potentials (d-

f). Action potentials have been simulated from the classical Hodgkin-Huxley model, while

graded potentials have been obtained by reducing its maximal conductances gNa and gK .

The amplitude and waveform of the action potentials are essentially invariant with respect

to the (a) amplitude, (b) duration, and (c) waveform of the stimulus, while the amplitude

and waveform of the graded potentials are dependent on the (d) amplitude, (e) duration,

and (f) waveform of the stimulus. This figure has been reproduced from Naudin et al.

(2022a) with the consent of the authors.

2 Results100

Phenotypic classification of non-spiking neurons based on the steady-state cur-101

rent shape. Two fundamental behaviors of non-spiking neurons exist: near-linear and102

bistable. The near-linear behavior is defined by smooth depolarizations or hyperpolar-103

izations from the resting potential, while the bistable one is characterized by nonlinear104

transitions between the resting potential and a depolarized potential. Among the bistable105

behaviors, we can distinguish two distinct phenotypes depending on whether the neuron has106

one or two resting potentials. Therefore, we define three non-spiking neuron phenotypes:107
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near-linear (phenotype 1), bistable with one resting potential (phenotype 2), and bistable108

with two resting potentials (phenotype 3). Figure 1. A shows experimental examples of109

each phenotype.110

What confers the neuro-computational characteristics to non-spiking neurons is the111

steady-state current, noted I∞ (see Naudin et al. (2022a) or Materials and Methods). As112

a consequence, these three phenotypes can be distinguished on the basis of their steady-113

state current shape (Figure 1.B). A monotonic steady-state current confers a phenotype114

1 on the neuron. A N-shaped steady-state current with only one zero endows the neuron115

with a phenotype 2. And a N-shaped steady-state current with two stable zeros gives116

to the neuron a phenotype 3. In the following paragraphs, we investigate how variations117

in calcium and potassium conductances are expected to affect the steady-state current,118

and thus the phenotype, of non-spiking neurons based on experimental observations, and119

illustrate this using a generic bistable non-spiking CBM.120

RMD

50-100

00 0

-100 5050

0

-100

Phenotype 1 Phenotype 2 Phenotype 3A

B

200 ms 

20 mV

Figure 2: (A) Experimental voltage examples from C. elegans of each phenotype for a

series of current injections starting from −15pA and increasing to 35pA by 5pA increments

for the RIM and AFD neurons, and starting from −2pA and increasing to 10pA by 3pA

increments for the RMD neuron. The experimental data of the RIM and AFD neurons have

been reproduced from Liu et al. (2018), and from Mellem et al. (2008) for the RMD neuron

with the consent of the authors. (B) Shape of the steady-state current curve associated

with each phenotype.

Changes in calcium and potassium conductances drive opposite transitions be-121

tween neuron phenotypes. In this paper, we use a well-posed retinal cone model (see122
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Materials and Methods) to illustrate and assess the effect of conductance variations on123

non-spiking neuronal dynamics. Since the steady-state current determines the qualitative124

characteristics and the phenotype of a non-spiking neuron, we observe its evolution as gCa125

and gK evolves. It can be seen in Figure 3 that the variations of gCa and gK have opposite126

effects on the evolution of the steady-state current shape of the model. Indeed, the wild-127

type (WT) steady-state I–V relation (gCa = 4.92nS and gK = 2nS) exhibits a region with128

negative slope that becomes less and less steep and then disappears as gCa decreases or129

gK increases. In other words, the decrease of gCa leads to the transition from a phenotype130

3 to a phenotype 2 and then to a phenotype 1. The same phenotypic changes occur as131

gK increases, so that variations in gCa and gK have opposite effects. This is consistent132

with experimental observations on the non-spiking bistable ASER neuron of C. elegans133

for which the negative slope region of its steady-state current is due to the opposition of134

K+ and Ca2+ currents (Goodman et al., 1998). In addition, these authors show that the135

voltage-dependence of membrane current is similar in 42 unidentified neurons, suggesting136

that the ubiquitous flat region of the steady-state current in C. elegans neurons share the137

same common underlying mechanism (opposition of K+ and Ca2+ currents). A similar138

mechanism is described in vertebrate hair cells in which the flat region of their membrane139

current-voltage relationship results from a counterbalanced flow of IK and ICa (Art and140

Goodman, 1996; Fettiplace, 1987). Furthermore, in a small group (15%) of thalamocorti-141

cal neurons, the low threshold T-type Ca2+-current (IT ) is also responsible for an intrinsic142

bistability (Hughes et al., 1999; Williams et al., 1997). Augmentation of endogenous IT143

by an artificial analog transforms all non-bistable thalamocortical neurons to bistable cells144

(Hughes et al., 1999), which is still consistent with results depicted in Figure 3 (left).145

Last, it is worth noting that a new phenotype appears for very large values of gCa and146

very small values of gK . Indeed, for these values, the steady-state current is N-shaped with147

a negative local maxima. This involves a hyperpolarizing voltage jump (Figure S1), in148

contrast to phenotype 2 which exhibits a depolarizing jump of the voltage. The shape of149

the steady-state current is similar to the phenotype 2 (N-shaped with only one zero) so we150

can name this one the phenotype 2*. However, to our knowledge, this type of non-spiking151

behavior has never been observed experimentally.152

In the following, we describe the computational implications of phenotypic transitions153

on the neuronal dynamics. As an illustration, we consider the decreasing variations of the154

calcium conductance gCa. Therefore, we first describe the computational characteristics155

of the wild-type neuron phenotype which is phenotype 3, and its phenotype 2 and then 1156

resulting from the decrease in gCa that would reflect calcium channel dysfunctions.157

6



40 20 0
V (mV)

100

0

100

200

300
I

(V
)

(p
A

)
6.92

6.42

5.92

5.42

4.92 (WT)

4.42

3.92

3.42

2.92

2.42

1.92

1.42

0.92

0.42

gCa (nS)

40 20 0
V (mV)

100

0

100

200

I
(V

)
(p
A

)

9.0

8.0

7.0

6.0

5.0

4.0

3.0

2.0 (WT)

1.0

0.0

gK (nS)

Figure 3: Evolution of the steady-state current curve as the value of calcium

conductance gCa (left) and potassium conductance gK (right) vary.

Computational characteristics of the neuron phenotype 3. The wild-type neuron158

(gCa = 4.92nS) displays a N-shaped steady-state current with two stable zeros corresponding159

to the two values of the resting potential (V rest1∗ and V rest2∗ ) (Figure 4.A). The neuron then160

has a bistable behavior (Figure 4.B). The existence of the second resting value V rest2∗ has161

an important computational implication: the response of the cell depends on its recent162

history of activity by storing information about its last input. Figure 4.C illustrates such a163

phenomenon. The membrane potential of the neuron under 2000ms of a current injection164

step at 5pA stabilizes at about −29mV. However, if a sufficiently high transient prestimulus165

is applied, the membrane potential relaxes to its highest resting potential value V rest2∗166

(approximately −8mV), and finally stabilizes at about −6mV in response to the same167

current injection protocol as before (current injection step at 5pA under 2000ms). The168

response of the neuron to a given stimulus then depends on its history of activity. From a169

dynamical system viewpoint, this is explained by the fact that the shock pulse resets the170

initial condition of the system at V rest2∗ (Izhikevich, 2007). This can be seen in Figure 4.D:171

if a transient stimulus higher than IT2 is applied (for example, I = 20pA), then the new172

initial condition of the voltage is at V rest2∗ after cessation of the current. Therefore, for173

new hyperpolarization or depolarization inputs higher than I > IT1 (for example, I = 5pA),174

the dynamics of the voltage will converge to the stable equilibrium V I5
2∗ , and not V I5

1∗ , since175

V rest2∗ belongs to the attraction domain of V I5
2∗ . To return to V rest1∗ , an injection current176

lower than IT1 has to be applied.177

Computational characteristics of the neuron phenotype 2. For a reduced calcium178

conductance value (for example, gCa = 4.12nS), the neuron still exhibits a N-shaped steady-179

state current, but with only one zero (Figure 5.A). The neuron then displays a bistable180
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Figure 4: Features of the wild-type bistable dynamics (phenotype 3). (A) Wild-

type steady-state current displaying a N-shape with two stable zeros corresponding to the

two values of the resting potential (V rest1∗ and V rest2∗ ). The saddle points (red dots) cor-

respond to the thresholds of the jump between the two plateau potentials of the bistable

neuron, namely for IT1 ≈ −13.744pA and IT2 ≈ 7.865pA. (B) Bistable dynamics of the cell

voltages for a series of current injections starting from −15pA and increasing to 35pA by

5pA increments. The jump to the upper voltage plateau occurs at IT2. (C) Comparison

of the voltage dynamics resulting from two different stimulation protocols. (Left) A depo-

larizing current step (5pA) of 2000ms duration into the neuron is applied. On cessation

of the current step, the voltage stabilizes to V rest1∗ . (Right) A current pulse (20pA > IT2)

of 100ms duration is first injected into the neuron, followed by a step current (5pA) of

2000ms duration. Upon cessation of the current step, the voltage relaxes to its higher

resting potential value V rest2∗ . (D) Diagram explaining (C). (1) A brief transient stimulus

(20pA) is applied and the voltage converges to V I20∗ . (2) The stimulus ceases so that the

voltage relaxes to V rest2∗ which is the new voltage initial condition. (3) A new depolarizing

current step (5pA) is applied and the voltage goes to V I5
2∗ and not V I5

1∗ since V rest2∗ now

belongs to the basin of attraction of V I5
2∗ .
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behavior with only one resting potential (V rest1∗ ) (Figure 5.B). The neuron has lost its181

short-term memory capacity, so the cell’s response no longer reflects the history of its inputs182

and of its activity (Figure 5.C). The transition from two resting values to a single one is183

also observed experimentally in the C. elegans RMD neuron in mutants for voltage-gated184

calcium channels (Mellem et al., 2008). Moreover, compared with the wild-type phenotype,185

we observe that the peak amplitude of the voltages is reduced when gCa is decreasing186

(compare Figure 4.B with Figure 5.B), which is still in agreement with experimental data187

from the C. elegans RMD neuron (Mellem et al., 2008). Also, the value of the jump188

thresholds increases as gCa decreases (Figure S2), implying a loss of the overall voltage189

amplitude of the neuron. Indeed, as an example, the peak amplitude in the reduced and190

the wild-type neuron for I = 10pA is about −29mV and −7mV, respectively.191

Computational characteristics of the neuron phenotype 1. When the value of192

the calcium conductance decreases sufficiently (for example, gCa = 2.42nS), the steady-193

state current becomes monotonic (Figure 6.A), which implies the loss of the bistability194

of the neuron in favor of a near-linear behavior (Figure 6.B). However, it is important195

to note that the transition from bistable to near-linear voltage behavior is graded, in the196

sense that the amplitude of the voltage jump decreases in a smooth manner during the197

transition (Figure S3). The transition from a bistable behavior to a near-linear one is198

also observed experimentally in the C. elegans bistable RMD neuron when extracellular199

fluid is Ca2+-free (representing approximately the case gCa = 0nS) (Mellem et al., 2008).200

The same transition occurs experimentally in the bistable rabbit retinal horizontal cell of201

phenotype 1: calcium channels blockade results in a near-linear behavior (Aoyama et al.,202

2000). Finally, the current is less and less sustained as gCa decreases, making the neuron203

less and less sensitive to depolarizing inputs (see also Figure S3). This implies that the204

amplitude of the voltage is decreased when gCa is reduced.205

Following the series of results determined and discussed above, combined with exper-206

imental observations from the biological literature, Figure 7 summarizes the evolution of207

the phenotypic dynamics of non-spiking neurons under the effect of calcium or potassium208

conductance variations. Experimental observations suggest, however, that these variations209

may compensate for each other over a certain range of functioning. The objective of the210

following paragraph is therefore to study these plausible compensations.211

Restricted range of ion channel compensations. It is well-known that a given identi-212

fied neuron can maintain a specific electrophysiological feature from different combinations213

of its components (e.g. ion channels). Indeed, many experimental observations reveal that214
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Figure 5: Features of the bistable dynamics when calcium conductance gCa is

diminished (phenotype 2). (A) Steady-state current displaying a N-shape with only

one zero corresponding to the resting membrane potential of the neuron. The saddle points

(red dots) correspond to the thresholds of the jump between the two plateau potentials of

the bistable neuron, namely for IT1 ≈ 12.275pA and IT2 ≈ 18pA. (B) Bistable dynamics of

the neuron voltages for a series of current injections starting from −15pA and increasing to

35pA by 5pA increments. The jump to the upper plateau of voltages occurs at IT2. (C)

Comparison of the voltage dynamics resulting from two different stimulation protocols

described in Figure 4.C. Whatever the stimulation protocol used, the neuron relaxes to a

steady-state value of about −29mV: the neuron’s response does not reflect the history of

its inputs.

a same identified neuron exhibits two to six-fold variability in its ion channels while dis-215

playing similar voltage behaviors (Kamaleddin, 2021; Goaillard and Marder, 2021). Here216

we explore and study these possible compensatory mechanisms between ICa and IK in the217

non-spiking CBM under study, from a qualitative and quantitative viewpoint.218

It can be observed in Figure 8.A that each neuron phenotype of the model exists219
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within a certain range of gCa and gK values. As explained above, the transition between220

phenotype 2 and phenotype 1 is graded in the sense that the amplitude of the voltage jump221

decreases in a smooth manner during the transition from bistable to near-linear behavior.222

Conversely, the transition between phenotype 2* and phenotype 3, and between phenotype223

3 and phenotype 2, occurs abruptly and immediately. The vertical dashed line indicates224

the value of gCa (≃ 3.40nS) at which gK can no longer compensate for the decrease in gCa to225

preserve the wild-type phenotype. Indeed, for gCa ≃ 3.40nS, gK is equal to 0 and therefore226

can no longer decrease to compensate for the decrease in gCa. The neuron then switches227

to phenotype 2. On the contrary, for every decreased gK value, there are compensating228

decreasing gCa values for which the wild-type phenotype is maintained. We can therefore229

suggest that gCa variations (i.e. possible loss-of-functions of calcium channels) are more230

difficult for the system to compensate than gK variations (i.e. possible loss-of-functions of231

potassium channels). However, in vivo, this interpretation would depend of physiologically232

plausible values of gK and gCa.233

Furthermore, we determine a quantitative relationship between gCa and gK (see Mate-234

rials and Methods) that yield similar behaviors of the model voltages (Figure 8.B). More235

specifically, we find an affine relationship between gCa and gK given by236

gK = 1.6517gCa − 6.114. (1)

Some examples of the different solutions obtained from this relation are shown in Figure237

8.C. However, it can be noted that the more gCa decreases, the more gK must decrease238

to compensate, and the less accurately it compensates (Figure S4). Such a characteristic239

can also be seen in Figure 8.C (gCa = 3.72nS, gK = 0.02nS) on which it appears that the240
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Figure 7: General pattern of the effect of changes in calcium and potassium

conductances on the non-spiking neuron dynamics. There are three physiological

behaviors of non-spiking neurons (phenotype 1, 2 and 3), while phenotype 2* has never

been observed experimentally. Variations in calcium and potassium conductances drive

opposite transitions between these neuron phenotypes, involving a modification of the

computational characteristics of the neuron. As an illustration, we took a well-posed retinal

cone model, with a wild-type phenotype 3. Such a neuron displays two resting potential

values corresponding to the intersections between the curve I∞ and the horizontal line

I = 0. The neuron is endowed with a short-term memory capacity, that is, the response

of the cell depends on its recent history of activity by storing information about its last

inputs. The decrease of gCa implies a unique intersection between I∞ and the horizontal

line I = 0: the bistable neuron then has only one resting potential (phenotype 2), which

implies the loss of its short-term memory capacity. Finally, the decrease of gCa leads to

the loss of the bistability of the neuron: it becomes near-linear (phenotype 1).
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voltage jump occurs for relatively higher values of injection currents.241
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Figure 8: (A) Parameter landscape of neuron phenotypes as a function of gCa and gK . (B)

Quantitative affine relationship between gCa and gK that gives similar voltage behaviors.

(C) Example of similar voltage behaviors obtained from the relationship determined in

(B), for a series of current injections starting from −15pA and increasing to 35pA by 5pA

increments.

3 Discussion242

Non-spiking neurons are ubiquitous in many neuronal processes and are found in a wide243

variety of nervous tissues, whose the C. elegans and retinal networks are important exam-244

ples. Based on the literature in experimental biology and on mathematical analyses we245

performed, three distinct phenotypes of non-spiking neurons were determined depending246

on the shape of their steady-state current. A phenotype 3 neuron is bistable with two247

resting potentials (N-shaped steady-state current with two stable zeros), a phenotype 2248

neuron is also bistable but with only one resting potential (N-shaped steady-state current249

with one zero), while a phenotype 1 neuron is near-linear (monotonic steady-state current).250

A fourth phenotype was highlighted from the mathematical analysis of a well-posed retinal251

cone model. Such a phenotype is characterized by a N-shaped steady-state current with one252

zero and a negative local maxima, resulting in a hyperpolarizing voltage jump. However,253

to our knowledge, this non-spiking phenotype has never been observed experimentally.254

Then, we showed that changes in calcium and potassium conductances (gCa and gK)255
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drove opposite transitions between neuron phenotypes. A general pattern of the evolution256

of non-spiking neuron dynamics as gCa and gK evolves was then determined, and the257

computational implications on the neuron dynamics were discussed. In particular, we258

showed that a neuron with a phenotype 3 could switch to a phenotype 2 and then 1 as259

gCa decreases or gK increases. In other words, the neuron first lost its short-term memory260

capacity (transition from phenotype 3 to 2), then lost its bistable behavior to a near-linear261

one (transition from phenotype 2 to 1).262

Finally, we studied the homeostatic compensatory mechanisms between ICa and IK in263

the retinal cone model. In particular, we showed that there is a restricted range of ion264

conductance values gCa and gK for which the phenotype and the behavior of the model265

are maintained. Further, we highlighted that variations in gCa are more difficult for the266

system to compensate than variations in gK .267

Phenotypic classification and intra-phenotype diversity. In this paper, we pro-268

pose a classification of non-spiking neurons based on qualitative arguments derived from269

mathematical considerations. Specifically, as the steady-state current determines the quali-270

tative characteristics of non-spiking neurons, the classification is based on its shape. Based271

on a state-of-the-art research in biology, Table 1 inventories for each phenotype class a272

series of experimentally identified neurons from different nervous tissues. However, it is273

worth noting that there are quantitative differences in behavior between neurons in each274

class, so that an intra-phenotype diversity exists. Indeed, as a representative example,275

we can compare the RIM and AIY neurons from C. elegans that are both of phenotype276

1 (Figure S5). While AIY is more sensitive to hyperpolarizing than depolarizing inputs277

with a transition point around −30mV, RIM is depolarized or hyperpolarized in a smooth278

manner due to the lack of large sustained currents. The steady-state current of these neu-279

rons characterizes and reveals its differences (Naudin et al., 2022b), so that the addition280

of subclasses to differentiate qualitative features between neurons of the same class could281

still be done based on the steady-state current shape.282

Implications of phenotypic changes on retinal visual information processing.283

The retina is a sensory organ located on the inner surface of the eye whose role is mainly to284

receive light stimuli and perform a primary visual information processing, the phototrans-285

duction. The light is captured and converted in electrical signals by the photoreceptor cells286

(cones and rods), then conveyed through several relays (horizontal, bipolar and amacrine287

cells) before reaching the ganglion cells, the last relay of phototransduction. All the retinal288

neurons are non-spiking except the ganglion cells, which trigger spikes. Visual information,289
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Phenotype 1 Phenotype 2 Phenotype 3

Retina

Rod (Mao et al., 2003;
Kamiyama et al., 2009)
Amacrine (Boos et al.,
1993)

Bipolar (Usui et al.,
1996; Mao et al., 2003;
Schilardi and Kleinlo-
gel, 2021)

Cone (Kourennyi et al.,
2004; Ko et al., 2007)
Horizontal (Aoyama
et al., 2000)

C. elegans

RIM (Liu et al., 2018)
AVA (Mellem et al.,
2008)
VA5 (Liu and Kouren-
nyi, 2004)
PLM (O’Hagan et al.,
2005)
AVE (Lindsay et al.,
2011)
AIY (Liu et al., 2018)
VB6 (Liu et al., 2017)
DVC (Jiang et al.,
2022)
RIS (Jiang et al., 2022)
Many non identified
neurons (Goodman
et al., 1998)

ASER (Goodman
et al., 1998)
AWC (Ramot et al.,
2008)
ASH (Geffeney et al.,
2011)
AFD (Liu et al., 2018)
AIA (Dobosiewicz
et al., 2019)
Many non identified
neurons (Goodman
et al., 1998)

RMD (Mellem et al.,
2008)
Many non identified
neurons (Goodman
et al., 1998)

Ascaris
Motorneurons (Davis
and Stretton, 1989a)

Table 1: Classification of non-spiking neurons following three phenotypes. Phenotype 1

comprises near-linear neuron. Phenotype 2 bistable neurons with only one resting potential.

Phenotype 3 bistable neurons with two resting potentials.

encoded by the spikes of ganglion cells, is then transmitted over long distances via the optic290

nerve formed by the axons of these cells to higher visual brain centers.291

The electrical signal that propagates through each population of retinal cells is under-292

pinned by the existence of various calcium and potassium channels revealed by electro-293

physiological studies (Van Hook et al., 2019). Mutations in genes encoding for these ion294
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channels have been shown to be ubiquitous in retinal cells in various disorders (Heyes et al.,295

2015; Waldner et al., 2018; Kilicarslan et al., 2021; Mayama, 2014). The results obtained296

in this paper suggest that such modifications in retinal cell ion channels could affect the297

integrity of the transmitted signal through phenotypic changes. How such changes in the298

retinal non-spiking neurons ultimately affect the ganglion cell output is then a question of299

interest, and will require further modeling studies that we are currently conducting.300
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4 Materials and methods301

Conductance-based models (CBMs). In CBMs, the dynamics of the membrane po-302

tential V is described by a general equation of the form303

C
dV

dt
= −∑

ion

Iion + I (2)

where C is the membrane capacitance, ∑ion Iion is the total current flowing accross the cell

membrane, and I is an applied current. The currents Iion take the form

Iion = gionm
a
ionh

b
ion(V −Eion)

where m (resp. h) denotes the probability for an activation (resp. inactivation) gate to be304

in the open state; a and b are the number of activation and inactivation gates, respectively;305

gion is the maximal conductance associated with ion (namely the conductance of the ion306

channel when all the gates are open); and Eion is the reversal potential,that is, the potential307

at which the ion current reverses its direction.308

Conductance-based model of the retinal cone cell. The conductance-based model309

of the canonical retinal cone cell is based on the model developed in Kourennyi et al. (2004).310

It has four ion currents: a calcium current (ICa), a hyperpolarization activated current (Ih),311

a delayed rectifying potassium current (IK), and a leak current (IL). The parameters are312

expressed in the following units: mV (voltage), pA (current), nS (conductance), and ms313

(time). The membrane capacitance (C) is set to 16nF. Leak current is classically described314

as IL = gL(V −EL) and the remaining currents are described in Table 2.315

Bifurcation dynamics of non-spiking CBMs. In non-spiking CBMs, the steady-state316

current curve I∞ determines the number of equilibria of the system and their values, as317

well as the bifurcations of the resting state along with the values to which they occur. It318

takes the general form319

I∞(V ) = ∑
ion

Iion∞(V ) where Iion∞(V ) = gionma
ion∞(V )h

b
ion∞(V )(V −Eion) (3)

with320
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Ion current (Iion) αion(V ) and βion(V ) rates gion and Eion

ICa = gCamCahCa(V −ECa) αCa(V ) = 3.1 e(V +16.6)/11.4 gCa = 4.92

dmCa

dt
= αCa(1 −mCa) − βCamCa βCa(V ) = 3.1 e(−V −16.6)/11.4 ECa = 40

Ih = gh(1 − (1 + 3mh)(1 −mh)
3)(V −Eh) αmh

(V ) =
18

(1 + e(V +88)/12)
gh = 3.5

dmh

dt
= αmh

(1 −mh) − βmh
mh βmh

(V ) =
18

(1 + e−(V +18)/19)
Eh = −32.5

IKv = gKvm3
KvhKv(V −EK) αmKv

(V ) =
5(V − 100)

(1 − e−(V −100)/42)
gKv = 2

dmKv

dt
= αmKv

(1 −mKv) − βmKv
mKv βmKv

(V ) = 9 e(20−V )/40 EKv = −80

dhKv

dt
= αhKv

(1 − hKv) − βhKv
hKv αhKv

(V ) = 0.15 e−V /22

βhKv
(V ) =

0.4125

(1 + e(10−V )/7)

Table 2: Summary of ion currents composing the canonical cone model.

x∞(V ) =
1

1 + exp(
V x
1/2 − V

kx
)

, x ∈ {m,h}.

where V x
1/2 and kx are constant parameters.321

Any stationary point of gating variables x ∈ {m,h} must satisfy x∗ = x∞(V∗). Replacing322

this into the first equation on V , fixed points V∗ of such models satisfy the equation323

I∞(V∗) = I. (4)

In other words, equilibria V∗ correspond to the intersections between the steady-state curve324

I∞ and a horizontal line I = c where c is a constant. There are two standard steady-state325

curves I∞, monotonic and cubic (Figure 9), each involving fundamentally different neuro-326

computational properties for non-spiking neurons:327

• As shown in Figure 9.A, CBMs with a monotonic steady-state current only have328

one equilibrium for any value of I. Non-spiking neurons with such a steady-state329

current display a near-linear behavior characterized by smooth depolarizations or330

hyperpolarizations from the resting potential, such as the RIM and AIY neurons331

(Figure 1.B, left).332

• As shown in Figure 9.B, a N-shaped curve leads to a saddle-node bifurcation. When333
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I = c1, there are 3 equilibria, noted V c1
1∗ , V

c1
2∗ and V c1

3∗ . Increasing I results in coa-334

lescence of two equilibria (the stable V c1
1∗ with the unstable V c1

2∗ ). The value I = c2,335

at which the equilibria coalesce, is called the bifurcation value. For this value of I,336

there exist 2 equilibria. For I > c2, the system has only one equilibrium (e.g. I = c3).337

In summary, when the parameter I increases, a stable and an unstable equilibrium338

approach, coalesce, and then annihilate each other. Non-spiking neurons with a N-339

shaped steady-state current display a bistable behavior characterized by a voltage340

jump between the resting potential and a depolarized potential of higher voltage,341

such as the AFD neuron (Figure 1.B, right).342

BA

-100 50-100 50

3 eq.

2 eq.

1 eq.

Membrane potential, V (mV) Membrane potential, V (mV)

Figure 9: Two typical shapes of the steady-state current V → I∞(V ), in red.

Intersections of I∞ and horizontal line I = c (with c constant) correspond to equilibria

of the system. We denote stable equilibria as filled circles  , unstable equilibria as open

circles # and saddle-node equilibria as G#. (A) Monotonic steady-state current. V c1∗ and

V c2∗ correspond to equilibria for a current injection I = c1 and I = c2 respectively. (B)

N-shaped steady-state current. The number of equilibria of the system depends on the

value of I. For the sake of readibility, we highlight equilibria only for I = c1, noted V c1
1∗ ,

V c1
2∗ and V c1

3∗ .

Therefore, it can be stated that the steady-state current determines the bifurcation343

structure of non-spiking neurons and the equilibrium values of their graded responses to344

particular stimuli.345

Procedure to build a quantitative relationship between gCa and gK. As explained346

above, the steady-state current determines the neuro-computational features of non-spiking347

neurons. Therefore, the adjustments of gCa and gK to maintain the same neuron behavior348

are carried out to preserve the wild-type steady-state current. The wild-type conductance349

value of gCa is 4.92nS. For a series of decreased and increased values of gCa, we straight-350

forwardly find a corresponding value of gK for which we are as close as possible to the351
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wild-type steady-state current. Then, we perform a linear regression using Python and352

specific modules.353
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Figure S1: Example of voltage dynamics of phenotype 2*. This phenotype is characterized
by a hyperpolarizing jump of the voltage.
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Figure S2: Calcium conductance gCa against the upper and lower jump thresholds.
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Figure S3: Evolution of the model membrane potentials for a series of current injections
starting from −15pA, and increasing to 35pA by 5pA increments, for- different values of
gCa. The transition between the phenotype (ph.) 2 and 1 is graded in the sense that the
amplitude of the voltage jump decreases in a smooth manner.

21



40 20 0
V (mV)

100

50

0

50

100

I
(V
)
(p
A
)

40 20 0
V (mV)

100

50

0

50

100

I
(V
)
(p
A
)

40 20 0
V (mV)

100

75

50

25

0

25

50

75

100
I
(V
)
(p
A
)

Figure S4: Wild-type steady-state current (in blue), i.e. gCa = 4.92nS and gK = 2nS,
against degenerate steady-state current (in orange) obtained from the equation (1) for
different optimal compensatory values of gCa and gK .
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Figure S5: (Top) Example of the evolution of membrane potential of phenotype 1 for a

series of current injections, in the space of 5 seconds, starting from −15 pA and increasing to

35 pA by 5 pA increments. RIM is depolarized or hyperpolarized in a smooth manner due to

the lack of large sustained currents, while AIY is more sensitive to hyperpolarization than

depolarization inputs with a transition point around −30mV. (Bottom) I-V relationships

obtained from averaged voltage-clamp recordings (RIM: n = 3; AIY: n = 7; AFD: n = 3).

Peak currents are measured by the absolute maximum amplitude of currents within the

first 100 ms of each voltage step onset, while steady-state currents are measured by the

averaged currents of the last 50 ms of each voltage step. The experimental data have been

reproduced from Liu et al. (2018) with the consent of the authors.
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S. W. Hughes, D. W. Cope, T. I. Tóth, S. R. Williams, and V. Crunelli. All thalamo-420

cortical neurones possess a t-type ca2+ ‘window’ current that enables the expression of421

bistability-mediated activities. The Journal of physiology, 517(3):805–815, 1999.422

M. J. Hurley and D. T. Dexter. Voltage-gated calcium channels and parkinson’s disease.423

Pharmacology & therapeutics, 133(3):324–333, 2012.424

E. M. Izhikevich. Dynamical systems in neuroscience. MIT press, 2007.425

J. Jiang, Y. Su, R. Zhang, H. Li, L. Tao, and Q. Liu. C. elegans enteric motor neurons426

fire synchronized action potentials underlying the defecation motor program. Nature427

communications, 13(1):1–15, 2022.428
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