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Abstract

Intestinal L-cells sense glucose and other nutrients, and in response release glucagon-like
peptide 1 (GLP-1), peptide YY and other hormones with anti-diabetic and
weight-reducing effects. The stimulus-secretion pathway in L-cells is still poorly
understood, although it is known that GLP-1 secreting cells use sodium-glucose
co-transporters (SGLT) and ATP-sensitive K+-channels (K(ATP)-channels) to sense
intestinal glucose levels. Electrical activity then transduces glucose sensing to
Ca2+-stimulated exocytosis. This particular glucose-sensing arrangement with glucose
triggering both a depolarizing SGLT current as well as leading to closure of the
hyperpolarizing K(ATP) current is of more general interest for our understanding of
glucose-sensing cells. To dissect the interactions of these two glucose-sensing
mechanisms, we build a mathematical model of electrical activity underlying GLP-1
secretion. Two sets of model parameters are presented: one set represents primary
mouse colonic L-cells; the other set is based on data from the GLP-1 secreting GLUTag
cell line. The model is then used to obtain insight into the differences in glucose-sensing
between primary L-cells and GLUTag cells. Our results illuminate how the two
glucose-sensing mechanisms interact, and suggest that the depolarizing effect of SGLT
currents is modulated by K(ATP)-channel activity. Based on our simulations, we
propose that primary L-cells encode the glucose signal as changes in action potential
amplitude, whereas GLUTag cells rely mainly on frequency modulation. The model
should be useful for further basic, pharmacological and theoretical investigations of the
cellular signals underlying endogenous GLP-1 and peptide YY release.

Author Summary

Metabolic diseases are to a great extent because of disturbances in hormone secretion.
Endocrine cells releasing hormones with a role in metabolism typically possess a refined
molecular system for nutrient sensing, which allows them to respond in an appropriate
manner to changes in e.g. glucose levels. The gut is the largest endocrine organ of the
human body due to a range of endocrine cells that are strategically located to sense
nutrient levels in response to food intake. The intestinal L-cells secrete glucagon-like
peptide 1 (GLP-1), peptide YY and other hormones with anti-diabetic and
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weight-reducing effects, but the stimulus-secretion cascade in L-cells is still only partly
understood. Here we dissect glucose sensing underlying GLP-1 secretion using
mathematical modeling of electrical activity in primary L-cells and the GLP-1 secreting
GLUTag cell line. We cast new light on the differences in glucose-sensing between the
two cell types, and we propose that primary L-cells encode the glucose signal as changes
in action potential amplitude, whereas GLUTag cells rely mainly on frequency
modulation. Our results should be of general interest for understanding glucose-sensing
in various cell types.

Introduction 1

Glucose sensing by a variety of specialized cells located, for example, in the pancreas [1], 2

the brain [2] and the ingestive tract [3], plays a crucial role in the control of body weight 3

and blood glucose levels, and dysfunctional glucose sensing is involved in the 4

development of obesity and diabetes [2]. The various glucose-sensing cells rely on 5

different molecular mechanisms for monitoring glucose levels. The prototype mechanism 6

operating in pancreatic �-cells involves glucose-uptake by GLUT transporters and 7

closure of ATP-sensitive potassium (K(ATP)-) channels, which leads to cell 8

depolarization and action potential firing with subsequent insulin release [1]. However, 9

for example the enteroendocrine L-cells use the electrogenic sodium glucose 10

co-transporter 1 (SGLT1) to link glucose stimulus to electrical activity and 11

secretion [4–9] with a possible minor role for K(ATP)-channels [4, 9]. Similarly, SGLTs 12

are involved in glucose sensing in the hypothalamus [10], and play a role in pancreatic 13

↵-cells [11] in addition to K(ATP)-channels [1]. 14

Glucagon-like peptide 1 (GLP-1) is an insulinotropic hormone released from 15

intestinal L-cells in response to food ingestion [12]. It is, together with other hormones, 16

responsible for the so-called incretin effect, i.e., the fact that glucose ingested orally 17

elicits a greater insulin response than glucose administered intravenously, even when 18

glucose concentrations in plasma are matched. In addition, GLP-1 inhibits glucagon 19

secretion, slows gastric emptying, regulates appetite and food intake, stimulates �-cell 20

neogenesis and proliferation, and promotes �-cell survival both in vitro and in vivo [12], 21

and deficient incretin signalling has been suggested to be a major reason of insufficient 22

insulin release and excessive glucagon release in type-2 diabetics [13]. 23

The beneficial effects of GLP-1 have led to incretin-based therapies, and GLP-1 24

mimetics and inhibitors of GLP-1 degradation are already available [14]. Recently, 25

alternative treatments, aiming at enhancing endogenous secretion from the intestinal 26

L-cells directly, are under investigation [3, 15, 16]. However, the nutrient sensing 27

mechanisms and the secretory pathways in L-cells remain still incompletely 28

understood [17–19]. 29

The GLP-1 secreting cell line GLUTag [20] has been widely used to obtain insight 30

into the cellular mechanisms leading to GLP-1 release. GLUTag cells use the 31

electrogenic SGLT1 [21] and K(ATP)-channels [22] to sense glucose. Electrical activity 32

then promotes Ca2+ influx and release of GLP-1 [23]. Subsequent studies using 33

transgenic mice with fluorescent L-cells [4] confirmed that primary L-cells rely on 34

similar mechanisms to transduce glucose sensing to GLP-1 secretion [4, 17]. However, 35

differences in the electrophysiological properties of GLUTag [23] and primary 36

L-cells [24] have emerged, which could underlie the variation in secretory responses in 37

GLUTag versus L-cells. In particular, primary L-cells appear to rely mainly on SGLT1 38

for glucose sensing, in contrast to GLUTag cells, which use both SGLT1 and 39

K(ATP)-channels to transduce glucose stimuli to GLP-1 secretion [4–9,21,22]. 40

Related to the relative roles of SGLT1 and K(ATP)-channels is the debate on how 41

SGLT1 and GLUT2 glucose transporters contribute to glucose sensing in L-cells [8]. As 42
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mentioned above, the electrogenic SGLT1 transporters could directly induce electrical 43

activity, whereas glucose entering via GLUT2 should be metabolized to increase the 44

ATP levels and reduce K(ATP)-channel activity to promote action potential firing. 45

SGLT1 transporters are located on the luminal, apical side of the L-cells, and are 46

therefore exposed directly to glucose in the intestine [8]. In contrast, GLUT2 is located 47

on the vascular side of the L-cells [8]. It has been suggested that GLUT2 can be 48

inserted into the luminal membrane of enterocytes in response to glucose by a 49

SGLT1-dependent mechanism [6,25,26], though other studies have cast doubt on this 50

hypothesis [8]. Thus, a better understanding of the glucose-sensing mechanisms leading 51

to electrical activity might also shed new light on the relative roles of SGLT1 and 52

GLUT2 transport underlying GLP-1 secretion. 53

The subtle differences in ion channel characteristics between the two GLP-1 secreting 54

cell types complicate intuitive reasoning on the interplay of the various currents 55

underlying GLP-1 release. In this context, a mathematical model could be useful to get 56

a deeper insight into the stimulus-secretion pathway. Mathematical modeling has been 57

used to study glucose sensing in pancreatic �-cells [27–29] and ↵-cells [30–32], and we 58

recently modelled human �-cells to investigate how species differences and cellular 59

heterogeneity in electrophysiological properties are reflected in electrical activity [33–35]. 60

Here, we present a mathematical model of electrical activity underlying GLP-1 61

release built directly from experimental data. A single model for primary L-cells and 62

GLUTag cells is presented but with two sets of parameters to represent the two cell 63

types. Thus, we investigate how the differences in ion channel characteristics translate 64

into different electrophysiological responses in primary L-cells and GLUTag cells with 65

particular focus on glucose sensing by SGLT1 and K(ATP)-channels. Further, we 66

discuss how the simulations based on data from cultured cells can give insight into 67

L-cells in situ with preserved physiological polarization. 68

Results 69

Glucose sensing mechanisms 70

Experimentally, it is possible to stimulate the two glucose-sensing mechanisms 71

individually by using different sugar types. For example, 72

alpha-methyl-D-glucopyranoside (↵MG) is a non-metabolizable glucose analogue that is 73

co-transported by SGLT1 and can depolarize the cell by a SGLT1-associated current 74

without inducing K(ATP)-channels closure. Fructose, on the other hand, does not enter 75

via SGLT1, but is metabolized and the resulting ATP increase closes 76

K(ATP)-channels [21, 36]. We note that in contrast to �-cells, which utilize fructose 77

poorly [37, 38] and are unresponsive to fructose alone [38,39], GLUTag cells efficiently 78

metabolize fructose [36], which triggers electrical activity [21]. Finally, a glucose 79

stimulus might be sensed by the two different pathways simultaneously, and the model 80

could help in differentiating the contribution of each pathway. Instead of fructose, the 81

K(ATP)-channel blocker tolbutamide is commonly used to target K(ATP)-channels 82

without affecting the SGLT1-associated current. Glucose-induced changes in 83

K(ATP)-channel conductance, gK(ATP ), in physiological settings is the consequence of 84

glucose transport, mainly via GLUT2 [7], and its subsequent metabolization. 85

To simplify the notation, in the following the term SGLT1-substrate will represent 86

any substance that is cotransported by SGLT1 and induces the associated current. In 87

the model described in the Methods, a SGLT1-substrate corresponds to the parameter 88

GSGLT1, which represents the extracellular concentration of e.g. glucose or ↵MG. 89

Physiologically, this would be the major glucose stimulus from the intestine, since 90

SGLT1 is located on the luminal side of the L-cells and is pivotal for physiological 91
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GLP-1 secretion [6, 8, 9]. 92

GLUTag cells In GLUTag cells electrical activity was promoted by stimulation with 93

glucose [21–23]; ↵MG [21], acting on SGLT1 only; or with tolbutamide [22] or 94

fructose [21], which affect K(ATP)-channels only. In contrast to the primary L-cells, a 95

glucokinase activator (GKA50) augmented GLP-1 secretion from GLUTag cells at 1 or 96

10 mM glucose [7]. These experiments showed that although both electrogenic SGLT1 97

uptake and sugar metabolism independently can trigger action potential firing in 98

GLUTag cells, the two mechanisms interact and both play a direct role in glucose 99

sensing in the cell line. 100

We investigated whether electrogenic glucose uptake alone can evoke electrical 101

activity in the mathematical model of the GLUTag cell line. In order to simulate 102

SGLT1-mediated glucose uptake, with no effect on metabolism, it is sufficient to change 103

the extracellular SGLT1-substrate concentration GSGLT1 and keep the 104

K(ATP)-conductance gK(ATP ) unchanged. At low GSGLT1 (0.5 mM), the cell is in a 105

silent state, and an elevation of GSGLT1 (1.5 mM or 10 mM) induces an inward transport 106

of the SGLT1-substrate that generates a fast increase in the associated inward current, 107

which is sufficient to depolarize the cell and initialize electrical activity (Fig. 1A,B). The 108

average calcium current (Fig. 1B, red), a rough measure of GLP-1 secretion, increases 109

significantly once the cell is electrically active, and Ca2+ influx augments further when 110

spiking frequency increases as a consequence of GSGLT1 elevation (Fig. 1A). 111

Figure 1. Simulated electrical activity in the GLUTag cell line. A: Simulation
of electrical activity triggered by SGLT1-substrate uptake, corresponding to ↵MG
application, with default parameters and extracellular SGLT1-substrate concentration,
GSGLT1, changing from 0.5 mM to 1.5 mM and 10 mM as indicated. B:
SGLT1-associated current (left axis) and average calcium current (red, right axis)
corresponding to the simulation in panel A. C: Simulation of electrical activity triggered
by K(ATP)-channel closure with default parameters and K(ATP)-channel conductance,
gK(ATP ), changed from from 30 pS/pF to 23 pS/pF as indicated by the bar. D: Voltage
peak amplitude as a function of GSGLT1 and gK(ATP ). E: Spiking frequency as a
function of GSGLT1 and gK(ATP ). In panels D and E, the black arrows indicate the
parameter changes in panels A, B and C. The red arrow indicates the effect of an
increase in intracellular glucose concentration due to GLUT2 transport.

The model also reproduces the induction of electrical activity as a consequence of 112

K(ATP)-channel block in response to tolbutamide [22] or fructose [21] (Fig. 1C). In this 113

case, the reduction in the outward potassium current is sufficient to allow depolarization 114

and electrical activity. 115

In the simulations above, only one possible glucose-sensing mechanism is involved, 116

i.e., we varied either the extracellular SGLT1-substrate concentration, having an effect 117

on the SGLT1 current, or gK(ATP ), corresponding to the closure/opening of 118

K(ATP)-channels as a consequence of glucose transport, mainly via GLUT2 [7]. 119

However, to better understand the interaction between the two glucose-sensing 120

mechanisms, the model response should be analysed by varying the two parameters 121

simultaneously. Different combinations of the two parameters lead to different electrical 122

activity responses, which can be characterized by the peak value of the membrane 123

potential during spiking activity and the spiking frequency. The results are shown in 124

Figure 1D for peak membrane potential and in Fig. 1E for the frequency; the blue 125

region of zero frequency corresponds to parameters where the cell is electrically silent. 126

Furthermore, it can be seen that action potential amplitude is almost constant once the 127

cell is electrically active, while firing frequency can be modulated by different 128
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combinations of GSGLT1 and gK(ATP ). Thus, the model suggests that GLUTag cells 129

encode glucose sensing in the frequency, not the amplitude, of electrical activity. 130

Experimental data support this notion [22]. 131

Figure 1D,E becomes an useful tool to understand the simulations of electrical 132

activity in GLUTag cells (Fig. 1A,C). A cell in the silent state can become active as a 133

result of an increase in extracellular SGLT1-substrate, which corresponds to the 134

rightwards arrows in Fig. 1D,E. Given the high affinity of SGLT1 to its substrate, a 135

higher concentration would not result in a significant effect on electrical activity (see 136

Fig. 1D,E). Alternatively, the cell might become active as a result of K(ATP)-channel 137

closure, which is represented by a downwards arrow in Fig. 1D,E. A further decrease in 138

gK(ATP ) would result in an increase of both spiking amplitude and frequency, 139

supporting the hypothesis of K(ATP)-channel role in setting GLUTag excitability. 140

The simulated SGLT1-associated current becomes positive during the action 141

potentials (Fig. 1B), and therefore contributes to cell repolarization. This twofold role 142

of the SGLT1-associated current, the depolarization effect to initiate the action 143

potential and the repolarizing effect to terminate it, was further analysed with the 144

model. In response to depolarizing pulses, the SGLT1 co-transporter generates a fast 145

transient outward current followed by a sustained inward current, whose magnitude 146

depends both on the voltage of the pulse (Fig. 2A) and on extracellular 147

SGLT1-substrate concentration (Fig. 2B). At low SGLT1-substrate concentrations, the 148

simulated transient outward current is bigger for more positive pulse potentials (Vpulse), 149

while the inward current current becomes smaller with increasing Vpulse. As the 150

SGLT1-substrate concentration increases, the transient outward current decreases, 151

eventually becoming negligible, whereas the steady-state inward current increases with 152

high affinity for the substrate (see Fig. 2C,D). Thus, the effects of increasing GSGLT1 153

are different from augmenting the number of transporters (n in the model), which 154

would increase the size of both the transient and sustained currents. As a consequence, 155

at high SGLT1-substrate concentrations the model cell can initiate electrical activity 156

thanks to the increased inward current, and the action potentials can reach slightly 157

higher values because of the reduced outward current (see Fig. 1A,B). These aspects are 158

discussed in greater details below. 159

Figure 2. Model characterization of SGLT1-associated currents during

voltage clamp as a function of SGLT1-substrate concentration, GSGLT1, and

voltage pulse, Vpulse and parameters as for GLUTag model. The voltage-clamp
protocol consisted in applying 1 s depolarization at t = 0.5 s from a holding potential of
-70 mV. A: Simulated SGLT1-associated current in response to different voltage pulses
(Vpulse = �50,�30,�10, 10, 30 mV) and constant GSGLT1= 5 mM. B: Simulated
SGLT1-associated current in response to a voltage pulse (Vpulse = �10 mV) and
different GSGLT1= 0.1, 1, 5, 10, 20 mM. C: Simulated peak SGLT1-associated current in
response to voltage pulses as a function of GSGLT1 and Vpulse. D: Simulated
steady-state SGLT1-associated current in response to voltage pulses as a function of
GSGLT1 and Vpulse.

A glucose stimulation would have an effect on both the K(ATP)-conductance and 160

the SGLT1-mediated current, depending on its concentration. In particular, the ability 161

of GLUTag cells to sense low concentrations of sugars might be attributable to the 162

SGLT1-associated current, given the high glucose affinity of SGLT1, which in the model 163

corresponds to a change in GSGLT1 with unchanged gK(ATP ). At higher glucose 164

concentrations (>5 mM), glucose, transported via GLUT2, could have an effect on 165

metabolism and closure of K(ATP)-channels, besides an increase in the 166

SGLT1-associated current. The resulting membrane potential simulation is shown in 167

Figure 3. The higher glucose concentration resulted in a small increase in the peak of 168
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the action potential and a greater increase in spiking frequency. The slightly increased 169

peak amplitude and accelerated frequency are due to a combination of the closure of 170

K(ATP)-channels (Fig. 3C) and a reduction in the transient outward SGLT1-current 171

(Fig. 3B), given its twofold role explained above (Fig. 2). Electrical activity increases 172

calcium influx, and at higher glucose concentration a further increase in the average 173

calcium current is visible (Fig. 3D). 174

Figure 3. Effect of stimulation with glucose at different concentrations

(indicated by grey bars) on GLUTag electrical activity. The stimulation with
1.5 mM glucose was simulated by changing extracellular SGLT1-substrate concentration,
GSGLT1, from 0.1 mM to 1.5 mM, while gK(ATP ) remained unchanged from its default
value. Subsequent 20 mM glucose application was simulated by changing GSGLT1 from
1.5 mM to 20 mM, and gK(ATP ) from 30 pS/pF to 25 pS/pF. A: Simulation of electrical
activity triggered by different glucose concentrations. B: SGLT1-associated current
corresponding to the simulation in panel A. C: K(ATP)-current corresponding to the
simulation in panel A. D: Calcium current (blue) and its average (red) corresponding to
the simulation in panel A.

Primary L-cells As for the GLUTag cell line, similar simulations can be performed 175

to analyse the contribution of the two sensing mechanisms in primary L-cells. To our 176

knowledge, no experimental data on electrical activity with ↵MG, acting on SGLT1 177

transport alone, are available in the literature. However, with the mathematical model, 178

we can now test directly whether electrogenic glucose uptake is sufficient to trigger 179

electrical activity in primary L-cells. Similarly to the GLUTag cells, at low GSGLT1 (0.1 180

mM), the cell is in a silent state, and an elevation of GSGLT1 (1 mM or 20 mM) 181

generates an increase in the SGLT1-associated inward current, causing cell 182

depolarization and electrical activity (Fig. 4A,B). A further increase in GSGLT1 does not 183

affect electrical activity significantly because of the high affinity of SGLT1 to its 184

substrate. Similarly, the average calcium current increases when the simulated cell 185

becomes electrically active, but it is virtually unchanged when GSGLT1 is further 186

elevated (Fig. 4B). These simulations correspond to the physiological in vivo setting, 187

where glucose enters from the lumen mainly via SGLT1 [5, 6, 8, 9]. Interestingly, glucose 188

is more efficient that ↵MG in stimulating GLP-1 secretion from the perfused rat 189

intestine [9], suggesting that glucose physiologically has additional effects on L-cells 190

besides increasing the SGLT1 current. These additional mechanisms, which were not 191

included in the present version of the model, appear not to be operating in cultured 192

mouse L-cells, since glucose and ↵MG stimulate secretion similarly and with high 193

affinity in these cells [4]. 194

Figure 4. Simulated electrical activity in primary L-cells. A: simulation of
electrical activity triggered by SGLT1-substrate uptake, corresponding to ↵MG
application, in primary L-cells with default parameters and extracellular
SGLT1-substrate, GSGLT1, changing from 0.1 mM to 1 mM and 20 mM as indicated. B:
SGLT1-associated current (left axis) and average calcium current (red, right axis)
corresponding to the simulation in panel A. C: Simulation of electrical activity triggered
by the K(ATP)-channel blocker tolbutamide. Default parameters and K(ATP)-channel
conductance, gK(ATP ), changing from from 3 pS/pF to 0 pS/pF. Grey bars indicate
application of the substances. D: Voltage peak as a function of GSGLT1 and gK(ATP ). E:
Spiking frequency as a function of GSGLT1 and gK(ATP ). In panels D and E, the black
arrows indicate the parameter changes in panels A, B and C. The red arrow indicates
the effect of an increase in intracellular glucose concentration due to GLUT2 transport.
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The model also reproduces the induction of electrical activity by the K(ATP)-channel 195

antagonist tolbutamide [17] (Fig. 4C). However, it is worth noting that the starting 196

point for the primary L-cells corresponds to gK(ATP )= 3 pS/pF, which means that on 197

average only a single K(ATP) channel is open [40]. In contrast, the GLUTag cells have 198

a ten-fold higher K(ATP) conductance, which might explain how stimulated metabolism 199

by fructose [21] or glucokinase activators [7] can have an effect in GLUTag cells but not 200

in primary L-cells: in the latter almost all K(ATP)-channels are already closed and 201

further physiological inhibition is therefore not possible. Nonetheless, pharmacological 202

closure of K(ATP)-channels by tolbutamide can trigger electrical activity and GLP-1 203

secretion [4, 9, 17], and our model shows that although the exogenous K(ATP)-channels 204

activity is very low, a further reduction is sufficient to allow electrical activity. 205

The simulated electrical responses are summarized in Fig. 4C,D, showing voltage 206

peak and frequency, respectively, as a function of GSGLT1 and gK(ATP ). Similarly to the 207

GLUTag cell line, the blue region of zero frequency is where the cell is electrically silent. 208

In the area with action potential firing, the electrical activity changes by different 209

combinations of GSGLT1 and gK(ATP ). In contrast to an active GLUTag cell, whose 210

frequency can be finely modulated mainly by changing gK(ATP ) in the presence of 211

GSGLT1, in the primary L-cell model the spiking frequency is only slightly affected by 212

further changes in the parameters. Action potential amplitude can be increased by 213

different combinations of GSGLT1 and gK(ATP ). The increase is bigger (⇠10 mV) 214

compared to the one obtain in the GLUTag model (⇠3 mV) with similar parameter 215

changes. Thus, the model suggests that primary L-cells use action potential amplitude 216

rather than frequency to transduce glucose-sensing. The simulations show that average 217

Ca2+ influx is almost unchanged by modifications in action potential amplitude. Thus, 218

average Ca2+ influx may not be a good measurement of secretion in primary L-cells if 219

exocytosis is controlled by local Ca2+ elevations. Moreover, additional mechanisms 220

operating downstream of Ca2+ influx may underlie increased secretory responses to high 221

glucose concentrations. Further studies should investigate these aspects, as has been 222

done e.g. for pancreatic ↵-cells [32, 41]. 223

224

Ionic mechanisms of action potential generation 225

To investigate more closely how the different membrane currents contribute to create 226

and shape action potentials in the two cell types, we plotted the different currents 227

during a since action potential. In GLUTag cells (Fig. 5AB), the sustained, inward 228

SGLT1-current and a small Ca2+ current depolarize the membrane potential up to ⇠40 229

mV. At this voltage Na+ and Ca2+ channels activate, which causes the rapid upstroke 230

of the action potential. Inactivation of the Na+ current, and activation of the A-type 231

and the delayed rectifier K+ current, as well as the transient, outward part of 232

SGLT1-current, contribute to controlling the peak of the action potential. The delayed 233

rectifier K+ current is the major current responsible for repolarization. Note that the 234

ATP-sensitive K+ current is relatively big. 235

In primary L-cells (Fig. 5CD) The T-type Ca2+ current plays a crucial role in 236

depolarizing the membrane potential, which leads to, first, activation of Na+ channels, 237

and, second, activation of HVA Ca2+ channels. Inactivation of Na+ and T-type Ca2+ 238

channels in addition of activation of the delayed rectifier K+ current and the transient 239

SGLT1 currents control the action potential amplitude and cause repolarization. The 240

K(ATP)-current is small compared to the other currents. 241

This insight can explain how changes in GSGLT1 and gK(ATP ) mainly control action 242

potential frequency in our simulations of GLUTag cells, but amplitude in primary 243

L-cells. The effect of GSGLT1 on ISGLT1 is twofold (Fig. 2): it increases the sustained, 244

inward current, but reduced the transient outward current. Since the sustained current 245
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is important for depolarization in GLUTag cells, an increase in GSGLT1 and 246

consequently in the sustained SGLT1 current will reduce the interspike interval, i.e., 247

increase the firing frequency. This effect is not present in primary cells, where the 248

T-type Ca2+ currents is playing the main role in the depolarization. Similarly, reduced 249

K(ATP)-channel conductance has a big influence on the interspike interval in GLUTag 250

cells, since the K(ATP)-current is one of the dominant currents between action 251

potentials (Fig. 5B). In primary L-cells, changes in the tiny K(ATP)-current does not 252

affect the interspike interval, which is controlled by T-type Ca2+ channels (Fig. 5D). 253

In contrast, the transient, outward SGLT1 current is more important for controlling 254

the action potential height in primary cells because of the lack of the A-type K+
255

current. The role of the A-type K+ current in GLUTag cells appears to be to control 256

the amplitude of the action potential, since it activates rapidly during the upstroke, and 257

then inactivates (Fig. 5B). Reduced K(ATP) channel conductance has a bigger effect on 258

peak voltage in primary L-cells (Fig. 4D) than in the GLUTag cell line (Fig. 1D) since 259

IK(ATP ) is more important during the upstroke in primary L-cells (Fig. 5D) compared 260

to GLUTag cells where the A-type K+ current activates (Fig. 5B). Thus, it is the 261

presence or absence of complimentary currents, notably the A-type K+ current and the 262

T-type Ca2+ current, that determines the effect of changes in GSGLT1 and gK(ATP ).

Figure 5. Membrane currents during a single action potential. A: Zoom on
an action potential in GLUTag cells from Fig. 1 with GSGLT1=1.5 mM. B: Membrane
currents during the action potential in panel A. The currents have for clarity been
divided according to their amplitude. Upper panel: ISGLT1 (blue), IK(ATP ) (black),
IKA (cyan), IK,hyper (green). Lower panel: INa (black), ICaHV A (red), IKv (blue). C:
Zoom on an action potential in primary L-cells from Fig. 4 with GSGLT1=1 mM. D:
Membrane currents during the action potential in panel C. Upper panel: ISGLT1 (blue),
IK(ATP ) (black), ICaT (red). Lower panel: INa (black), ICaHV A (red), IKv (blue).

263

Role of Na

+
channels 264

GLUTag cells Experimentally, the application of the Na+-channel blocker TTX in 265

the GLUTag cell line blocks action potentials evoked by 10 mM glucose completely, but 266

did not prevent glucose-triggered rise in intracellular Ca2+ and had no effect on GLP-1 267

secretion [23]. These results are likely due to the ability of glucose to depolarize the cell, 268

both in presence and absence of TTX, which may cause a sustained Ca2+current [23]. 269

This explanation could be verified using the model by comparing three conditions: 0.1 270

mM glucose and no TTX (GSGLT1=0.1 mM and gK(ATP )=0.03 nS/pF), 10 mM glucose 271

stimulation and no TTX (GSGLT1=10 mM and gK(ATP )=0.015 nS/pF), and 10 mM 272

glucose stimulation with TTX present (GSGLT1=10 mM, gK(ATP )=0.015 nS/pF and 273

gNa = 0 nS/pF). We can directly compare the mean voltage and mean Ca2+ current, 274

represented by a dashed line during electrical activity, in the different conditions 275

(Fig. 6A,B). Glucose depolarizes the cell by ⇠10 mV, both in absence and in presence of 276

TTX. The mean Ca2+ current is highest during electrical activity in presence of glucose 277

and absence of TTX. However, while TTX application reduces the current, it is still 278

higher than in the absence of glucose, which might explain why glucose simulates GLP-1 279

secretion also in the presence of TTX in spite of the absence of action potential firing. 280

Primary L-cells The important role of Na+-channels in the upstroke of the action 281

potentials in primary L-cells was confirmed by the model. We note that GLP-1 release 282

was reduced slightly but statistically significantly by TTX in primary cell cultures [24]. 283

An example of electrophysiological response to TTX was reported by [24]. The primary 284
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Figure 6. Simulation of application of Na

+
-channel blocker TTX. A:

Simulation of glucose-induced electrical activity (GSGLT1=10 µM and
gK(ATP ) = 0.015 nS/pF) and subsequent application of TTX in GLUTag cells with
default parameters. Red line represents mean voltage during electrical activity. B:
Calcium current corresponding to the simulation in panel A. Red line represents mean
Ca2+ current during electrical activity. C: Simulation of current-induced electrical
activity (Iapp = 0.1 pA/pF, GSGLT1=1 mM and gK(ATP ) = 0.0035 nS/pF), and
subsequent application of TTX in primary L-cells. The average Ca2+ current is
indicated by the red lines (right axis) D: As in panel C, except gCaT = 0.11 nS/pF. E:
Simulation of current-evoked action potential in primary L-cells in control case (black
line) and in presence of TTX (grey line). Black bar indicates the current application
Iapp = 5 pA/pF. Grey bars indicate glucose and TTX application as indicated.

L-cell, maintained in a depolarized state by continuous injection of a small depolarizing 285

current, fired spontaneous action potentials that were dramatically reduced in frequency, 286

but not completely abolished by TTX. Simulation of Na+-channel block in similar 287

conditions, and with default parameters, completely abolished electrical activity and 288

reduced Ca2+ influx (Fig. 6C). However, given that only one example was shown by 289

Rogers et al. [24] and considering heterogeneity between cells, we further analyzed the 290

model response to TTX, varying the parameters within physiological limits. For 291

example, by increasing T-type Ca2+-channel conductance from 0.075 nS/pF to 0.11 292

nS/pF, TTX application resulted in membrane potential oscillations between -60 mV 293

and -40 mV (Fig. 6D), which is close to the threshold for the action potential generation. 294

This simulated oscillatory behavior resembles the fluctuations around baseline observed 295

experimentally [24]. As a consequence, the very low frequency recorded experimentally 296

after TTX application might have been the result of noise, which occasionally allowed 297

the membrane potential to cross the threshold and fire an action potential. Notably, 298

whole-cell Ca2+ influx was nearly unchanged in this simulation (Fig. 6D). 299

Furthermore, in presence of TTX, action potentials could still be evoked by current 300

injection, but compared to the control case, they were wider, elicited at a higher 301

threshold and had a smaller amplitude [24]. The model predicts a threshold of ⇠-40 mV 302

for initiation of action potentials, which is close to the one found experimentally of ⇠-36 303

mV [24]. Blocking Na+-channels in the model, a membrane potential of ⇠-10 mV 304

should be reached to activate sufficient Ca2+ channels to continue the depolarization 305

trend, even after the applied current is removed (Fig. 6E). The decrease in the action 306

potential amplitude caused by TTX is similar (⇠40 mV) to the experimental example 307

reported in [24]. 308

Role of Ca

2+
channels 309

GLUTag cells The evaluation of the role of Ca2+-channels is fundamental, given the 310

association of Ca2+ with the exocytotic process. In experiments with GLUTag cells, the 311

application of the L-type calcium channel blocker nifedipine in presence of 10 mM 312

glucose caused a reduction in action potential frequency [23]. The GLUTag 313

mathematical model has a single Ca2+ current, and does not differentiate between Ca2+ 314

channel types. To simulate the nifedipine effect, Ca2+-channel conductance was reduced 315

from 0.24 to 0.14 nS/pF, which is comparable to the barium current inhibition caused 316

by nifedipine application in GLUTag cells [23]. The resulting model simulation showed 317

both a lower peak amplitude and a dramatic reduction in action potential frequency 318

(Fig. 7A). As a result, calcium influx was substantially reduced (Fig. 7A, red). 319
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Figure 7. Simulation of application of Ca

+
-channel blocker. A: Simulation of

application of the L-type Ca2+-channel blocker, nifedipine, in GLUTag cells, with
default parameter except GSGLT1=10 mM, gK(ATP ) = 0.015 nS/pF. The average Ca2+

current is indicated in red (right axis). B: Simulation of application of partial block of
HVA Ca2+-channels in primary L-cells, with default parameters except GSGLT1=10 mM.
The average Ca2+ currents are in both panels indicated in red (right axes). Grey bars
indicate Ca2+-channel blocker application.

Primary L-cells Experimentally, the block of L- or Q-type Ca2+-channels in 320

primary L-cell preparations caused a similar and significant reduction in 321

GLP-1 secretion, both under basal and glutamine-stimulated conditions [4]. Simulation 322

of partial block of HVA Ca2+-channels, which are a combination of L- and Q-type 323

Ca2+-channels, significantly reduced the peak amplitude of glucose stimulated electrical 324

activity, which, in addition to reduced Ca2+ influx, might underlie the reduction of 325

secretion found experimentally (Fig. 7B) [4]. 326

Discussion 327

The relative contribution of SGLT1 and GLUT2 glucose transporters to glucose sensing 328

in the intestinal L-cells has been a matter of debate [8]. Whereas SGLT1 transporters 329

are electrogenic and could promote electrical activity on their own, glucose transported 330

via GLUT2 should be metabolized to increase the ATP/ADP ratio and close 331

K(ATP)-channels, which could lead to action potential firing as in pancreatic �-cells. 332

Glucose entering via SGLT1 or GLUT2 could also reduce K(ATP)-channel activity. 333

However, accumulating evidence support the main role of the SGLT1-mediated current 334

in primary L-cells [5–9], whereas both SGLT-1 currents and K(ATP)-channel closure 335

contribute to stimulus-secretion coupling in GLUTag cells [7, 21]. Elevations in 336

intracellular glucose levels could also have effects downstream of electrical activity and 337

Ca2+ influx, as has been shown in GLUTag cells [7], and resembling the ’amplifying 338

pathway’ operating in pancreatic �-cells [42]. 339

The theoretical analyses presented here provide new insight into how the 340

electrophysiological differences between primary L-cells and the GLUTag cell line lead 341

to their diverse glucose-sensing mechanisms. The model further suggests that the two 342

cell types encode the glucose signal in electrical activity in different ways: primary 343

L-cells appear to use action potential amplitude (cf. Fig. 4D,E) to transduce glucose 344

sensing to Ca2+ influx and exocytosis, while the model predicts that GLUTag cells rely 345

mainly on changes in firing frequency (Fig. 1D,E) as found experimentally [22]. We 346

explained this difference by the presence of A-type K+ currents in GLUTag cells and 347

T-type Ca2+ channels in primary L-cells (cf. Fig. 5). Related, we note that small 348

changes in SGLT-1 substrate lead to rapid action potential firing in primary L-cells 349

(Fig. 4E) but not in GLUTag cells (Fig. 1E). This difference might be related to the 350

lower ↵MG sensitivity in GLUTag cells, which show little secretion to 5 mM ↵MG [21], 351

whereas primary L-cells have a EC50-value of ⇠0.2 mM for ↵MG-triggered GLP-1 352

secretion [4]. A limitation of the current version of the model is that it is based on data 353

from cultured cells that have lost their natural polarization, and possibly other 354

characteristics. Future modeling of electrophysiology, Ca2+ dynamics and secretion 355

based on mechanistic data from L-cells in situ will likely shed further light on the 356

relative importance of action potential amplitude and frequency for GLP-1 secretion. 357

In the isolated intestine, reflecting the situation in vivo, SGLT1 transporters are 358

located on the luminal, apical side of the L-cells, and are therefore exposed directly to 359

glucose in the intestine [8]. In contrast, the GLUT2 transporters are located on the 360
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basolateral, vascular side of the L-cells [8], where they allow glucose to pass between the 361

cytosol of L-cells and the plasma. There are reports of GLUT2 protein being 362

transported to and inserted in the luminal membrane of enterocytes in response to 363

glucose entering via SGLT1 [6, 25, 26] (but see [8]). However, even in experiments where 364

luminal GLUT2 expression increased, SGLT1-mediated glucose transport still 365

predominated [6]. GLUT2 knock-out mice have been reported to have ⇠50 % less 366

GLP-1 release than wild-type animals [43], while another study found unchanged GLP-1 367

release in GLUT2 knock-out mice [8]. Of note, GLP-1 content is reduced by ⇠50 % 368

compared to control animals [43], which complicates reasoning on whether GLUT2 369

plays a role in glucose sensing in L-cells based on studies in GLUT2 knock-out animals. 370

In contrast, luminal GLUT2 inhibition by phloretin has been shown to reduce but not 371

abolish GLP-1 secretion in the perfused rat small intestine [9]. GLUT2 inhibition also 372

abolished a SGLT1-independent component of GLP-1 secretion in isolated loops of small 373

rat intestine [26], but of note this SGLT-1 independent component was not observed in 374

isolated rat small intestine [9] or in vivo in mice [5], where the SGLT1 inhibitor 375

phloridzin abolished glucose induced GLP-1 secretion. In summary, there is an ongoing 376

debate of the role of apical GLUT2 in intestinal glucose absorption, which might be due 377

to differences in experimental procedures [8, 25]. Further, whether the mechanisms 378

postulated for enterocytes are operating in L-cells still need to be shown directly. The 379

presented model is unable to provide further insight into these question, mainly since it 380

was build from data from cultured cells; mechanistic experimental results from L-cell in 381

situ are needed before we can investigate these questions theoretically. 382

Interestingly, vascular perfusion with high glucose concentrations in the presence of 383

3.5 mM luminal glucose triggered GLP-1 secretion in the isolated porcine intestine [44], 384

but in the isolated rat intestine vascular glucose did not lead to GLP-1 release in the 385

absence of luminal glucose [9]. Besides species differences, these conflicting results can 386

be explained as follows. In the presence of 3.5 mM luminal glucose, the SGLT1 current 387

is operating, and vascular glucose can augment GLP-1 secretion by entering the L-cells 388

via basolateral GLUT2 leading to metabolism and closure of K(ATP) channels. In 389

contrast, in the absence of intestinal glucose and SGLT1 current, the closure of K(ATP) 390

channels is insufficient to trigger electrical activity and GLP-1 secretion. In terms of our 391

model, the presence of luminal glucose allows the L-cells to operate further to the right 392

in Fig. 4D,E where small downward movements due to reduced K(ATP)-conductance 393

more easily lead to electrical activity. 394

These various experiments point to a mechanism where SGLT1 is the major 395

glucose-sensing component in primary L-cells, but glucose metabolism leading to 396

K(ATP)-channel closure might play a modulating role. The theoretical results presented 397

here support this picture. Pharmacological modulation of K(ATP)-channels can 398

overwrite glucose-sensing, i.e. K(ATP)-channel closure by tolbutamide can trigger 399

electrical activity and secretion in primary L-cells even in the absence of 400

glucose [4,9,17], and the K(ATP)-channel agonist diazoxide abolishes glucose-stimulated 401

GLP-1 secretion [9, 24], which can be explained with the model as follows. 402

Pharmacological modification of K(ATP)-channel conductance can push the system in 403

or out or the area with activity, independently of glucose-sensing by SGLT. Such 404

modulation of K(ATP)-channel activity corresponds to large vertical moves in Fig. 4D,E 405

such that horizontal movements (SGLT1-mediated sensing) are ineffective. 406

In the basal state the L-cells have a K(ATP)-conductance of <10 pS [4], which 407

corresponds to just a single K(ATP)-channel being open on average [40]. Thus, 408

tolbutamide would have very little K(ATP)-channel conductance to act upon. 409

Nonetheless, our simulations showed that a further reduction in K(ATP)-channel 410

conductance is sufficient to allow electrical activity. In contrast, the GLUTag cells have 411

K(ATP)-channel conductance an order of magnitude larger than the primary 412
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L-cells [22]. This fact means that physiological modulation of K(ATP)-channel activity 413

becomes a more reliable glucose-sensing mechanism in the GLUTag cell line, as 414

highlighted by the findings that stimulated metabolism by fructose [21] or glucokinase 415

activators [7] stimulate secretion in GLUTag cells but not in primary L-cells. During an 416

oral glucose tolerance test, tolbutamide does not trigger further GLP-1 release [45]. In 417

this condition, the luminal glucose concentration is high, meaning that the L-cells are 418

active and operating far to the right in Fig. 4D,E. A reduction in K(ATP)-channel 419

conductance because of tolbutamide application, corresponding to a downward 420

movement in Fig. 4D,E, will therefore have very little effect. We are unaware of any 421

results showing whether tolbutamide in the absence of ingested glucose stimulates 422

GLP-1 release in vivo. However, it has been shown that fructose, which enters via 423

non-electrogenic GLUT5 transporters and most likely act via K(ATP)-channel closure, 424

stimulate GLP-1 secretion in humans in vivo [36]. 425

While the role for Na+-channels in the generation of action potentials is clear in 426

both GLUTag [23] and primary L-cells [24], their importance for GLP-1 secretion is – 427

surprisingly – less evident. The addition of the Na+-channel blocker TTX does not 428

change glucose-stimulated GLP-1 secretion from GLUTag cells [23], while both basal 429

and glutamine-stimulated GLP-1 secretion from primary L-cell cultures are lowered 430

slightly and to the same extent by TTX [24]. Another Na+-channel blocker, lidocaine, 431

did not lower glucose-stimulated GLP-1 secretion from perfused rat intestines [9]. 432

Our model simulations showed that, in line with experiments, glucose was able to 433

depolarize GLUTag cells in the presence of TTX, but demonstrated also that the mean 434

Ca2+ current was smaller in the presence of TTX than during electrical activity in the 435

absence of TTX (Fig. 6). In simulated primary L-cells, Ca2+ influx was either reduced 436

or unaffected by TTX, depending on the conditions (Fig. 6). If the modest 437

glucose-induced elevation in Ca2+ current in the presence of TTX is sufficient to trigger 438

maximal secretion, for example because of depletion of the pool of releasable secretory 439

vesicles, then secretion in presence or absence of TTX would be similar, as seen 440

experimentally in GLUTag cells [23], rather than slightly reduced as reported for 441

cultured primary L-cells [24]. However, this interpretation is at odds with the fact that 442

glucose-evoked Ca2+ elevations in GLUTag cells were unaffected by TTX [23]. It might 443

be that the small Ca2+ current evokes Ca2+-induced Ca2+ release (CICR), which then 444

is responsible for triggering exocytosis, suggesting that it is the depolarization of the 445

base-line rather than action potential firing that causes GLP-1 secretion. Interestingly, 446

CICR is an important component of glucose-sensing in pancreatic �-cells [46], and 447

glucose amplifies GLP-1 secretion in GLUTag cells downstream of Ca2+ influx [7]. 448

Clearly, the importance of Na+ channels and electrical activity in L-cells needs further 449

investigation. 450

So which of the two cell types investigated here, GLUTag or cultured mouse colonic 451

L-cells, resemble human physiology the most? As human, rat and mouse L-cells in 452

vivo [36], GLUTag cells release GLP-1 in response to fructose [21, 36], and GLUT2 453

inhibition reduce GLP-1 release from these cells [7], similarly to the perfused rat small 454

intestine [9], and isolated loops of small rat intestine [26]. These properties point to a 455

role of K(ATP)-channels and/or metabolism-dependent ’amplifying pathways’, which 456

augment secretion at a given Ca2+ level [7], in GLUTag cells. Thus, in these aspects 457

GLUTag cells surprisingly resemble in vivo physiology more than primary cultured 458

L-cells, which are unaffected by GLUT2 inhibition [7] and respond poorly to fructose 459

(personal communication, F. Gribble and F. Reimann, University of Cambridge, U.K.). 460

However, cultured primary mouse L-cells clearly depend more strongly than GLUTag 461

cells on SGLT1, since the SGLT1 blocker phloridzin virtually abolish GLP-1 secretion 462

from primary cell cultures, but only lowers release from GLUTag cells by 40-50% [7,21]. 463

This strong dependence of SGLT1 in primary L-cell cultures resembles more 464
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physiological settings [5, 6, 9]. In summary, cultured primary L-cells are preferable for 465

investigations on SGLT1 and electrophysiology, whereas GLUTag cells appear more 466

similar to in vivo physiology with respect to metabolism. Hopefully improvements in 467

isolation and culture procedures, and advanced studies on L-cells in situ will allow 468

investigations on primary cells with maintained physiological characteristics. 469

The model presented here should be valuable also for understanding 470

glutamine-stimulated GLP-1 secretion, since glutamine is co-transported with Na+ by 471

the electrogenic glutamine co-transporter [47], and the stimulus pathway is therefore 472

similar to glucose-sensing by SGLT1 investigated here. Further developments of the 473

model will take into account the spatial organization of L-cells, in particular the role of 474

SGLT1 co-transport in the apical membrane in contrast to GLUT2 transport at the 475

basolateral membrane, where GLP-1 is also secreted. Inclusion of GLP-1 vesicle 476

dynamics and stimulation by proteins and fat will also be interesting to study based on 477

the present model as new data emerges. In this context, experiments on primary L-cells, 478

preferably in situ with their polarization preserved will in our opinion be necessary to 479

provide further insight. Mathematical modeling can and should be used in interpreting 480

such more physiological data, which in turn will guide the evolution of the model 481

developed here. 482

Methods 483

Modeling of electrical activity 484

A single mathematical Hodgkin-Huxley-type model that, depending on the parameters, 485

describes electrical activity in primary mouse L-cells or in the GLP-1 secreting cell line 486

GLUTag [20] was developed. The model and the two parameter sets were based on 487

patch clamp data from primary colonic L-cells [24] and GLUTag cells [23], respectively. 488

The model includes ATP-sensitive K+-channels (K(ATP)-channels), voltage-gated Na+-, 489

K+- and Ca2+-channels, and the electrogenic sodium glucose co-transporter SGLT1. 490

The evolution of the membrane potential V is driven by the contribution from the 491

different currents (normalized by cell capacitance) to be described in details below, 492

dV

dt

= �
�
INa + ICaT + ICaHV A + IKv + IKA + IK,hyper + ISGLT + IK(ATP )

�
. (1)

Voltage-gated membrane currents are modelled as 493

IX = gXmXhX (V � VX) , (2)

where X stands for the channel type, VX is the associated reversal potential, gX the 494

maximal whole-cell channel conductance, and mX and hX describe activation and 495

inactivation of the channel, respectively. 496

Activation (similarly inactivation) is described by 497

dm

dt

=
mX,1(V )�mX

⌧mX
, (3)

where mX,1 is the steady-state voltage-dependent activation function, and ⌧mX is the 498

time-constant of activation, which in some cases depends on the membrane potential. 499

Steady-state voltage-dependent activation (inactivation) functions were described by the 500

Boltzmann equation 501

mX,1 =
1

1 + e

(V�VmX)/kmX
. (4)

Reimann et al. [23] reported non-normalized currents for GLUTag cells. In order to 502

normalize these currents, we estimated the cell capacitance C to be ⇠7 pF from the 503
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results by Gribble et al. [21], who reported that 100 mM 504

alpha-methyl-D-glucopyranoside (↵MG) induced a current of ⇠5 pA/cell or ⇠0.7 505

pA/pF in GLUTag cells. 506

Parameters for membrane currents can be found in Table 1, whereas parameters for 507

the SGLT1 model are given in Table 2. Simulations were performed in XPPAUT [48] 508

with the cvode solver. Computer code can be found in the Supplementary Material. 509

Voltage-gated sodium-channels In GLUTag cells, voltage steps triggered rapidly 510

inactivating Na+ currents (INa) at potentials higher than -40 mV. Inactivation 511

parameters were used from [23] without modification, with an estimated time constant 512

of 1.5 ms based on reported voltage clamp traces. Channel conductance and activation 513

function were obtained from fits to the current-voltage (I-V) relationship [23]. Given the 514

rapid activation, Na+-channels were assumed to activate instantaneously, i.e., 515

mNa = mNa,1(V ). 516

In primary murine L-cells, Na+ currents were reported to have fast activation and to 517

undergo large and rapid inactivation. Hence, they were assumed to activate 518

instantaneously, while the inactivation kinetics was estimated by simulating voltage 519

clamp experiments [24] (⌧mNa ⇡ 3 ms). Activation and inactivation parameters were 520

used without modification from [24]. The conductance value was slightly (⇠10%) 521

increased compared to the value reported by Rogers et al. [24], but the resulting I-V 522

relationship was within experimental error bars [24]. Compared to GLUTag cells, 523

primary L-cells have a bigger sodium current with activation function left-shifted by 524

⇠10 mV (Fig. 8). 525

Figure 8. Sodium currents. Comparison of Na+ current (INa) activation function
(A), inactivation function (B) and I-V relationship (C) between GLUTag (solid line) and
primary L-cells (dashed line).

Voltage-activated calcium-channels The calcium I-V relationship in GLUTag 526

cells exhibit a single peak [23], probably due to the lack of the low voltage activated 527

T-type Ca2+-channels in the cell line [24]. Hence, the Ca2+ current in GLUTag cells 528

was modelled as a single high-voltage-activated (HVA) current (ICaT = 0 pA/pF in (1)). 529

Since half of the current inactivates [23], the inactivation function was modelled as 530

hCaHV A,1 = (1�A) +Ah

⇤
CaHV A,1, (5)

with A = 0.5 and h

⇤
CaHV A,1 as in (4). Inactivation parameters were used without 531

modification from [23] and an estimated time constant of ⇠40 ms compatible with 532

voltage clamp experiments. Channel conductance and activation function were obtain 533

from the I-V relationship reported by Reimann et al. [23]. 534

In primary murine L-cells, Ca2+-currents have fast activation and approximately half 535

of the total Ca2+ current inactivates. Moreover, voltage dependence of the peak current 536

presents a clear shoulder around �30 mV, suggesting the presence of low- (T-type, 537

ICaT ) and high- (L- and Q-type, ICaHV A) voltage-activated Ca2+ currents [24]. We 538

assumed instantaneous activation of the Ca2+-currents. Overall, the primary L-cells 539

have larger Ca2+ currents than the GLUTag cells (Fig. 9). 540

The T-type Ca2+-channels were assumed to inactivate completely. Accordingly the 541

I-V relationship for the steady state Ca2+-current lacks the shoulder around �30 mV of 542

the peak current [24]. The high voltage activated Ca2+-channels likely correspond to a 543

combination of L-type and Q-type [24], which in neuronal cells have similar inactivation 544

kinetics [50]. The Ca2+-current inactivated to a similar degree in barium and 545

calcium [24], suggesting that inactivation was voltage-dependent. Given the complete 546
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Table 1. Default parameters of the different ion channels.

Parameter Primary Ref GLUTag Ref Unit

VNa 69 69 mV
gNa 2.1 [24] 1.7 [23] nS/pF
VmNa -19 [24] -9.5 [23] mV
kmNa -5 [24] -6.7 [23] mV
VhNa -46 [24] -39.7 [23] mV
khNa 6 [24] 9.2 [23] mV
⌧hNa 3 [24] 1.5 [23] ms
VCa 65 65 mV
gCaHV A 0.29 [24] 0.24 [23] nS/pF
VmCaHV A -5 [24] -13.7 [23] mV
kmCaHV A -6 [24] -9.4 [23] mV
VhCaHV A -23 [24] -25 [23] mV
khCaHV A 13 [24] 8.5 [23] mV
⌧hCaHV A 100 [24] 40 [23] ms
A 0.38 [24] 0.5 [23] ms
gCaT 0.075 [24] 0 [23], [24] nS/pF
VmCaT -40 [24] - mV
kmCaT -7 [24] - mV
VhCaT -62 [24] - mV
khCaT 20 [24] - mV
⌧hCaT 20 [24] - ms
VK -70 -70 mV
gK 2.5 [24] 1.7 [23] nS/pF
VmK 5.2 [24] 0.5 [23] mV
kmK -15 [24] -11.2 [23] mV
⌧0 30 [24] 10 [23] ms
⌧1 40 [24] 20 [23] ms
V⌧ 20 [24] 10 [23] mV
k⌧ 5 [24] 10 [23] mV
gA 0 0.65 [23] nS/pF
VmA - 3.9 [23] mV
kmA - -23.5 [23] mV
VhA - -61 [23] mV
khA - 7.5 [23] mV
⌧hA - 30 [23] ms
gHyper 0 0.1 [23] nS/pF
VHyper - -40.2 [23] mV
VmHyper - -85.7 [23] mV
kmHyper - 9.2 [23] mV
⌧mHyper - 500 [23] ms
gK(ATP ) 0.003 [4] 0.03 [22] nS/pF

References in italic indicate that the parameter is obtained by fitting data reported in
the citation.

inactivation of T-type Ca2+-channels, the residual current is due to HVA Ca2+-channels 547

only. As a consequence their inactivation function was modelled as in (5), with 548

A = 0.38 and h

⇤
CaHV A,1 estimated as described below. 549

To differentiate between inactivation of low- and high-voltage-activated 550
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Table 2. Default parameters of the SGLT1 model.

Parameter Primary Ref. GLUTag Ref. Unit
n 4e6 7.7e6 [22] adim
C 8 [24] 7 [21] pF
k

0
12 8e-5 [49] 8e-5 [49] ms�1 mM�2

k

0
21 0.5 [49] 0.5 [49] ms�1

↵ 0.3 [49] 0.3 [49] adim
k23 0.1 [49] 0.1 [49] ms�1mM�1

k32 0.02 [49] 0.02 [49] ms�1

k25 3e-4 [49] 3e-4 [49] ms�1

k52 3e-4 [49] 3e-4 [49] ms�1

k34 0.05 [49] 0.05 [49] ms�1

k43 0.05 [49] 0.05 [49] ms�1

k45 0.8 [49] 0.8 [49] ms�1

k54 40 [49] 40 [49] ms�1mM�1

k56 0.01 [49] 0.01 [49] ms�1

k65 5e-8 [49] 5e-8 [49] ms�1mM�2

k

0
16 0.035 [49] 0.035 [49] ms�1

k

0
61 5e-3 [49] 5e-3 [49] ms�1

� 0.7 [49] 0.7 [49] adim

Figure 9. Calcium currents. A: Comparison of HVA Ca2+ current (ICaHV A)
activation function between GLUTag (solid line) and primary L-cells (dotted line),
superimposed T-type Ca2+ current activation function (dot-dashed line). B:
Comparison of HVA Ca2+ current (ICaHV A) inactivation function between GLUTag
(solid line) and primary L-cells (dotted line), superimposed T-type Ca2+ current
inactivation function (dot-dashed line). C: Comparison of HVA Ca2+ current (ICaHV A)
-V relationship between GLUTag (solid line) and primary L-cells (dotted line),
superimposed T-type Ca2+ current activation function (dot-dashed line) and the total
Ca2+ current (dashed line) in primary L-cells.

Ca2+-channels, we fitted all parameters simultaneously (activation, inactivation and 551

conductance) by least-square optimization using the I-V relationship for peak and 552

steady state Ca2+-current along with the overall inactivation function reported by 553

Rogers et al. [24]. As initial values for the fitting procedure, we used the activation 554

parameters and conductances reported in [24] supplemented with reasonable guesses for 555

inactivation parameters. The activation parameters and conductances resulting from 556

the fitting procedure were in good agreement with the values found by Rogers et al. [24]. 557

Inactivation of Ca2+-currents in response to voltage steps evoking maximal peak current, 558

i.e., where HVA Ca2+-channels represent the dominant component, is slower than at 559

less depolarized pulses [24]. Consequently, we assumed that T-type Ca2+-channels 560

inactivation was faster (⇠20 ms) than HVA Ca2+-channel inactivation (⇠100 ms). 561

Voltage-dependent potassium-channels Reimann et al. [23] reported a detailed 562

characterization of K+-channels in GLUTag cells. Depolarization steps resulted in 563

voltage-dependent currents, which showed partial inactivation. The dominant 564

component of this current was virtually non-inactivating and TEA-sensitive (IKv). This 565

current was assumed not to inactivate and to activate with kinetics modelled as 566

⌧mKv = ⌧0 +
⌧1

1 + e

((V+V⌧ )/k⌧ )
, (6)
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compatible with voltage clamp experiments. Activation function parameters were taken 567

from [23] without modification, while conductance was estimated from the data [23], as 568

reproduced in Fig. 10. 569

Figure 10. Potassium currents. Comparison of delayed-rectifier K+ current (IKv)
activation function (A), time constant (B) and I-V relationship (C) between GLUTag
(solid line) and primary L-cells (dashed line).

The TEA-insensitive current was reported to have the characteristics of an A-type 570

K+ current (IKA), and was assumed to activate instantaneously [23]. Inactivation 571

parameters were used from [23] without modification, inactivation time constant was 572

based on reported voltage-clamp traces, while conductance and activation function were 573

obtain from the experimental I-V relationship [23]. 574

In response to hyperpolarizing voltage steps, a time- and voltage-dependent, 575

non-inactivating current (IK,hyper) was observed [23]. Current characterization was 576

taken from [23], with an estimated activation time constant of 500 ms based on 577

voltage-clamp experiments [23]. 578

In the primary murine L-cells, K+-currents (mainly delayed-rectifiers, IKv) exhibit 579

voltage-dependent activation kinetics, which was modelled similarly to (6), but with 580

different parameters values corresponding to experimental traces (Fig. 10B) [24]. 581

K+-channels in primary L-cells were assumed not to inactivate, given their slow 582

inactivation [24]. Activation parameters were used from [24] without modification, while 583

conductance was slightly (⇠10%) decreased compared to the value reported in [24], but 584

the resulting I-V relationship was within error bars. 585

ATP-sensitive potassium-channels The ATP-sensitive potassium (K(ATP)-)
current was modelled as

IK(ATP ) = gK(ATP ) (V � VK) ,

where gK(ATP ) represents the conductance of the ATP-sensitive potassium channels and 586

varies according to the fraction of open channels. 587

A tolbutamide-sensitive K(ATP)-current was detected in the GLUTag cell line [22]. 588

Its amplitude was estimated from the immediate whole-cell current of ⇠0.6 pA/pF in 589

response to 20 mV pulses from �70 mV. Assuming a potassium reversal potential of 590

VK = �70 mV, we obtain a conductance of gK(ATP ) = 30 pS/pF in the GLUTag cells. 591

Similarly, functional K(ATP)-channels in primary L-cells were identified by the 592

presence of a tolbutamide-sensitive current [4]. The endogenous K(ATP) conductance 593

was estimated from the measured slope conductance just after whole-cell mode was 594

realized [4]. The obtained value was gK(ATP ) ⇠3 pS/pF. Thus, the ATP-sensitive 595

potassium current resulted to be an order of magnitude bigger in GLUTag compared to 596

primary L-cells. 597

Sodium/glucose co-transporter model The sodium/glucose co-transporter 1 598

(SGLT1) utilizes a concentration gradient of Na+ to transport glucose from the intestine 599

into the L-cells. Experimental measurements showed that two Na+ ions are required to 600

transport one molecule of glucose into the cell. Moreover, in absence of sodium in the 601

external medium, glucose is not transported [51]. 602

These observations lead to a six-state model (Fig. 11) [49]. Starting with the empty 603

carrier outside the cell (state 1), the first step is the association of two sodium ions with 604

the carrier (state 2), which allows the subsequent association of glucose (state 3). The 605

third step corresponds to the translocation of the carrier from outside to inside the cell 606

(state 4). Symmetrical steps take place inside the cell consisting in successive 607
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dissociation of glucose (state 5) and sodium (state 6). A final step brings the empty 608

carrier back to the initial state outside the cell. The values of rate constants for the 609

six-state model were assigned by [49], and are given in Table 2. 610

Figure 11. Six-state model of the sodium/glucose co-transporter SGLT1.

By defining 611

k12 = k

0
12[Na]

2
0e

�↵µ
, (7)

k21 = k

0
21e

↵µ
, (8)

k16 = k

0
16e

�µ
, (9)

k61 = k

0
61e

��µ
, (10)

the small current associated with sodium/glucose co-transport and attributable to the 612

translocation of the negatively charged carrier [49], is given by 613

ISGLT = �2F

C

n

NA
[↵(k12C1 � k21C2) + �(k61C6 � k16C1)] , (11)

where F is the Faraday constant, C the cell capacitance, n the number of transporters, 614

NA the Avogadro’s number, kxy is the rate constant describing the transition between 615

state x and state y, Cz is the fraction of carriers in state z, and ↵ and � are 616

phenomenological coefficients representing fractional dielectric distances. Finally, µ is 617

the reduced potential FV/RT , where R is the gas constant and T is the temperature. 618

At steady-state, (11) becomes 619

ISGLT = �2F

C

n

NA
Flux, (12)

where Flux denotes the steady-state translocation flux 620

Flux = k12C1 � k21C2 = k61C6 � k16C1. (13)

The SGLT1 current depends on glucose and sodium concentrations inside and 621

outside the cell, as well as on the membrane voltage V , because of the dependence of 622

the rate constants on these factors. Simulated depolarization steps cause an outward 623

transient current and an inward steady state current (see Results). 624

The magnitude of the SGLT1 current is directly proportional to the number of 625

transporters n in the cell. In GLUTag cells, the SGLT1 current was calibrated using the 626

change in the holding current at �70 mV, when ↵MG was applied at saturating 627

concentration (20 mM) [21], which led to n = 7.7⇥ 106, assuming a cell capacitance of 628

C = 7 pF [21]. No corresponding data are available for the primary murine L-cells. We 629

assumed that the SGLT1 current was smaller in primary compared to GLUTag cells, 630

similarly to the difference in K(ATP) conductance, since the balance between the 631

SGLT1 and K(ATP) currents determines whether the cell is excitable. These currents 632

should therefore be of comparable magnitude in order to allow the cell to switch from 633

quiescence to action potential firing and vice versa. For the primary murine L-cells, 634

which have cell capacitance C ⇠ 8 pF [24], we used n = 4⇥ 106. 635
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30. Diderichsen PM, Göpel SO. Modelling the electrical activity of pancreatic
alpha-cells based on experimental data from intact mouse islets. J Biol Phys.
2006 Oct;32(3-4):209–29.

31. Watts M, Sherman A. Modeling the pancreatic ↵-cell: dual mechanisms of
glucose suppression of glucagon secretion. Biophys J. 2014 Feb;106(3):741–51.

32. Montefusco F, Pedersen MG. Mathematical modelling of local calcium and
regulated exocytosis during inhibition and stimulation of glucagon secretion from
pancreatic alpha-cells. J Physiol. 2015 Jul;In Press. DOI: 10.1113/JP270777.

PLOS 20/22



33. Pedersen MG. A biophysical model of electrical activity in human �-cells.
Biophys J. 2010 Nov;99(10):3200–3207. Available from:
http://dx.doi.org/10.1016/j.bpj.2010.09.004.

34. Riz M, Braun M, Pedersen MG. Mathematical modeling of heterogeneous
electrophysiological responses in human �-cells. PLoS Comput Biol. 2014
Jan;10(1):e1003389.

35. Riz M, Braun M, Wu X, Pedersen MG. Inwardly rectifying Kir2.1 currents in
human �-cells control electrical activity: Characterisation and mathematical
modelling. Biochem Biophys Res Commun. 2015 Apr;459(2):284–7.

36. Kuhre RE, Gribble FM, Hartmann B, Reimann F, Windeløv JA, Rehfeld JF,
et al. Fructose stimulates GLP-1 but not GIP secretion in mice, rats, and
humans. Am J Physiol Gastrointest Liver Physiol. 2014 Apr;306(7):G622–30.

37. Ashcroft SJ, Hedeskov CJ, Randle PJ. Glucose metabolism in mouse pancreatic
islets. Biochem J. 1970 Jun;118(1):143–54.

38. Zawalich WS, Rognstad R, Pagliara AS, Matschinsky FM. A comparison of the
utilization rates and hormone-releasing actions of glucose, mannose, and fructose
in isolated pancreatic islets. J Biol Chem. 1977 Dec;252(23):8519–23.

39. Kyriazis GA, Soundarapandian MM, Tyrberg B. Sweet taste receptor signaling in
beta cells mediates fructose-induced potentiation of glucose-stimulated insulin
secretion. Proc Natl Acad Sci U S A. 2012 Feb;109(8):E524–32.

40. Ashcroft FM, Rorsman P. Electrophysiology of the pancreatic �-cell. Prog
Biophys Mol Biol. 1989;54:87–143.

41. Marinis YZD, Salehi A, Ward CE, Zhang Q, Abdulkader F, Bengtsson M, et al.
GLP-1 inhibits and adrenaline stimulates glucagon release by differential
modulation of N- and L-type Ca2+ channel-dependent exocytosis. Cell Metab.
2010 Jun;11(6):543–553. Available from:
http://dx.doi.org/10.1016/j.cmet.2010.04.007.

42. Henquin JC. Regulation of insulin secretion: a matter of phase control and
amplitude modulation. Diabetologia. 2009 May;52(5):739–51. Available from:
http://dx.doi.org/10.1007/s00125-009-1314-y.

43. Cani PD, Holst JJ, Drucker DJ, Delzenne NM, Thorens B, Burcelin R, et al.
GLUT2 and the incretin receptors are involved in glucose-induced incretin
secretion. Mol Cell Endocrinol. 2007 Sep;276(1-2):18–23.

44. Hansen L, Hartmann B, Mineo H, Holst JJ. Glucagon-like peptide-1 secretion is
influenced by perfusate glucose concentration and by a feedback mechanism
involving somatostatin in isolated perfused porcine ileum. Regul Pept. 2004
Apr;118(1-2):11–8.

45. El-Ouaghlidi A, Rehring E, Holst JJ, Schweizer A, Foley J, Holmes D, et al. The
dipeptidyl peptidase 4 inhibitor vildagliptin does not accentuate
glibenclamide-induced hypoglycemia but reduces glucose-induced glucagon-like
peptide 1 and gastric inhibitory polypeptide secretion. J Clin Endocrinol Metab.
2007;92(11):4165–4171.

46. Zhang Q, Bengtsson M, Partridge C, Salehi A, Braun M, Cox R, et al. R-type
Ca(2+)-channel-evoked CICR regulates glucose-induced somatostatin secretion.
Nat Cell Biol. 2007 Apr;9(4):453–60.

PLOS 21/22



47. Reimann F, Williams L, da Silva Xavier G, Rutter GA, Gribble FM. Glutamine
potently stimulates glucagon-like peptide-1 secretion from GLUTag cells.
Diabetologia. 2004 Sep;47(9):1592–601.

48. Ermentrout GB. Simulating, analyzing, and animating dynamical systems: A
guide to XPPAUT for researchers and students. Philadelphia: SIAM Books; 2002.

49. Parent L, Supplisson S, Loo DD, Wright EM. Electrogenic properties of the
cloned Na+/glucose cotransporter: II. A transport model under nonrapid
equilibrium conditions. J Membr Biol. 1992 Jan;125(1):63–79.

50. Budde T, Meuth S, Pape HC. Calcium-dependent inactivation of neuronal
calcium channels. Nat Rev Neurosci. 2002 Nov;3(11):873–83.

51. Wright EM, Loo DDF, Hirayama BA. Biology of human sodium glucose
transporters. Physiol Rev. 2011 Apr;91(2):733–94.

Supporting Information

S1 Computer code

Computer code for XPPAUT of the model with primary L-cell parameters.
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