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Abstract 

The brainstem nucleus of the tractus solitarius (NTS) is an integrative center for 

autonomic counterregulatory responses to hypoglycemia, NTS neurons can also sense 

fluctuations in extracellular glucose levels altering their membrane potential. KATP 

channels links the metabolic status of the neuron to its excitability, but the role of 

KATP channels in controlling NTS neurons excitability and in sensing extracellular 

glucose changes is not clear. Here we investigated using in vitro electrophysiological 

recordings in brainstem slices the influence of KATP channels on the membrane 

potential of NTS neurons in normoglicemic and hyperglycemic external glucose 

concentrations, and after switching the external glucose to a hypoglycemic level. We 

found that in normoglicemic (5 mM) external glucose application of tolbutamide, a 

KATP blocker, induced a substantial depolarization of most NTS neurons, while 

application of diazoxide, a KATP opener, hyperpolarized the membrane of all NTS 

neurons. Interestingly, neurons not responsive to tolbutamide were more depolarized 

than responsive neurons. In a hyperglycemic solution (10 mM glucose) few neurons 

depolarized in response to tolbutamide. We found that these neurons were more 

depolarized than neurons in 5 mM glucose and only the more hyperpolarized 

responded to tolbutamide. The non-responsive neurons did not respond to tolbutamide 

even when hyperpolarized. Interestingly application of a low-gucose solution (0.5 

mM) did not hyperpolarized the RMP but produced a depolarization in most neurons. 

This effect was voltage-dependent not seen in neurons more depolarized, but could be 

observed when the neurons were hyperpolarized. Depolarization by tolbutamide 

avoided further depolarization by low glucose, unless the membrane was 

hyperpolarized. Application of 0.5 mM glucose solution in neurons incubated in 10 

mM glucose depolarized the membrane only in more hyperpolarized neurons, which 

responded to tolbutamide, or after membrane hyperpolarization. The effect of glucose 

was caused by activation of a cationic current with a reversal potential around the 

potential were the neurons were non-responsive to low glucose. We conclude that 

NTS neurons present KATP channels open at rest in normoglicemic conditions, and 

that their state is affected by extracellular glucose. Moreover, NTS neurons depolarize 

the membrane in response to the application of a low-glucose solution, but this effect 

is occluded by membrane depolarization triggered by KATP blockage. This suggests a 

homeostatic regulation of the membrane potential by glucose and a possible 

mechanism related to hypoglycemia-associated autonomic failure. 
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Introduction 

 The brainstem of the nucleus of the tractus solitarius (NTS) is the primary 

central site for viscerosensory afferent fibers arising from peripheral neurons, 

including peripheral chemo-sensing neurons ( Accorsi-Mendonça et al., 2009; 

Donovan & Watts, 2014). NTS neurons densely project to the dorsal motor nucleus of 

the vagus, where the cell bodies of the preganglionar parasympathetic branch of the 

vagus are located (Marty et al., 2007; Verberne et al., 2014). Local nutrient and 

metabolic signals (including glucose and metabolites) in the NTS, as well as direct 

modulation by receptor agonists/antagonists in NTS neurons, induce physiological 

responses for the regulation of blood glucose concentration (Ritter et al., 2000; Lam 

et al., 2010; Zhao et al., 2012). The NTS is associated with the physiological 

responses to hypoglycemia, the counter-regulatory responses, which result in 

glucagon secretion, increased food intake behavior and increase in the sympathetic 

tone. For instance, hypoglycemia induces c-Fos immunoreactivity in NTS neurons, 

and portal-mesenteric deafferentation suppressed this effect (Bohland et al., 2014). 

Inhibitors of glucose metabolism injected in the NTS also increased glucagon 

secretion and food intake (Ritter et al., 2000; Andrew et al., 2007). Additionally, low 

glucose increases firing activity in carotid sinus nerve (Gao et al., 2014), which 

mostly propagates signals into the NTS. Therefore, NTS neurons integrate a variety of 

synaptic inputs and mediate a plethora of autonomic counter regulatory mechanisms 

in response to food ingestion and signals related to the glycemic state to ensure 

adequate levels of glucose, including feeding behavior, gastric motility, and hormonal 

secretion (Marty et al., 2007; Donovan & Watts, 2014; Hermann et al., 2014). 

 The NTS is an interesting region for detecting changes in extracellular glucose 

due to presence of fenestrated capillaries (Gross et al., 1990), and its proximity to the 

area postrema, a circumventricular organ. Several reports have shown that NTS 

neurons directly detect fluctuations in glucose levels in the extracellular milieu. For 

instance, Mimee and Fergunson (2015) showed that slightly more than half of NTS 

neurons change their resting membrane potential to both increase and decrease in 

external glucose in vitro, and can depolarize or hyperpolarize by increased glucose. 

On the other hand, Balfour et al., (2006) observed that only a minority of the NTS 

neurons changed membrane potential in response to a zero glucose solution. Lamy et 

al, (2014) showed a depolarization of the membrane potential in response to 0.5 mM 

external glucose, only in GABAergic neurons in the NTS. Finally, McDougal et al., 
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(2013) showed that a fraction of glia and neurons of NTS increased intracellular 

calcium in response to low glucose and inhibitors of glycolysis. 

 ATP-sensitive potassium (KATP) channel links metabolic status and electrical 

excitability (Nichols, 2006), as classical described in pancreatic beta-cells (Ashcroft 

& Rorsman, 2013). This channel is a hetero-octameric complex comprised of four 

pore-forming Kir6.x subunits and four regulatory sulfonylurea receptor (SURx) 

subunits, and it conducts an inwardly rectifying potassium current that is inhibited by 

ATP binding to Kir6.x subunits and stimulated by ADP interaction with nucleotide-

binding sites within SURx subunits (Hibino et al., 2010). In the NTS, the subunits 

Kir6.2 and SUR1 are expressed in glucose-sensing neurons (Balfour et al., 2006; 

Halmos et al., 2015). Glucose-excited NTS neurons indeed appear to respond to 

changes in glucose levels using a mechanism similar to pancreatic beta-cells, in a 

GLUT/glucokinase/ KATP channels system (Thorens, 2012; Ashcroft & Rorsman, 

2013), since KATP channel antagonists blunts the responsive of these neurons to 

increased glucose levels (Balfour et al., 2006; Boychuk et al., 2015).  

  Here we aimed to investigate how the membrane potential of NTS neuros is 

affected by changing glucose concentrations and the role of KATP channels. We found 

that NTS neurons depolarize in response to low-external glucose only when their 

membrane potential is hyperpolarized below -50 mV. Incubation in high glucose 

external solution depolarize the neurons by blocking KATP channels, and blunts their 

response to low-glucose. This unexpected finding show that NTS neurons in the 

presence of hyperglycemic glucose concentrations do not respond to fast reductions in 

external glucose, with implications to situations of prolonged hyperglycemia as 

diabetes mellitus. 

 

 

Materials and Methods 

Brainstem slices preparation 

 Animal procedures were performed according to protocol approved by the 

Committee on Ethics in Animal Experimentation (CEUA) from the School of 

Medicine of Ribeirão Preto, University of São Paulo (protocol # 149/2015). 

Brainstem slices containing the NTS were obtained as previously described (Accorsi-

Mendonça et al., 2009). Male Wistar rats (3- to 11-week-old) were decapitated 

following isoflurane anesthesia, and the brainstem quickly removed and placed in a 
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dish containing ice-cold artificial cerebrospinal fluid (aCSF) modified for slicing, 

containing (in mM): 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 75 sucrose, 25 

D-glucose, 0.2 CaCl2, and 7 MgCl2 [330 mOsm/kg H2O, pH 7.4 when bubbled with 

carbogenic mixture (95% O2 and 5% CO2)]. The specimen was glued to the 

sectioning stage, and submerged in ice-cold slicing aCSF, in a vibratome (Vibratome 

1000 Plus, Vibratome) chamber. Then, three to four coronal brainstem slices (250 

μM) containing the NTS near the level of the area postrema (i.e., ± 500 μm rostral and 

caudal) were sectioned and incubated at 32 – 33ºC for 45 min in aCSF, containing (in 

mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 5 D-glucose, 2 CaCl2, and 1 

MgCl2 [298 mOsm/kg H2O, pH 7.35 when bubbled with carbogenic mixture (95% O2 

and 5% CO2)]. In some experiments, the aCSF contained 10 mM glucose. After this 

period, the slices were stored into the same solution at room temperature until use for 

electrophysiological recordings. Low-glucose (0.5 mM) aCSF, as well as 10 mM 

glucose aCSF, were made using equimolar amounts of NaCl or sucrose to maintain 

osmolality equal of the 5 mM glucose aCSF. No differences were observed in both 

conditions. 

 

Electrophysiological recordings 

 Single brainstem slices were transferred to a chamber mounted on a stage of 

an upright microscope (BX51WI; Olympus, Japan), and continuously perfused with 

aCSF at 30 – 33ºC using an inline heating system (TC-324B; Warner Instruments, 

Hamden, CT, USA) at a rate of ~2 mL/min using a gravity-driven perfusion system. 

Neurons were then visualized under DIC optics with a 60 x immersion objective, and 

patched with eletctrodes made with thick-walled borosilicate glass (BF150-86-10; 

Sutter Instruments, Novato, CA, USA) pulled using a horizontal puller (P-87; Sutter 

Instruments). The electrodes were filled with an internal solution, containing (in mM): 

128 K-gluconate, 8 KCl, 10 HEPES, 0.5 EGTA, 4 Mg2ATP, 0.3 Na2GTP, and 10 Na-

phosphocreatine (295 mOsm/kg H2O, pH 7.3), resulting in pipette tip resistance 

between 3 and 7 MΩ. 

 Whole-cell patch-clamp recordings were performed with an EPC-10 patch-

clamp amplifier (HEKA Eletronik, Lambrecht, Germany) using the PatchMaster 

acquisition software (HEKA Eletronik), in current-clamp mode. Data was acquired at 

20 kHz and low-pass filtered at 5 kHz (Bessel). Cells with series resistance larger than 

30 MΩ or showing large variations during whole-cell recording were discarded. After 
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entering the whole-cell configuration, neurons were allowed to stabilize their 

membrane potential for ~10 min. Membrane potential was monitored for 10 min in 

aCSF with 5 or 10 mM glucose prior to switch to low glucose (0.5 mM) solution, or 

with drug, for 10 min before returning to 5 or 10 mM glucose aCSF. In some 

experiments, we perfused the low-glucose solution for more prolonged periods (20-30 

minutes). Hyperpolarizing pulses (ranging from -30 to -60 pA; 1000 ms) were applied 

every 15 seconds to monitor input resistance and membrane time constant. All 

conditions were recorded during 10 min, and we just recorded one neuron per slice. 

Based on previous reports regarding glucose sensing in NTS neurons (Balfour et al., 

2006; Lamy et al., 2014; Boychuk et al., 2015), and the response profile to a low-

glucose challenge observed in the current investigation, we assumed that a neuron 

was responsive to low glucose when they showed a clear membrane depolarization 

induced by low-glucose solution and/or drug. Based on our observations, we 

considered responsive neurons that presented a depolarization of at least 3 mV. 

 For voltage-clamp experiments, neurons were clamped at -70 mV and the 

membrane potential varied from -125 mV to -65 mV in seven steps of 500 ms. 

 

Drugs 

Tetrodotoxin (0.5 μM) was purchased from Alomone Labs (Jerusalen, Israel), 

and tolbutamide (100 μM), diazoxide (200 µM), picrotoxin (100 µM), DLAP5 (40 

µM), strychnine (1 µM) and 6,7-dinitroquinoxaline-2,3-dione (DNQX; 10 µM) were 

purchased from Sigma (St. Louis, MO). All drugs were diluted at the time of the 

experiment from 1000 x concentrated stock solutions in DMSO or water. 

 

Data Analysis 

 Electrophysiological data were analyzed with IGOR Pro 6.37 (WaveMetrics, 

Portland, OR, USA), MiniAnalysis 6.0 (Synaptosoft, Fort Lee, NJ, USA), and 

ClampFit 10.6 (Molecular Devices, Sunnyvale, CA, USA). Voltages were corrected 

for measured liquid junction potential of 10 mV. Data are showed as mean ± SEM. 

All data values were determined after obtained a plateau response. Resting membrane 

potential was analyzed as the mean of all points histogram of the recording taken in a 

segment of the last 3 - 4 min. Statistical analyses were performed using GraphPad 

Prism 6.0 (GraphPad Software, La Jolla, CA, USA), conducted with paired and 

unpaired two-tailed t-test, and one-way repeated measures ANOVA with Fisher’s 
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LSD test. Correlations were determined using a linear regression. Significance level 

was set at p < 0.05. 
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Results 

NTS neurons incubated in 5 mM glucose express partially closed KATP channels 

KATP channels are traditionally associated to coupling the cell energy status 

and electrical activity, triggering depolarization in high ATP/ADP ratio, and 

hyperpolarization in low ATP/ADP ratio (Nichols, 2006; Hibino et al., 2010). NTS 

neurons express KATP channels, which are more responsive to metabolic ATP than to 

ATP provided by the whole-cell pipette solution, even in intracellular ATP 

concentrations of 3-4 mM, like we used in our recordings (Balfour et al., 2006). In 

order to know if the KATP channels in the NTS neurons were active in neurons 

incubated in 5 mM external glucose, a near normoglycemic concentration, we applied 

their antagonist tolbutamide (100 µM; n = 15, seven animals) and measured the 

change in RMP. We found that the neurons were viable in aCSF with 5 mM glucose 

during the whole incubation period of the experiment (up to 5 hours).  

 We verified that in 10 neurons (67%) incubated with aCSF containing 5 mM 

of glucose, tolbutamide triggered a strong and fast depolarization (16.7 ± 2.7 mV, 

from a mean of -76.1 ± 2.6 mV to -59.4 ± 1.2 mV; p = 0.0002; Figures 1Ai and 1Aii), 

accompanied with robust increased Rinput (190.5 ± 55.2 MΩ, from a mean of 406.9 ± 

79.2 MΩ to 597.4 ± 73.4 MΩ; p = 0.007; Figure 1Aiii), in accordance to its effect in 

blocking KATP channels. Additionally, five neurons (33%) did not change their RMP 

in response to tolbutamide (1.0 ± 0.5 mV, from a mean of -65.1 ± 2.4 mV to -64.1 ± 

2.2 mV; p = 0.1; Figures 1Bi and 1Bii) as well as membrane input resistance (Rinput) 

(14.8 ± 11.0 MΩ, from a mean of 525.8 ± 121.8 MΩ to 540.6 ± 129.1 MΩ; p = 0.2; 

Figure 1Biii). Interestingly, we verified that neurons unresponsive to tolbutamide 

were significantly more depolarized than neurons responsive to tolbutamide (-65.2 ± 

2.4 mV vs. -76.1 ± 2.5 mV, respectively; p = 0.019; Figure 1C). Accordingly, we 

found a negative correlation of RMP and tolbutamide depolarization (r2 = 0.79; p < 

0.0001; Figure 1D). On the other hand, no correlation between the change of Rinput 

induced by tolbutamide (ΔRinput) and initial Rinput (r
2 = 0.2; p = 0.19. Figure 1E) was 

observed. Therefore, we conclude that NTS neurons present active KATP channels, 

which can control RMP. Because tolbutamide-insensitive neurons had more 

depolarized RMP, it is possible that KATP channels are already closed by endogenous 

ATP in these neurons (see next section). 

To test if the non-responsive neurons express KATP channels we tested the 

effect of the KATP activator diazoxide (200 µM; n = 7, five animals) on the RMP of 
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NTS neurons. Diazoxide produced a fast and partially reversible hyperpolarization of 

almost all NTS neurons tested (-8.8 ± 2.1 mV, from a mean of -73.7 ± 1.7 mV to -

82.6 ± 3.3 mV; p = 0.005; Figure 2Ai, 2Aii). Diazoxide also decreased Rinput 

significantly (-230.4 ± 87.7 MΩ, from a mean of 532.3 ± 103.7 MΩ to 301.9 ± 65.3 

MΩ; p = 0.04; Figure 2Aiii) in accordance to the opening of an ion channel. Contrary 

to tolbutamide, we observed an effect of diazoxide in both depolarized and 

hyperpolarized NTS neurons. In fact, no correlation was observed between the effect 

of diazoxide on membrane potential and RMP (r2 = 0.24; p = 0.2; Figure 2B). 

However, we found a significant correlation between the change of Rinput induced by 

diazoxide (ΔRinput) and initial Rinput (r
2 = 0.61; p = 0.04; Figure 2C) suggesting that 

the magnitude of the effect of diazoxide is affected by the amount of KATP channels 

blocked. Thus, because diazoxide is able to open KATP blocked channels, we conclude 

that NTS neurons have KATP channels blocked at rest, and that modulation of KATP 

channels can affect RMP of NTS neurons bidirectionally. 

 

Most NTS neurons in 5 mM external glucose depolarize in response to low-glucose 

aCSF 

NTS neurons are involved in the counteregulatory response to hypoglycemia 

(Lamy et al., 2014). We showed that partially blocked KATP channels are present in 

NTS neurons, thus they can be subjected to modulation by the metabolic ATP/ADP 

ratio. Other groups showed that a fraction of NTS neurons changed membrane 

potential in response to changes in extracellular glucose. The effect of diazoxide 

suggests that there are KATP channels blocked in our basal conditions. We then tested 

if perfusion of a low external glucose solution could produce a hyperpolarization of 

NTS neurons by activation of KATP channels, caused by a reduction of the ATP/ADP 

levels. We then perfused the NTS neurons incubated in 5 mM glucose with a solution 

with low glucose (0.5 mM), a concentration that can be achieved in the CSF during 

periods of hypoglycemia (Seaquist et al;, 2001) and recorded the membrane potential. 

Surprisingly we found that perfusion of NTS neurons (n = 37, 23 animals) with a low-

glucose (0.5 mM) solution depolarized most of NTS neurons (30 neurons; 81%). In 

these neurons the RMP was depolarized  after perfusion of low glucose aCSF by 9.3 ± 

1.0 mV, from an average of -74.3 ± 1.6 mV to -65.0 ± 1.7 mV (p < 0.0001; Figure 

3Ai and 3Aii). This effect took on average 383 ± 18 s to reach its peak, being 
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reversible in most neurons (70%), and the RMP after returning to 5 mM glucose was -

71.3 ± 1.9 mV (p < 0.0001).  

Depolarization induced by low glucose triggered action potential (AP) firing 

in 16 of 28 silent neurons (57%; 0.6 ± 0.2 Hz; p = 0.007), and an increase in AP 

frequency in the only two spontaneously active neurons (from a mean of 3.3 ± 2.7 Hz 

to 8.4 ± 2.0 Hz in low glucose). Surprisingly, only a single cell (3%) was 

hyperpolarized during perfusion with low-glucose solution, from -60 mV to -68 mV, 

and this effect was partially reversed (41%) on reinstatement of 5 mM external 

glucose. Finally, six neurons (16%), were considered unresponsive to low glucose 

with mean RMP in 5 mM glucose of -64.1 ± 2.0 mV, and after 0.5 mM glucose of -

63.1 ± 1.6 mV; a difference of 1.0 ± 0.7 mV; p = 0.2; Figure 3Bi and 3Bii). 

  To test the dependence on activation of voltage-gated sodium channels for 

low-glucose sensing, we performed the low-glucose challenge in the presence of 

tetrodotoxin (TTX; 0.5 µM) in a second set of NTS neurons (n = 23 cells, 11 animals). 

Again, we identified three types of responses. Fourteen cells (61%) were depolarized 

after low glucose by 8.8 ± 1.0 mV, from a mean of -79.1 ± 1.6 mV to -70.3 ± 1.3 mV 

(p < 0.0001; Figures 4Ai and 4Aii), and took, on average, 348 ± 18 s to peak. This 

effect was reversible in most neurons (71%), and the RMP after returning to 5 mM 

glucose was -77.0 ± 1.8 mV (p < 0.0001). A single cell (4%) was hyperpolarized by -

5.5 mV, from -72.1 mV to -77.6 mV in low glucose, and this effect was reverted after 

returning to 5 mM glucose. Lastly, eight cells (35%) were unresponsive to low 

glucose solution (1.1 ± 0.5 mV; from a RMP of -66.9 ± 1.6 mV to -65.8 ± 1.7 mV; p 

= 0.07; Figures 4Bi and 4Bii). Both depolarizing effect and latency to peak response 

were not different from what was observed in experiments conducted with no TTX (p 

= 0.7, and p = 0.2, respectively), and as in normal aCSF, most neurons depolarized in 

low-glucose solution (84% in normal aCSF, and 65% in TTX). We conclude that the 

depolarization triggered by low glucose is not dependent on the activation of voltage-

gated sodium channels and action potential firing. Most of the experiments shown 

from now on were performed in the presence of TTX. 

Lamy et al. (2014) found that the membrane depolarization induced by low 

glucose in GABAergic NTS neurons was accompanied by an increase in the 

membrane input resistance (Rinput) caused by inhibition of a potassium leak 

conductance. Contrary to the observation of Lamy et al., (2014) we verified that NTS 

neurons depolarized by low glucose showed a significant decrease in Rinput (-101.1 ± 
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37.8 MΩ, from a mean of 440.3 ± 61.6 MΩ to 339.2 ± 40.0 MΩ; p = 0.02; Figure 

4Aiii). Differently from the observed with the membrane potential, these effects did 

not revert on reinstatement of 5 mM glucose aCSF (p = 0.7). Additionally, neurons 

unresponsive to low glucose also showed a decrease in Rinput (-80.3 ± 13.2 MΩ, from 

a mean of 522.9 ± 71.1 MΩ to 442.6 ± 61.6 MΩ; p = 0.0005; Figure 4Biii). Like in 

responsive neurons, Rinput did not revert after returning to 5 mM glucose aCSF in non-

responsive cells (p = 0.5). Interestingly, the single neuron hyperpolarized by low-

glucose in TTX showed a robust decrease in Rinput (-629.2 MΩ, from 900.5 MΩ to 

271.3 MΩ), suggesting the opening of KATP channels. 

Interestingly, we observed that the depolarization caused by low glucose was 

strongly correlated with neuronal RMP (r2 = 0.53; p < 0.0001; Figure 5Ai), with the 

more negative the RMP, the greater the membrane potential change in response to 

low glucose. We then compared the RMP between responsive and non-responsive 

neurons, and found that the RMP of non-responsive cells were significantly more 

depolarized than responsive cells (-66.8 ± 1.6 mV vs. -78.6 ± 1.6 mV, respectively; p 

= 0.0001; Figure 5B). On the other hand, we found an inverse weak correlation of 

low glucose effect on ΔVm and ΔRinput (r2 = 0.18, p = 0.04; Figure 5Aii). We 

conclude that the depolarization induced by low external glucose uses a voltage-

dependent mechanism, which might involve the opening of a depolarizing membrane 

conductance. 

In order to know if the decrease in glucose is being sensed by the recorded 

neuron itself, or signalizing by neighboring glia as previously suggested (McDougal 

et al., 2013) we added 3 mM of glucose in the recording pipette and measured the 

response of the neuron to low-glucose (n = 6, four animals). In this condition 

perfusion of low-glucose external solution did not change the RMP of NTS neurons (-

1.0 ± 0.64 mV; from a mean of -76.3 ± 3.6 mV to -75.3 ± 3.2 mV; p = 0.2; Figure 

6A), showing that the drop in external glucose is being sensed by the recorded neuron. 

The RMP of the neurons with 3 mM glucose was not significantly different from the 

RMP of NTS neurons in 5 mM glucose (p = 0.6; Figure 6B) showing that the 

presence of glucose in the pipette did not depolarize the neuron. In fact when we 

compared the RMP of the non-responsive neurons, which were more depolarized, 

with the RMP in 3 mM internal glucose, we found a significant difference (-66.8 ± 

1.6 mV vs. -76.3 ± 3.6 mV, respectively; p = 0.02; Figure 6C) confirming that the 

internal glucose is not depolarizing the NTS neurons. 
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Perfusion with low-glucose solution produces an inward current. 

 We then investigated which ionic conductance is responsible for the 

depolarization induced by low glucose. Lamy et al., (2014) showed that in 

GABAergic neurons from mice NTS, low-glucose solution inhibits a potassium leak 

conductance, leading to a depolarization of the neuron. On the other hand, Balfour 

and Trapp (2007) reported in NTS neurons from rats an inward current activated by 

low glucose in half of the neurons, and an inhibition of a potassium conductance or a 

parallel inward current, suggestive of an inhibition of the current of the Na/K-ATPase. 

We performed current-voltage relationships voltage-clamp recordings in NTS neurons 

(n = 8, five animals), and observed a similar effect than observed by Balfour and 

Trapp, with low glucose aCSF perfusion increased membrane conductance from 3.1 ± 

0.1 nS to 4.8 ± 0.1 nS producing a small inward current (-57.6 pA at -85 mV) with a 

reversion around –51 mV (Figure 7A and 7B). Interestingly the reversal potential is 

around the membrane potential where the effect of low-glucose is not observed. Thus, 

we conclude that in NTS neurons from rats, the main mechanism of depolarization is 

the development of an inward current with a reversal potential more positive than the 

resting membrane potential. This is in accordance with the decrease in the input 

resistance observed after low glucose external solution in NTS neurons, and with the 

voltage-dependency of the depolarization. 

 

Depolarization by blocking KATP channels inhibits the effect of low-glucose aCSF 

 We showed that NTS neurons have KATP channels opened at rest and that 

these channels could strongly affect RMP if inhibited, as demonstrated by the 

depolarization triggered by their antagonist tolbutamide. Additionally, we found that 

perfusion with low glucose aCSF depolarized the RMP of these neurons, but this 

effect decreased with RMP depolarization, and the non-responsive neurons were more 

depolarize than the responsive neurons. Thus, two opposite signals, low-glucose and 

block of KATP channels produce a similar effect, the membrane depolarization. 

Because the depolarization induced by low external glucose is more prominent in 

more hyperpolarized neurons, in a situation where KATP channels were blocked, as in 

a high ATP/ADP ratio, the neuron could not sense the drop in external glucose. 

 In order to test this hypothesis, we first tested if a drop in the external glucose 

could further depolarize a neuron depolarized by tolbutamide. We first tested the 
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responsiveness of the neuron to low glucose, washed it, and then applied tolbutamide. 

We found that all neurons responsive to low glucose were responsive to tolbutamide 

(Figures 8Ai and 8Aii). Low glucose reversibly depolarized the RMP by 9.1 ± 2.2 

mV (p = 0.01; n = 5), and application of tolbutamide was able to depolarize the RMP 

by 18.5 ± 3.0 mV (p = 0.004), showing that neurons responsive to low glucose have 

KATP channels opened at rest. However, in these neurons, application of low glucose 

aCSF in the presence of tolbutamide induced only a small, but significant, membrane 

depolarization (2.0 ± 0.3 mV; p = 0.002), which was smaller than the depolarizing 

response before tolbutamide application (p = 0.03; Figure 8Aiii). This result suggests 

that depolarization induced by blocking KATP channels blunts the neuron ś response to 

low external glucose. 

To test if this effect is only due to the membrane depolarization induced by 

tolbutamide we repeated this protocol, but hyperpolarized the neurons by injecting 

DC current after the application of tolbutamide, and tested the effect of low-glucose 

aCSF (n = 5; Figure 8Bi). Again, we found that the membrane potential is 

depolarized by both low glucose (4.4 ± 0.7 mV; p = 0.003) and tolbutamide (12.2 ± 

2.8 mV; p = 0.001). Next, the injection of -30 to -50 pA of DC current hyperpolarized 

the membrane potential (from a mean of -60.5 ± 0.8 mV to -76.9 ± 1.3 mV), and in 

this condition, low-glucose aCSF was able to depolarize the membrane in more than 2 

mV in 3 out of 5 NTS neurons, (average for all neurons: 6.0 ± 2.4 mV; p = 0.06; ). 

However, this depolarization was similar to the observed in the absence of 

tolbutamide (p = 0.6; Figure 8Bii) showing that tolbutamide is not able to occlude the 

effect of low glucose if the membrane is hyperpolarized to values similar to the RMP 

in most NTS neurons. 

Interestingly, all neurons unresponsive to low glucose aCSF (0.6 ± 0.5 mV; p 

= 0.3; n = 5) were also not responsive to tolbutamide (1.0 ± 0.5 mV; p = 0.1; Figure 

8C). These neurons also had more depolarized RMP in comparison to responsive 

neurons (-65.7 ± 1.9 mV vs. -73.1 ± 1.9 mV, respectively; p = 0.03; Figure 8D). 

 

Incubation with 10 mM glucose aCSF increases RMP and reduces the number of 

neurons responsive to low glucose and tolbutamide 

Because most NTS neurons express open KATP channels at rest, which are able 

to depolarize the membrane when blocked, we asked if NTS neurons incubated with a 

higher glucose concentration could lead to more ATP production by the 
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glycolytic/oxidative metabolism and blockage of the KATP channels and membrane 

depolarization. For this, we incubated the slices in aCSF solution containing twice the 

concentration of glucose (10 mM glucose). We found that NTS neurons incubated in 

10 mM glucose aCSF (n = 17, eight animals) had more depolarized RMP than 

neurons incubated in 5 mM glucose aCSF (-69.0 ± 1.5 mV vs. -74.5 ± 1.7, 

respectively; p = 0.02; Figure 9A. This suggests that NTS neurons incubated in 10 

mM glucose produce more ATP, which block KATP channels and depolarize the 

membrane. Because the response to low-glucose was blunted by membrane 

depolarization we hypothesized that NTS neurons incubated in 10 mM glucose would 

be less responsive to a low-glucose solution than neurons incubated in 5 mM glucose. 

In order to test this we sequentially applied a low-glucose solution, followed, after 

returning to 10 mM glucose, by application of tolbutamide. We found that only 3 out 

of 16 cells (19%) were reversible depolarized by perfusion of 0.5 mM glucose (11.2 ± 

0.8 mV, from a mean of -74.0 ± 3.7 mV to -62.8 ± 3.3; p = 0.0008. Figure 9B,C). 

This depolarization was similar to what found in neurons incubated in 5 mM external 

glucose (p = 0.2). Interestingly, the time course of the depolarization was slower, 

taking on average 435 ± 39 ms to peak in contrast to 349 ± 19 ms in 5 mM glucose 

aCSF (p = 0.048). After returning to 10 mM glucose the RMP returned to a value 

similar to the original RMP (-72.7 ± 5.3 mV). Additionally, we sequentially applied 

tolbutamide which triggered a strong depolarization of 18.4 ± 1.6 mV (p = 0.007; 

Figure 9B), a similar value produced by tolbutamide in 5 mM glucose (p = 0.5). On 

the other hand, 13 neurons (81%) were considered unresponsive to low glucose 

(Figure 9C; 1.4 ± 0.5 mV, from a mean of -67.5 ± 1.4 mV to -66.2 ± 1.4 mV), and 

had more depolarized RMP compared to the responsive cells (responsive neurons: -

77.7 ± 0.5 mV; unresponsive neurons: -66.05 ± 2.2 mV; p = 0.01; Figure 9D). 

Moreover, tolbutamide was applied in four of the unresponsive cells and did not 

induce significant membrane potential change (0.8 ± 0.3 mV; p = 0.08; Figure 9E). 

Like in neurons incubated with 5 mM glucose, we found a positive correlation 

between the effect of low glucose and RMP (r2 = 0.26, p = 0.04; Figure 9F). 

The lack of effect of both low glucose and tolbutamide on the RMP of NTS 

neurons suggest that metabolic ATP is blocking KATP in these neurons when 

incubated in 10 mM glucose, leading to the membrane depolarization and inhibition 

of the response to low-glucose. To test this we hyperpolarized the depolarized 

neurons (from -71.3 ± 3.5 mV to 85.1 ± 2.9 mV; n = 5) and applied sequentially low 
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glucose and tolbutamide (Figure 10A). Surprisingly, in hyperpolarized neurons, the 

response to low glucose was existent but reduced when compared to regular 

responsive neurons (3.2 ± 1.1 mV vs. 11.2 ± 0.8 mV, respectively; p = 0.0004; Figure 

10B), suggesting a diminished response to low glucose in neurons incubated in 10 

mM glucose. On the other hand, these neurons continued to be non-responsive to 

tolbutamide (-2.4 ± 1.1 mV; from -83.0 ± 1.2 mV to -80.6 ±1.5 mV; p = 0.1; Figure 

10A,C). Although some individual neurons presented a smaller response, they were 

much smaller than in 5 mM glucose (p = 0.03; Figure 10C). These results are in 

accordance to the hypothesis that metabolic ATP is blocking the KATP channels. 

We conclude that incubating NTS neurons in a high glucose aCSF decreases 

the number of low glucose-responsive neurons. Although, this effect was not caused 

by the more depolarized membrane potential of these neurons, these neurons when 

hyperpolarized responded more weakly to low glucose. On the other hand, the more 

depolarized RMP suggest that the higher extracellular glucose can increase metabolic 

ATP, which blocks KATP channels and depolarize neuronal membrane. 

 

 The depolarization induced by low glucose does not sustain for prolonged 

periods. 

Because of the substantial effect of KATP channels modulating the RMP of 

NTS neurons and the evidences above suggesting that the metabolic ATP can control 

RMP by modulating KATP channels, we asked if in a situation of prolonged exposure 

to a low glucose external solution, where metabolic ATP can be reduced, the 

membrane depolarization could be sustained. 

For this, we recorded the membrane potential after perfusion of 0.5 mM 

glucose for longer than the 10-minute period we used in the previous recordings (n = 

4). We observed in three neurons that the depolarization caused by perfusion with 0.5 

mM glucose starts to revert around 1033 ± 101 seconds. In two of these neurons we 

applied tolbutamide and it depolarized the RMP to values similar to at the beginning 

of low glucose aCSF (Figure 11Ai and 11Aii). Interestingly, in one non-responsive 

neuron, the RMP hyperpolarized after 1300 seconds of exposure to 0.5 mM glucose, 

and addition of tolbutamide reverted the hyperpolarization (Figure 11B), suggesting 

that this hyperpolarization was caused at least partially by the opening of KATP 

channels. To investigate this further we applied tolbutamide during the low-glucose 

depolarization (n = 3). In these three neurons, tolbutamide avoided the 

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted January 21, 2019. ; https://doi.org/10.1101/328658doi: bioRxiv preprint 

https://doi.org/10.1101/328658


hyperpolarization caused by prolonged low glucose exposure (Figure 11Ci and Cii). 

We conclude that the effect of low-external glucose in depolarizing the membrane of 

NTS neurons is short living and is probably reverted by depletion of intracellular ATP 

and opening of KATP channels. 

 

Discussion 

Glucose is the primary energy source for brain metabolism and survival 

(Mergenthaler et al., 2013). Due to high levels of energy expenditure for neuronal 

activity and low content of brain glycogen, the human brain consumes up to 20% of 

the glucose-derived energy under physiological conditions (Magistretti & Allaman, 

2015). Brain hypoglycemia, a condition of limited energy availability, can cause 

neuronal death and may lead to cognitive impairments and conscience loss (Cryer, 

2007). Therefore, several peripheral and central components act on energy 

homeostasis regulation in order to maintain adequate levels of circulating glucose 

(Marty et al., 2007; Verberne et al., 2014). 

Recent evidences have demonstrated that glucose-sensing neurons located in 

the brainstem nucleus of the tractus solitarius (NTS) can sense glucose levels in the 

extracellular milieu, using mechanisms which could involve or not KATP channels 

(Balfour et al., 2006; Lamy et al., 2014; Boychuk et al., 2015; Halmos et al., 2015; 

Roberts et al., 2017). Here we found that NTS neurons express KATP channels as they 

all responded to diazoxide. In 5 mM glucose, most of these channels are open, since 

they depolarized in response to tolbutamide. Thus, in normoglycemic conditions, NTS 

neurons have open KATP channels which could be modulated by metabolism. In fact, 

when we incubated the slices in 10 mM glucose, the neurons were more depolarized 

and unresponsive (or much less responsive) to tolbutamide. These effects were not 

observed when the internal electrode solution contained 3 mM glucose, showing the 

drop in glucose was sensed by the neuron itself, and not by glia or other neurons in 

the circuit. These data show that NTS neurons can sense extracellular glucose and 

modulate their membrane potential using KATP channels. 

Our experiments were performed in whole-cell patch-clamp using 4 mM Mg-

ATP in the internal solution. Balfour et al., 2006 showed that NTS neurons are more 

responsible to metabolic ATP than the ATP provded by the electrode. Similar results 

were described by Muller et al., (2002) in dorsal vagal neurons, and hypothalamic 

neurons (Song et al., 2000). Although it is not clear the reason of this effect it is 
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probaly could be due to the compartimentalization of KATP channels in special 

membrane domains (Garg et al., 2009) which could be closer to the mitochondria and 

glycolitic enzymes which have been shown to concentrate in regions of high 

metabolic demand and glucose transport actvivity (Zechin etal., 2015, Agrawal et al., 

2018).  Additionally, this concentration of ATP is more than the micromolar 

concentrations needed to block isolated KATP channels (Inagaki et al., 1996), but the 

effect of toulbutamide show that there are KATP channels open even with 4 mM 

internal ATP. This can be explained by knowing that the KATP channels are sensitive 

to the ADP:ATP ratio, because they are activated by MgADP (Nichols et al., 1996; 

Shying et al., 1997) and their affinity to ATP is greatly reduced by 

phosphatidylinositol 4,5-bis-phosphate (PIP2)(Baukrowitz et al., 1998; Shyng et al., 

2000). Thus, our whole cell recordings very likely mostly reflects the physiological 

responses of NTS neurons to metabolic ATP derived from external glucose. 

In the current investigation, we showed that low glucose (0.5 mM) induces a 

voltage-dependent depolarization in most NTS neurons of rats. Additionally, we 

showed that the RMP in NTS neurons incubated in 10 mM glucose aCSF is more 

depolarized and less sensitive to tolbutamide, even when hyperpolarized, suggesting 

they are depolarized by blocking of KATP channels by metabolic ATP.  Therefore, we 

expected that the depolarization of the RMP induced by the incubation of slices in 

high glucose could lead to an increase in the number of neurons unresponsive to a 

low-glucose challenge, since our findings demonstrated a voltage-dependent 

depolarization by low glucose (i.e., the more negative the RMP, the greater the 

membrane potential response amplitude), and  this effect was indeed observed. 

Neurons unresponsive to low glucose accounted for 35% when incubated in normal 

aCSF, but ~70% when incubated in high-glucose aCSF. Interestingly, Balfour et al. 

(2006) reported that ~80% of NTS/DMX neurons of rats were unresponsive to 

glucose removal; however these authors performed the electrophysiological 

recordings using a control aCSF with 10 mM glucose. These authors also showed the 

expression of the KATP channel subunit SUR1 in cells that did not respond to low 

glucose, what suggest that in these neurons KATP channels are present but could be 

saturated by high glucose-derived ATP levels.  

Low extracellular glucose induce KATP channels to open following a decrease 

in intracellular ATP levels (Hibino et al., 2010), but we observed a hyperpolarization 

response to low glucose in only two of 60 NTS neurons incubated in 5 mM glucose 
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aCSF. Other groups have reported that the sensitivity to glucose is not observed in all 

NTS neurons expressing KATP channel subunits (Dallaporta et al., 2000; Balfour et al., 

2006). Lamy et al. (2014) reported an increase in membrane input resistance by the 

closure of leak potassium channels in GLUT2-expressing GABAergic neurons 

activated by low glucose in mice. This could account for the response we observed, 

but again, the low glucose-sensitive current observed in this report was a linear non-

rectifying current, which is not compatible to the voltage-dependency we observed, 

and we observed mainly a decrease in input resistance, suggesting the opening of an 

inward conductance. Additionally, our findings demonstrate that most NTS neurons 

exhibit a voltage-dependent depolarization and a decrease in input resistance in 

response to a low-glucose solution, which is suggestive of the opening of a cationic 

conductance. We found that low glucose induces an inward cationic current with a 

reversion around -60 mV, which could explain the voltage-dependence of the 

depolarization induced by low glucose. Interestingly, Balfour et al. (2007) showed the 

opening of an inwardly rectifying current in some neurons of the NTS in response to 

glucose removal, what could contribute to the depolarizing response seen in our 

recordings. The opening of HCN channels which mediated the inwardly rectifying 

cationic h current could explain our results, but the activation of the low-glucose 

induced current was very fast, not compatible with the slow activation of the HCN 

channels. Additionally, we performed experiments using the antagonist of these 

channels ZD7288 (10 µM), but the results were inconclusive because this drug 

produces a progressive depolarization of the membrane masking any effect of low-

glucose (not shown).   In the ventromedial hypothalamus, low glucose lead to the 

closure of chloride channels and membrane depolarization in some neurons (Routh et 

al., 2014), but the reversal potential of the low glucose induce current observed by us 

does not suggest a chloride conductance. Other ionic mechanisms than ion channels 

can contribute to depolarize neurons under low-glucose availability. The Na+/K+-

ATPase pumps are important generators of electrochemical gradients in cells. High-

glucose levels stimulate the Na+/K+-ATPase pump and triggers membrane 

hyperpolarization in glucose-excited neurons in the lateral hypothalamus (Oomura et 

al., 1974), and brain hypoglycemia reduces the activity of the Na+/K+-ATPase pump 

(Lees, 1991) and may lead to depolarization of neurons (Balfour & Trapp, 2007). 

However, this mechanism is not compatible to the voltage-dependency and the 

decrease in the input resistance we observed. Nevertheless, the reduction of the 
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activity of the Na+/K+-ATPase pump could constitute an additional component 

altering the RMP of NTS neurons in response to reduced external glucose 

concentration. 

Since both KATP blockage and low glucose either produce membrane 

depolarization, but low glucose is ineffective to depolarize neurons when KATP are 

fully blocked, we believe that the depolarization induced by low external glucose 

might represent a form of homeostatic regulation of the RMP in order to avoid an 

excessive hyperpolarization by unblocking KATP channels under a hypoglycemia 

episode, which could be essential for the proper functioning of the vital autonomic 

functions controlled by the NTS. However when we left the neurons for more than 

10-20 minutes in low external glucose, we started to observe a hyperpolarization 

which was prevented by tolbutamide, showing that the low-glucose depolarization 

does not last for prolonged periods and is not effective in a long-term period, and the 

membrane starts to hyperpolarize in response to the decreased metabolic ATP.  

 Our results clear show a mechanism of membrane depolarization driven by a 

rapid reduction in external glucose that could be potentially relevant for 

neurometabolic responses to hypoglycemia. However, when neurons are maintained 

in a hyperglycemic solution (similar to high post-prandial circulating glucose levels 

and diabetic conditions), the number of NTS neurons responsive to low glucose 

decreases, and the latency for peak response increases. Because NTS neurons are 

involved in the counterregulatory mechanisms to hypoglycemia, which includes a 

decrease in pancreatic insulin secretion, an increase in pancreatic glucagon secretion, 

and increase in adrenomedullary epinephrine secretion (Cryer et al., 2005), the 

detection of a rapid drop in glicemia by these neurons in prolonged hyperglycemic 

situations might be blunted. Sudden drops in glycemia is a common occurrence in 

patients with type 1 and advanced Type II diabetes, caused by insulin interventions to 

control glycemia (Mergenthaler et al., 2013). In these patients, a failed 

counterregulatory response to hypoglycemia is a common problem, a condition 

named hypoglycemia-associated autonomic failure (Cryer, 2005). Our data suggests 

that the establishment of more depolarized RMP of NTS neurons by the closure of 

KATP channels due to increased intracellular ATP levels could be an additional 

mechanism contributing to reduced brain sensitivity to a low-glucose challenge 

during hyperglycemic conditions. More studies are needed to support this interesting 

hypothesis. 
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Figures  

 

 

Figure 1. NTS neurons present active KATP channels. A, subset of neurons 

responsive to tolbutamide, as shown by a representative recording (i). The graphs 

show the summary of the tolbutamide effect on (ii) membrane potential (Vm) and (iii) 

input resistance (Rinput) of neurons. B, subset of neurons unresponsive to tolbutamide, 

as shown by a representative recording (i). The graphs show the summary of the 

tolbutamide effect on (ii) Vm and (iii) Rinput of neurons. C, comparison of the resting 

membrane potential (RMP) between neurons responsive (R) and unresponsive (NR) 

to tolbutamide. D, linear correlation between the change of Vm induced by 

tolbutamide and the RMP of neurons. E, linear correlation between the change of 

Rinput induced by tolbutamide and the basal Rinput of neurons. Tolb, tolbutamide; TTX, 

tetrodotoxin. *p < 0.05; ***p < 0.001.  
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Figure 2. KATP channels control the resting membrane potential of NTS neurons. 

A, diazoxide induces a fast and partially reversible hyperpolarization of neurons, as 

shown by a representative recording (i). The graphs show the summary of the 

diazoxide effect on (ii) membrane potential (Vm) and (iii) input resistance (Rinput) of 

neurons. B, linear correlation between the change of Vm induced by diazoxide and the 

resting membrane potential (RMP) of neurons. C, linear correlation between the 

change of Rinput induced by diazoxide and the basal Rinput of neurons. DZ, diazoxide; 

TTX, tetrodotoxin. *p < 0.05; **p < 0.01. 
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Figure 3. Most NTS neurons depolarize in response to a low-glucose challenge. A, 

subset of neurons depolarized by low glucose. Ai, representative recording of a 

responsive neuron showing a reversible depolarization and increased firing activity 

induced by low glucose. Aii, summary of the low-glucose effect on the membrane 

potential (Vm) of neurons. B, subset of neurons unresponsive to low glucose, as 

shown by a representative recording (i). Bii, summary of the low-glucose effect on the 

Vm of neurons. ****p < 0.0001. 
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Figure 4. Low-glucose sensing of NTS neurons is independent of action potential-

dependent neurotransmission. A, subset of neurons depolarized by low glucose in 

the presence of tetrodotoxin (TTX). Ai, representative recording of a responsive 

neuron showing a reversible depolarization and decreased input resistance (Rinput) 

induced by low glucose. The graphs show the summary of the low-glucose effect on 

(ii) membrane potential (Vm) and (iii) Rinput of neurons. B, subset of neurons 

unresponsive to low glucose in the presence of TTX, as shown by a representative 

recording (i). The graphs show the summary of the low-glucose effect on (ii) Vm and 

(iii) Rinput of neurons. *p < 0.05; ***p < 0.001; ****p < 0.0001.  
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Figure 5. Low-glucose-induced depolarization of NTS neurons is a voltage-

dependent mechanism. The graphs show the linear correlation between the change 

of membrane potential (ΔVm) induced by low glucose and (A) resting membrane 

potential (RMP) and (B) input resistance response (ΔRinput) of neurons. C, comparison 

of the RMP between neurons responsive (R) and unresponsive (NR) to low glucose. 

***p < 0.001. 
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Figure 6. The presence of glucose in the pipette solution prevents the detection of 

low-external glucose by NTS neurons. A, summary of the low-glucose effect on the 

membrane potential (Vm) of neurons recorded with 3 mM glucose-added pipette 

solution. B, comparison of the resting membrane potential (RMP) between neurons 

recorded with the regular pipette solution and the 3 mM glucose-added pipette 

solution. C, comparison of the RMP between unresponsive neurons recorded with the 

regular pipette solution and the 3 mM glucose-added pipette solution. Glc, glucose. *p 

< 0.05. 
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Figure 7. Low-glucose induced depolarization of NTS neurons is triggered by an 

inward current. A, representative time course recordings of currents in response to 

voltage steps obtained in basal (5 mM glucose; black) and low-glucose (0.5 mM; red) 

conditions, and the respective subtraction of currents (blue). B, linear regression of 

current-voltage relationship of neurons recorded in the conditions depicted in A. 
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Figure 8. The occlusion of KATP channels suppresses the low-glucose induced 

depolarization of NTS neurons. A, application of tolbutamide blunts the 

depolarizing effect induced by a low-glucose challenge, as shown by a representative 

recording (i). Neurons responsive to low glucose are also depolarized by tolbutamide 

(ii), but this effect occludes the low-glucose sensing (iii). B, hyperpolarization of 

neurons responsive to low glucose (i) prevents the effect of tolbutamide in blunting 

the low-glucose sensing (ii). C, neurons unresponsive to low glucose do not also 

respond to tolbutamide application. D, comparison of the resting membrane potential 

(RMP) between neurons responsive (R) and unresponsive (NR) to both low glucose 

and tolbutamide. aCSF, artificial cerebrospinal fluid; H, hyperpolarization; Tolb, 

tolbutamide; TTX, tetrodotoxin; Vm, membrane potential. *p < 0.05; **p < 0.01. 
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Figure 9. Incubation in high glucose (10 mM) decreases the number of NTS 

neurons sensitive to low glucose. A, comparison of the resting membrane potential 

(RMP) between neurons incubated in 5 mM and 10 mM glucose. B, neurons 

incubated in high glucose that are responsive to low glucose are depolarized by 

tolbutamide application. C, comparison of the distribution of neurons pre-incubated in 

different glucose solutions according to their response to low glucose. D, comparison 

of the RMP of neurons incubated in high glucose that responsive (R) or unresponsive 

(NR) to a low-glucose challenge. E, neurons incubated in high glucose that are 

unresponsive to low glucose do not also respond to tolbutamide application. F, linear 

correlation between the change of membrane potential (Vm) and the RMP of neurons 

incubated incubated in high glucose. Tolb, tolbutamide. *p < 0.05; **p < 0.01. 
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Figure 10. Hyperpolarization of NTS neurons incubated in high glucose (10 mM) 

does not rescue the response to a low-glucose challenge and tolbutamide 

application. A, neurons incubated in high glucose that had more positive resting 

membrane potential (RMP) were hyperpolarized and challenged to a low glucose 

solution and tolbutamide application, respectively. B, comparison of the membrane 

potential change (ΔVm) induced by low glucose between high-glucose-incubated 

responsive neurons (R) and the hyperpolarized neurons (Hyperpol) shown in A. C, 

comparison of the ΔVm induced by tolbutamide between neurons pre-incubated in 5 

mM and 10 mM glucose. Tolb, tolbutamide. *p < 0.05. 
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Figure 11. Low-glucose induced depolarization of NTS neurons is short living 

and reverted by the opening of KATP channels. A, subset of neurons responsive to 

low glucose is hyperpolarized after a long period exposed to it, as shown by a 

representative recording (i). Note that tolbutamide reverts the hyperpolarizing effect 

induced by low glucose. Aii, summary of the effect triggered by low glucose and 

tolbutamide on the membrane potential (Vm) of neurons. B, a non-responsive neuron 

to a low-glucose challenge is hyperpolarized after more than 20 min exposed to it. 

Note that tolbutamide also reverts the hyperpolarizing effect. C, application of 

tolbutamide suppresses the hyperpolarization induced by a long period of low-glucose 

perfusion, as shown by a representative recording (i). Cii, summary of the effect of 

low glucose and tolbutamide on Vm of neurons. Tolb, tolbutamide; TTX, tetrodotoxin. 

*p < 0.05. 
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