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Abstract

Subsequent to the discovery of insulin 100 years ago, great strides have been made in 

understanding its function, especially in the brain. It is now clear that insulin is a critical 

regulator of the neuronal circuitry controlling energy balance and glucose homeostasis. This 

review focuses on the effects of insulin and diabetes on the activity and glucose sensitivity of 

hypothalamic glucose-sensing neurones. We highlight the role of electrophysiological data in 

understanding how insulin regulates glucose-sensing neurones. A brief introduction describing the 

benefits and limitations of the major electrophysiological techniques used to investigate glucose-

sensing neurones is provided. The mechanisms by which hypothalamic neurones sense glucose 

are discussed with an emphasis on those glucose-sensing neurones already shown to be modulated 

by insulin. Next, the literature pertaining to how insulin alters the activity and glucose sensitivity 

of these hypothalamic glucose-sensing neurones is described. In addition, the effects of impaired 

insulin signalling during diabetes and the ramifications of insulin-induced hypoglycaemia on 

hypothalamic glucose-sensing neurones are covered. To the extent that it is known, we present 

hypotheses concerning the mechanisms underlying the effects of these insulin-related pathologies. 

To conclude, electrophysiological data from the hippocampus are evaluated aiming to provide 

clues regarding how insulin might influence neuronal plasticity in glucose-sensing neurones. 

Although much has been accomplished subsequent to the discovery of insulin, the work described 
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in our review suggests that the regulation of central glucose sensing by this hormone is both 

important and understudied.
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1 | GLUCOSE-SENSING NEURONES

1.1 | Electrophysiological methods

This aims to highlight the electrophysiological evidence supporting a critical role of insulin 

in regulating glucose-sensing neurones. Electrophysiological techniques have been used for 

over a half of a century to investigate the responses of neurones to extracellular glucose, 

as well as other nutrients and hormones. These techniques have evolved significantly over 

time, leading to a variety of different recording configurations. The distinctions between 

the different configurations are subtle and can be confusing to individuals who are not 

electrophysiologists. For this reason, we begin the discussion of glucose-sensing and insulin-

responsive neurones with a brief introduction into the types of electrophysiological studies 

encountered most frequently in the literature under review. These include (but are not limited 

to) single unit extracellular, intracellular (sharp electrode), loose patch and patch clamp 

recording configurations. Figure 1 provides an illustration of these recording configurations 

and a common example of the type of data produced.

Extracellular, single unit recordings have been used subsequent to the 1950s to investigate 

neuronal activity (action potentials) in vivo or in brain slices ex vivo.1 This method measures 

the electrical activity of neurones adjacent to the recording electrode. Often, the goal is to 

record activity from just one neurone. The nature of the observed wave-form enables the 

user to identify when that is the case. Extracellular recording is also used to simultaneously 

measure neuronal activity or the response to excitatory input in a population of neurones. 

This technique is beneficial for investigating changes in neuronal activity patterns in 

response to sensory stimuli in alert, freely moving animals. In addition, because the 

electrode does not contact the cell, this technique is non-invasive with respect to the neurone 

being recorded. Action potentials can also be measured in vivo or ex vivo using intracellular 

or sharp electrodes that impale the cell.2 The benefit of this technique is that it is clear that 

the activity of a single neurone is being recorded when the narrow tip prevents significant 

disruption of the intracellular milieu. A third electrophysiological technique used to measure 

action potentials is known as the loose patch technique.3 In loose patch recording, the glass 

pipette housing the recording electrode is pressed against the cell membrane, which makes a 

‘loose’ or low resistance (eg, 500 MΩ) seal against the electrode glass. The advantage of this 

technique is that it also guarantees that activity of a single neurone is being monitored but it 

does not impale the neurone and thus does not disrupt the intracellular milieu. This prevents 

dialysis of cellular contents (eg, ATP, cAMP) or disruption of ionic gradients. Maintaining 

the intracellular environment is important for investigating hormonal or nutrient regulation 

that involves intracellular signalling pathways or metabolism. However, one disadvantage 
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is that current leak around the loose seal precludes mechanistic evaluation of ion channel 

activity.

The patch clamp electrophysiological technique was established by Neher and Sakmann 

in the 1970s and has become the gold standard for investigating the cellular mechanisms 

underlying the regulation of action potential frequency and pattern.4,5 In patch clamp 

recording, a seal is achieved between the pipette glass housing the recording electrode and 

the cellular membrane. Known as the gigaohm (GΩ) seal, it has very high resistance and 

allows minimal current leak. As a result, it is possible to measure the currents resulting from 

flux through single ion channels, as well as whole cell currents in response to changes in the 

solution bathing the cell or pipette, depending on the recording configuration. Patch clamp 

recording enables the user to ‘clamp’ either the membrane current or the membrane voltage. 

In voltage clamp, the membrane voltage is held at a constant value to allow single channel or 

whole cell ionic currents to be measured with high fidelity. On the other hand, current clamp 

allows measurement of membrane voltage changes, such as action potentials, in response to 

experimental manipulation. There are four major patch clamp configurations: cell attached, 

inside out, outside out and whole cell.4 The cell attached configuration, similar to loose 

seal, allows for measurement of action potentials without compromising the intracellular 

milieu. This configuration, which is generally used in the voltage clamp mode, is also able 

to measure the ionic currents of the ion channels in the piece of membrane directly under 

the tip of the glass recording pipette. This can be useful for evaluating ion channels that 

are regulated by cytosolic factors. The inside out and outside out configurations are used in 

the voltage clamp mode to directly manipulate ion channels. The inside out configuration 

consists of a piece of cell membrane attached to the pipette with the cytosolic side facing 

the solution bathing the pipette. By changing the bath solution, it is possible to investigate 

the regulation of the cytosolic face of the ion channels. This is useful, for example, for 

investigating the ATP sensitivity of the ATP-sensitive potassium (KATP) channel because 

it is now simple to manipulate cytosolic ATP concentration.6 The outside out configuration 

consists of a piece of cell membrane attached to the pipette with the extracellular side 

facing the bathing solution. This is useful, for example, for investigating the regulation 

of the KATP channel by neuroactive peptides in the extracellular solution.7 In whole 

cell recording, the gigaohm seal is formed and then gentle suction is used to rupture the 

membrane under the tip of the recording pipette. The experimenter is now able to measure 

changes in whole cell currents (voltage clamp) or membrane voltage (current clamp).

An additional advantage of the whole cell configuration is the ability to dialyze a 

dye from the pipette solution into the cell. This allows the use of post-recording 

immunohistochemistry to phenotype the recorded neurone. For example, Wang et al8 used 

this technique in brain slice preparations to demonstrate that glucose-sensing neurones 

located in the cell poor region between the arcuate and ventromedial hypothalamus were 

distinct from the arcuate pro-opiomelanocortin (POMC) neuronal population. The whole 

cell recording configuration or similar pipette seals can also be used to harvest cellular 

contents for a single cell reverse transcriptase-polymerase chain reaction. Such studies 

have revealed an overlap between the insulin receptor and glucose-sensing neurones (as 

described below).9–11 Measuring action potentials is a common use of the whole cell current 

clamp mode. However, in this configuration, it is also possible to measure the membrane 
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voltage response to injected current pulses. The relationship between injected current and 

the cellular voltage response is termed the input resistance and reflects the excitability 

of the neurone to pre-synaptic input. A larger voltage response to current corresponds to 

increased cellular electrical resistance, which in turn reflects closure of extra-synaptic ion 

channels on the cell body. These somatic ion channels are most often permeable to either 

K+ or Cl− and are responsible for setting the resting membrane potential. Thus, increased 

resistance would indicate closure of somatic channels and depolarisation and/or increased 

neuronal excitability in response to input from upstream (pre-synaptic) neurones.12 Whole 

cell resistance is of particular importance to the topic of this review because these somatic 

channels are responsive to factors present in the extracellular milieu (eg, glucose, insulin) as 

opposed to neurotransmitters released at the synapse.

Pre-synaptic input (ie, from upstream neuronal circuits) can be measured in the whole 

cell configuration as excitatory and inhibitory post-synaptic currents (EPSCs or IPSCs, 

respectively; voltage clamp) or potentials (E/IPSPs; current clamp). The neurone can 

be isolated from pre-synaptic input in brain slice preparations with compounds such as 

tetrodotoxin, which prevents input from pre-synaptic action potentials by blocking sodium 

channels. This enables the experimenter to measure the direct effects of nutrients or 

hormones on the neurone that is being recorded. Although astrocytes do not typically 

produce action potentials, patch clamp recording can also be used to measure astrocytic 

depolarisation and single channel or whole cell currents produced by these cells. This is of 

significance because astrocytes not only sense nutrients and hormones, but also are known to 

regulate action potential generation and pattern in neuronal circuits.13,14

Historically, in vivo studies have predominantly used extracellular, single unit or 

intracellular sharp electrode recording configurations because movement of the brain in 

response to blood flow was less likely to disrupt the recording. In comparison, even 

the slightest movement can disrupt a patch clamp recording pipette seal. However, as 

the techniques continue to evolve, reports are emerging using patch clamp recording in 

vivo.15 Finally, the use of intracellular dyes that fluoresce in response to changes in 

neuronal activity and/or cellular processes (eg, membrane potential, calcium, or nitric oxide 

[NO] sensitive dyes) are now commonly used to investigate populations of nutrient- and 

hormone-sensing neurones.9,11,16–20 The benefit of these dyes is the ability to monitor large 

populations of neurones. The main disadvantages are that these indices are only surrogates 

for electrical activity and these measurements often must be made in dissociated cells (eg, in 

the absence of glia and other regulatory input).

1.2 | Glucose-sensing neurones

Glucose-sensing neurones were first discovered in 1964 by two independent laboratories 

using in vivo extracellular recordings in cats and dogs.21,22 Together, their findings showed 

that both food intake and elevated blood glucose increased the activity of approximately 

half of recorded neurones in the ventromedial hypothalamus (VMH) and decreased the 

activity of approximately half of the neurones in the lateral hypothalamus (LH). Conversely, 

fasting resulted in greater neuronal activity within the LH than within the VMH. This 

suggested that glucose excites a population of VMH neurones and inhibits a population of 
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LH neurones. Interestingly, insulin did the converse of glucose.21 In 1990, Ashford et al23 

demonstrated the presence of metabolism dependent glucose-excited (GE) neurones in the 

VMH using intracellular recording. They then used cell attached patch clamp recording in 

isolated neurones to show that glucose closed a potassium channel. Subsequent inside out 

patch clamp recordings revealed this to be the ATP-sensitive K+ (KATP) channel.23 These 

early studies used a non-physiological range of brain glucose concentrations (0 to 10 mmol 

L−1); however, GE neurones in both the VMH and arcuate nucleus of the hypothalamus 

(ARC) were later demonstrated to be sensitive to physiological changes in extracellular 

glucose (0.1 to 5 mmol L−1) with a K1/2 of approximately 0.5–0.7 mmol L−1.8,24 This is 

relevant because hypothalamic glucose concentrations are approximately 0.7 mmol L−1 after 

an overnight fast, 1.5–2 mmol L−1 during the fed state and increase to only 4.5 mmol L−1 

when blood glucose is 20 mmol L−1.25−27 VMH GE neurones use the pancreatic form of 

hexokinase, glucokinase (GK), to sense glucose.9,11 Thus, glucose sensing in VMH and 

ARC GE neurones is very similar to that of the insulin secreting pancreatic β-cell.28 There 

is also a subpopulation of ARC GE neurones that are excited only by glucose increases 

> 5 mmol L−1.29,30 Glucose sensing in this GE population involves the transient receptor 

potential channel C (TRPC) rather than the KATP channel.31

The early single unit recording and patch clamp studies of the VMH suggested that neurones 

which are inhibited by glucose (glucose-inhibited [Gl] neurones) were either not present 

or present in numbers too few to likely be of physiological relevance.21−23,32 However, 

later studies using patch clamp recording in brain slices or membrane potential and calcium 

sensitive dyes suggested a significant population of Gl neurones in the VMH. It is now 

demonstrated that Gl neurones comprise almost 60% of the neurones of the ventrolateral 

VMH.9,11,19,33,34 Similar to GE neurones, VMH Gl neurones express GK and respond 

to physiological changes in extracellular glucose.9,11,19,24,34,35 Although they possess 

functional KATP channels, VMH Gl neurones require phosphorylation and activation of 

AMP-activated protein kinase (AMPK) and neuronal NO synthase (nNOS) to be activated in 

low glucose.17,19,36 As noted for ARC GE neurones, there is also a population of ARC Gl 

neurones that are only inhibited when glucose levels exceed 5 mmol L−1.29 The early single 

unit recordings also suggested that the LH primarily possessed Gl neurones.21,22 However, 

similar to the VMH, populations of both LH Gl and GE neurones have been observed 

using patch clamp recording. LH orexin and GABA neurones are Gl neurones, whereas 

melanin-concentrating hormone (MCH) neurones are GE neurones.37,38 Additionally, the 

orexin and GABA Gl neurones are inhibited by the non-metabolisable glucose analogue, 

2-deoxyglucose (2DG).38 Thus, rather than responding to changes in glucose metabolism, 

these Gl neurones sense the glucose molecule itself. Little is known about the mechanism of 

glucose sensing by MCH neurones; however, whole cell patch clamp recordings indicate that 

glucose increases cellular resistance consistent with closing an ion channel and increasing 

excitability. Whether this is the KATP channel remains to be determined.37 One potential 

explanation for the discrepancy between the extracellular single unit and later patch clamp 

recording data with regard to VMH Gl neurones is that the former measures the dominant 

(macro) circuits, whereas the latter enables detection of more discrete (micro) circuitry. 

Moreover, Gl neurones are concentrated within the ventrolateral VMH and may have been 

missed when recording elsewhere in the VMH.
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In addition to the VMH and LH, glucose-sensing neurones have been found in numerous 

other hypothalamic and extra-hypothalamic regions. Regions or cell types expressing 

GE neurones include the pre-autonomic neurones of the hypothalamic paraventricular 

nucleus (PVN),39 the gonadotrophin-releasing hormone (GnRH) neurones of the anterior 

hypothalamus,40,41 the ARC POMC neurons,42 the amygdala43 and the brainstem.44 

Gl neurones are also found in the PVN,39 the dorsomedial hypothalamus, the ARC 

neuropeptide Y (NPY) neurones,29 the amygdala43 and brainstem.44 Interestingly 

mechanisms of glucose sensing differ among distinct subpopulations of glucose-sensing 

neurones. For example, as noted above, glucose sensing by LH Gl neurones is metabolism 

independent, whereas VMH Gl neurones require the cellular fuel sensor AMPK to sense 

glucose. Similarly, VMH GE neurones sense glucose via the KATP channel, whereas GnRH 

GE neurones do not.41 Moreover, both GnRH GE neurones and the GT1–7 cell lines 

that are derived from GnRH neurones require AMPK to sense glucose,40,41 but VMH GE 

neurones do not.45 Finally, single unit recordings in primates demonstrate the presence of 

glucose-sensing neurones in the orbitofrontal cortex, a region not usually considered in 

metabolic regulation.46 Thus, it is clear that brain glucose sensing is a diverse and integrated 

network that likely functions not only to regulate glucose homeostasis, but also to link 

neuroendocrine and behavioural systems with nutrient availability.

2 | EFFECTS OF INSULIN ON NEURONAL ACTIVITY AND GLUCOSE 

SENSING

2.1 | Effects of insulin on neuronal activity of glucose-sensing neurones

Insulin has widespread effects in the brain and influences both neurones and glial cells.47 A 

higher percentage of VMH GE and Gl neurones express insulin receptors compared to non-

glucose-sensing neurones.11 As expected, insulin regulates both the activity and the glucose 

sensitivity of glucose-sensing neurones. In supraphysiological glucose concentrations (10 

mmol L−1) insulin hyperpolarised, decreased the input resistance (consistent with opening 

KATP channels) and diminished the action potential frequency of freshly dissociated VMH 

and ARC GE neurones. This was associated with increased KATP single-channel activity 

and was mediated by phosphoinositol-3 (PI3) kinase signalling.48 This effect persisted in 

the absence of pre-synaptic input suggesting that insulin acts directly on GE neurones. 

Interestingly, the effect of insulin is dependent on glucose concentration. In the presence of 

5 mmol L−1 glucose, which might be seen in the brain during diabetic hyperglycaemia,27 

insulin had a lesser effect on the input resistance and action potential frequency of VMH 

GE neurones than in 10 mmol L−1 glucose.45,48 However, although insulin decreased 

input resistance (eg, opened KATP channels) of VMH GE neurones in 2.5 mmol L−1 

glucose, this was not sufficient to reduce action potential frequency, nor did insulin have 

any effect on ARC GE neurones in this glucose concentration.8,45 This suggests that the 

ability of insulin to inhibit GE neurones is dependent on the state of the KATP channel. 

Accordingly, the effect of insulin effect is greatest when the KATP channel is in the closed 

state in high glucose; however, it appears to have minimal effects on neuronal activity in 

VMH and arcuate GE neurones at physiological glucose levels. That said, decreased input 

resistance in 2.5 mmol L−1 glucose would reduce neuronal responses to pre-synaptic input. 

In 2.5 mmol L−1 glucose, insulin hyperpolarises VMH Gl neurones and increases their 
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NO production. The latter is mediated by PI3 kinase.17 This appears paradoxical because 

increased NO production is associated with depolarisation of VMH Gl neurones in low 

glucose.19 However, VMH Gl neurones possess KATP channels that are regulated not by 

glucose but, instead, by lactate.24 This suggests that the KATP channel- and NO-mediated 

pathways may have distinct effects in VMH Gl neurones. Moreover, although glucose acts 

only on the NO pathway, insulin may regulate both NO production and KATP channel 

activity in Gl neurones. These observations also suggest that the net effect of insulin on 

metabolically sensitive pathways in VMH GE and Gl neurones is dependent on the status of 

the neurones in any given nutrient or hormonal milieu.

Insulin effects have also been observed in LH MCH (GE), ARC NPY (Gl) and POMC 

(GE) neurones. In LH MCH neurones, insulin increases excitability and action potential 

frequency.49 Insulin effects in POMC and NPY neurones are not unexpected given the well-

established role of POMC neurones in promoting satiety and increased energy expenditure, 

whereas NPY neurones signal for the reverse.50 Interestingly, whether insulin excites or 

inhibits POMC neurones during whole cell recordings is controversial. A number of studies 

report that insulin inhibits POMC neurones by activating the KATP channel.51–54 Most 

of these studies evaluated the effects of the Humulin™ (Eli Lilly, Indianapolis, IN, USA) 

preparation of insulin in rats or mice.51,53,54 However, Qiu et al55 showed that purified 

guinea pig or bovine insulin depolarised and increased action potential frequency in the 

majority (74%) of POMC neurones from guinea pigs, with the remainder being unaffected. 

Insulin excitation was accompanied by an inward (excitatory) current that reversed at 

−10 mV, consistent with activation of a cation channel. This insulin effect was mediated 

by a PI3 kinase-induced activation of the transient receptor potential channel TRPC5.55 

Interestingly, the TRPC5 channel may contribute to crosstalk between insulin and glucose 

because some arcuate GE neurones (those responding to glucose levels above 5 mmol L−1) 

use the TRPC channel to sense glucose.31 All of these studies used whole cell patch clamp 

recording to evaluate insulin effects; however, these differences could result from differences 

in species or insulin preparation. To address this issue, Qiu et al55 evaluated the effects 

of Humulin™ in their guinea pig preparation and found the majority of POMC neurones 

were inhibited. Because most Humulin™ preparations contain zinc in a 2:1 insulin:zinc 

ratio and zinc activates the KATP channel, they hypothesised that hyperpolarisation was 

a result of zinc activation of KATP channels in the Humulin™ preparation. Consistent 

with their hypothesis, zinc hyperpolarised POMC neurones from guinea pigs and induced 

an outward (inhibitory) current, which reversed at the K+ equilibrium potential and was 

blocked by the KATP channel inhibitor tolbutamide. Their data suggest that the reported 

inhibitory effect of insulin, or at least the Humulin™ preparation, may actually be a result 

of zinc-mediated KATP channel activation, masking any insulin-induced depolarisation. 

However, this explanation does not entirely end the controversy because several groups 

report that purified insulin inhibits POMC neurones.52,56

A recent study by Dodd et al56 provides an intriguing alternative hypothesis. In their 

study, also using whole cell patch clamp recording, they found that the majority of POMC 

neurones from ad lib fed mice were either inhibited or unaffected by reconstituted human 

insulin (Tocris, Bristol, UK), with only a small subpopulation being excited.56 Whether 

insulin inhibited or excited POMC neurones in their preparation was dependent on T-cell 
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protein tyrosine phosphatase (TCPTP). That is, the insulin-inhibited POMC neurones 

expressed TCPTP, whereas the insulin-excited neurones did not. Dodd et al56 then showed 

that TCPTP is induced in the fasted state when POMC neurones are generally inhibited. 

When TCPTP was deleted in POMC neurones, the relative proportion of insulin-excited 

POMC neurones increased with a concomitant decrease in the proportion of those which 

were inhibited.56 On the other hand, insulin reduced action potential frequency in NPY/

agouti-related peptide (AgRP) neurones; an effect which was blocked when TCPTP was 

deleted in these neurones.57 This suggests an interaction between insulin, TCPTP and 

energy status. In the fasted state, TCPTP would shift the effects of insulin toward inhibition 

of POMC GE neurones, at the same time as blocking the inhibitory effect of insulin on 

the feeding stimulatory NPY/AgRP-GI neurones. Taken together, the above data obtained in 

the VMH and ARC indicate an interaction between insulin and the steady-state activity of 

glucose-sensing neurones that is dependent on metabolic status. However, it is important to 

acknowledge the role of zinc in studies that use Humulin™ in mouse or rat brains. The above 

data also suggest heterogeneity in the POMC populations. Interestingly, in terms of glucose 

sensing, it is not un-common for glucose-sensing and non-glucose-sensing neurones to exist 

within distinct neuropeptide populations (eg, orexin, NPY58,59). Moreover, some studies 

report POMC neurones to be glucose sensing where others do not.8,29,42 Taken together, 

these data suggest the likelihood of subpopulation variation in glucose or insulin sensing that 

could be dependent on different energy states of the cells.

2.2 | Insulin effects on glucose sensitivity of glucose-sensing neurones

Few studies have evaluated the effects of insulin on glucose sensing. However, as might 

be expected from the above discussion, insulin affects the glucose sensitivity of GE and 

Gl neurones. In whole cell patch clamp recordings from VMH GE neurones, insulin 

(recombinant human) blunts the decreased input resistance and action potential frequency 

normally seen when glucose levels decrease from 2.5 to 0.1 mmol L−1.45 Thus, in the 

presence of insulin, a meal-to-meal or fasting-induced decrease in blood glucose would 

have less impact on VMH GE neurones. Conversely, the increase in input resistance and 

action potential frequency normally seen in VMH Gl neurones as glucose decreases was 

significantly blunted in neuronal insulin receptor knockout (NIRKO) mice.60 This was 

associated with a blunted sympathoadrenal response to hypoglycaemia, suggesting that 

VMH Gl neurones are necessary to raise blood glucose during insulin hypoglycaemia. 

However, this may not reflect a role for these Gl neurones in mediating insulin effects 

during euglycaemia. This latter hypothesis is supported by studies of mice lacking the 

insulin sensitive glucose transporter 4 (GLUT4). These mice exhibit an impaired response 

to hypoglycaemia in vivo, and the activation of VMH Gl neurones in low glucose is largely 

blocked.61

Although this review is focused on glucose-sensing neurones, astrocytes express glucose-

sensing machinery including GLUT2, which mediates glucose sensing in liver and 

pancreatic β-cells.62–65 Astrocytes are important regulators of normal neuronal function 

and activity.13,66,67 Changes in extracellular glucose alters intracellular calcium levels in 

tanycytes (astrocytes lining the third ventricle).68 Moreover, tanycytic processes in the VMH 

change their morphology following repetitive hypoglycaemia, which impairs hypothalamic 
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glucose sensing.69 This suggests that astrocytes may play a role in glucose sensing. 

Astrocytes also express insulin receptors, suggesting a role for this hormone in astrocytic 

regulation of neuronal activity.66 For example, dopamine release is impaired in mice lacking 

the astrocytic insulin receptor. It is tempting to speculate that insulin increases glucose 

uptake into astrocytes; however, this does not appear to be the case. Rather, insulin increases 

astrocytic glycogen levels.70 Although the precise function of astrocytes in central insulin 

and glucose sensing is not known, it is clear that they are poised to play a significant role.

3 | EFFECTS OF DIABETES MELLITUS ON GLUCOSE-SENSING 

NEURONES

Type 1 diabetes mellitus (T1DM) is a result of autoimmune destruction of the pancreatic 

β-cell leading to an absence of insulin secretion as glucose levels increase.71 By contrast, 

type 2 diabetes mellitus (T2DM) is initially a result of insulin resistance which can be 

followed by β-cell fatigue and impaired insulin secretion.72 Regardless of the cause of the 

pathology, both T1DM and T2DM are associated with reduced insulin action. As would be 

expected, insulin resistance impacts the activity and glucose sensitivity of glucose-sensing 

neurones. Additionally, hyperglycaemia per se resulting from either a lack of insulin or 

impaired insulin signalling is associated with impaired glucose sensing.16,20,48,73

3.1 | Effects of insulin resistance on the activity and glucose sensitivity of glucose-
sensing neurones

Surprisingly few studies have evaluated the effects of insulin resistance on glucose-sensing 

neurones. Most of these studies use either the Zücker fatty rat or the db/db mouse. 

Zücker fatty rats express a mutated leptin receptor. Heterozygotes for this mutation 

are phenotypically lean whereas homozygotes are obese. Although VMH and ARC GE 

neurones from lean Zücker rats are inhibited by insulin, those from obese Zücker rats are 

insulin insensitive.48 Similarly, diabetic db/db mice are characterised by a leptin receptor 

mutation and insulin resistance. In these mice, the inhibitory response of VMH GE neurones 

to low glucose was enhanced and insulin was without effect on glucose sensitivity. The 

insulin sensitiser, compound 2, normalised the effects of insulin on VMH GE neurones from 

these mice.73 Additionally, in diabetic db/db mice, spontaneous neuronal firing is higher 

in PVN pre-autonomic neurones compared to their lean counterparts. These neurones, of 

which approximately 70% are glucose sensing (both GE and Gl), project to the liver. This 

increase in neuronal activity is associated with elevated sympathetic activation and may 

lead to increased hepatic glucose production.74 Moreover, insulin resistance as a result of a 

high-fat diet blocked the effects of insulin in POMC neurones from male guinea pigs. By 

contrast, POMC neurones from female guinea pigs in pro-oestrus retained insulin sensitivity, 

whereas those from ovariectomised guinea pigs did not. The effect of ovariectomy was 

blocked by oestradiol administration.75 Thus, the ability of insulin to modulate glucose-

sensing neurones translates to dysfunction during insulin resistance, the extent of which is 

further impacted by sex. Although the majority of studies have been performed in males, 

sex hormones clearly play a role in insulin sensitivity and glucose homeostasis. Female 

mice lacking oestrogen receptors in either POMC or VMH neurones exhibit impaired 

glucose homeostasis.76 Furthermore, oestrogen and insulin recruit the PI3 kinase pathway, 
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suggesting overlap in insulin and oestrogen signalling.77 Finally, the glucose sensitivity of 

VMH Gl neurones is sexually dimorphic and varies across the oestrus cycle.33,78 These data 

are highly relevant given the dearth of literature in human and non-human females. This is 

clearly an area that requires further study.

3.2 | Lack of insulin/diabetic hyperglycaemia

Streptozotocin (STZ) is a toxin that is transported into pancreatic β-cells by the glucose 

2 transporter leading to cell death. STZ is often used as a rodent model that mimics 

diabetic hyperglycaemia/insulin loss in T1DM.16,20,79,80 In this model, it is difficult to 

distinguish between the effects arising as a result of the lack of insulin and the presence 

of hyperglycaemia; however, this is the case in human disease as well. In preparations of 

isolated VMH neurones from STZ rats, decreased glucose did not elicit NO production 

or neuronal depolarisation as measured by NO or membrane potential sensitive dyes, 

respectively.16 This indicates an interesting inability to detect VMH Gl neurones in STZ 

rats. A similar effect was also observed when the neurones were incubated in 5 mmol 

L−1 glucose in vitro suggesting that this is mediated by hyperglycaemia per se and not 

the absence of insulin in the STZ model. Both NO production and depolarisation (ie, 

presence of Gl neurones) were restored by an AMPK activator. VMH GE neurones were 

not altered in preparations from STZ rats.16 In brain slices of the PVN of STZ mice, the 

amplitude of IPSCs in whole cell recordings of pre-sympathetic neurones projecting to the 

kidney were smaller than in non-diabetic controls.81 GABAergic inhibition was also blunted, 

indicating that a lack of insulin/hyperglycaemia alters the electrophysiological profile of 

pre-sympathetic PVN neurones. These data further suggest that T1DM leads to remodelling 

of the sympathetic nervous system.81

3.3 | Effects of insulin-induced hypoglycaemia on glucose-sensing neurones

Iatrogenic hypoglycaemia is the major limiting factor in treating diabetes with intensive 

insulin therapy.82 Severe acute hypoglycaemia can lead to seizures, brain damage and death. 

However, the effects of repeated non-life threatening hypoglycaemia are more insidious. In 

response to an initial hypoglycaemic episode, the counter-regulatory hormones glucagon, 

epinephrine, corticosterone and growth hormone are secreted to restore euglycaemia. In 

addition, sympathetic activation and cognitive arousal alert the individual to falling glucose 

levels (hypoglycaemia awareness) and elicit behavioural responses such as food intake. 

However, repeated hypoglycaemia blunts the ability of the brain to detect and correct 

subsequent hypoglycaemia leading to hypoglycaemia associated autonomic failure (HAAF), 

which is a result of impaired glucagon and epinephrine release, and hypoglycaemia 

unawareness, in which cognitive awareness of hypoglycaemia is diminished.83 During 

HAAF and hypoglycaemia unawareness, blood glucose levels can fall to dangerous, even 

lethal, levels without detection and correction. There is a significant literature on the 

effects of HAAF on neuronal activity.20,34,84–89 However, as a result of the lack of an 

animal model of hypoglycaemia unawareness, until recently,90 less was known about the 

neural mechanisms involved. When discussing these data, as with those regarding impaired 

insulin signalling vs hyperglycaemia, it is difficult to differentiate between the effects of 

hypoglycaemia and the increased insulin level often needed to create it. It is clear, however, 
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that recurrent insulin-induced hypoglycaemia and HAAF impair the ability of VMH GE and 

Gl neurones to respond to low glucose.

During HAAF, VMH GE neurones experience a shift in glucose sensitivity, requiring a 

greater decrease in glucose concentration before their activity is inhibited.91,92 Because 

insulin also blunts inhibition of VMH GE neurones by low glucose,45 it is not clear 

whether repeated insulin or hypoglycaemia or both contribute to this effect. However, it 

is clear that VMH GE neurones and KATP channels are important for the response to 

insulin hypoglycaemia. Mice that lack the inwardly rectifying potassium subunit of the 

KATP channel (Kir6.2) lack VMH GE neurones and have impaired glucagon production 

in response to insulin-induced hypoglycaemia.93 Pharmacological closure of VMH KATP 

channels suppresses, whereas activation enhances, the counter-regulatory hormone response 

to insulin hypoglycaemia.94–96 Activation of PVN neurones in low glucose is also 

suppressed during HAAF, suggesting a role for PVN GE neurones as well.97,98

Similar to VMH GE neurones, the threshold for activation of VMH Gl neurones shifts to 

lower glucose levels during HAAF.34,92 Moreover, ex vivo activation of VMH Gl neurones 

by low glucose is impaired in animals displaying in vivo dysregulation of hypoglycaemia 

counterregulation.20,34,60,61,84,92,99 Conversely, when the glucose responsive machinery of 

VMH Gl neurones (eg, AMPK, nNOS signalling) is impaired in vivo, so also is the 

counter-regulatory response to hypoglycaemia.36,100–102 These data strongly support a 

role for these neurones in the counter-regulatory response to hypoglycaemia. Interestingly, 

although insulin increases NO production in VMH Gl neurones, it also hyperpolarises 

these neurones.17 Thus, to some extent, it is possible that repeated insulin and repeated 

hypoglycaemia mediate these effects. In support of a role for insulin in the impaired 

response to hypoglycaemia in diabetes, VMH insulin infusion normalised the response to 

hypoglycaemia in STZ treated rats by increasing GLUT4 expression.103

Although the hypothalamus hosts the majority of glucose and feeding responsive neurones, 

the response to hypoglycaemia may also be modulated by neurones found outside of the 

hypothalamus. For example, there is very strong evidence for a role of brain-stem glucose 

sensors in hypoglycaemia counter-regulation.104–109 However, GE and Gl neurones in this 

region have not been well characterised electrophysiologically, nor has their response to 

insulin been evaluated. Similarly, in the periphery, glucose-sensing cells within the portal 

vein of the liver are very important for hypoglycaemia counter-regulation, although the 

identity of these cells remains unknown.109–115 Furthermore, an early study conducted 

in 1986 demonstrated that single unit recordings in the amygdala of conscious monkeys 

showed a decrease in neuronal activity following feeding.116 From these data alone, it 

was not possible to determine whether this response was a result of the presence of Gl 

neurones that directly sense glucose, or whether the decreased neuronal activity was a 

result of pre-synaptic input from glucose-sensing neurones outside the amygdala or even if 

glucose sensing was involved at all. However, a more recent study was able to confirm the 

presence of both GE and Gl neurones in the amygdala utilising calcium imaging in isolated 

cells.43 These glucose-sensing neurones express glucokinase and the urocortin 3 receptor. 

Amygdala urocortin receptor expressing neurones project to the VMH and approximately 

30% of these neurones are active during mild insulin-induced hypoglycaemia. Chemical 
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deletion of these amygdalar neurones with ibotenic acid leads to an impaired counter-

regulatory hormone response during a hyperinsulinemic hypoglycaemic clamp. These data 

suggest a role for amygdalar glucose-sensing neurones in the response to insulin-induced 

hypoglycaemia and, furthermore, that they may modulate the VMH response. The effects 

of insulin hypoglycaemia are mimicked by the non-metabolisable glucose analogue, 2DG, 

which suggests that this effect is mediated by hypoglycaemia per se and not insulin.43

A distinct population of hypothalamic glucose-sensing neurones may play a role in both 

the counter-regulatory response to insulin-induced hypoglycaemia and hypoglycaemia 

awareness. Single unit recordings of perifornical neurones in vivo indicated increased 

activity in response to insulin-induced hypoglycaemia or systemic 2DG, and a number 

of these neurones were orexin positive.117,118 Perifornical injection of 5-thioglucose, 

another non-metabolisable glucose analogue, also increased blood glucose and epinephrine 

secretion.119 The response to non-metabolisable glucose analogues, as well as the 

observation that neuronal activation coincided with maximal hypoglycaemia, suggests that 

these effects were likely resulting from a hypoglycaemic state, more so than insulin 

signalling itself.117–119 These data suggest a role for the LH orexin Gl neurones in 

sympathetic activation and epinephrine secretion during hypoglycaemia. These neurones 

also play a role in hypoglycaemia awareness. Otlivanchik et al90 were the first to establish 

a model of hypoglycaemia awareness that mimics human pathology. These investigators 

used a conditioned place preference (CPP) paradigm to train rats to prefer one side of a 

CPP chamber. They then induced insulin-hypoglycaemia on the preferred side and observed 

that, on the following day, the rats no longer preferred that side. This indicates that the rats 

were aware of the hypoglycaemia and found it aversive. However, when the rats experienced 

several hypoglycaemic episodes in their home cages prior to the hypoglycaemia in the CPP 

chamber, they did not reverse their preference for the trained side. This indicates that they 

were not aware of the hypoglycaemia and did not develop an aversion. Pretreatment with a 

selective orexin receptor-1 antagonist, SB-334867A, blocked awareness of hypoglycaemia 

and mimicked the effects of prior hypoglycaemia, suggesting a role for orexin neurones in 

hypoglycaemia awareness and unawareness.90,119

It is clear that glucose-sensing neurones both within the hypothalamus and in other regions 

play a role in the response to insulin-induced hypoglycaemia. What is not clear is whether 

or how the insulin that results in hypoglycaemia modulates the responses of these neurones. 

This issue is particularly important when considering repeated hypoglycaemia, which by 

its nature is also repeated insulin. Further studies to uncover the mechanisms by which 

insulin-induced hypoglycaemia affects glucose sensing may shed light on this topic.

4 | MECHANISMS BY WHICH DIABETIC HYPERGLYCAEMIA AND INSULIN-

INDUCED HYPOGLYCAEMIA ALTER GLUCOSE SENSING

4.1 | Glycogen/nutrient compensation

Brain glycogen stores are significant and astrocytic glycogen supports neuronal activity 

during glucose deprivation.120,121 This suggests the hypothesis that repeated insulin-

hypoglycaemia leads to glycogen super compensation, which would then prevent glucose-
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sensing neurones from sensing glucose deficit. However, brain glycogen levels decreased 

to a similar degree following either a single episode or three episodes of insulin-

hypoglycaemia. Moreover, there was no difference in glycogen levels following recovery 

from hypoglycaemia in either situation.122 These data suggest that glycogen super 

compensation does not explain impaired glucose sensing following repeated hypoglycaemia.

An alternative hypothesis is that lactate substitutes for glucose during insulin-induced 

hypoglycaemia. This hypothesis derives from the now well-known astrocyte-neurone lactate 

shuttle proposed by Pellerin and Magistretti in 1994.123 The purpose of this shuttle is 

to allow astrocytes to provide glycolytically derived lactate to neurones as energy to 

sustain increased neuronal activity.123 Interestingly, insulin and insulin-like growth factor-1 

synergistically stimulate glucose uptake into primary cultures of cortical astrocytes.124 

Moreover, lactate levels increase following recurrent hypoglycaemia.125 Thus, insulin 

and the concomitant hypoglycaemia could trigger lactate production in astrocytes to 

compensate for the lack of glucose. This lactate might prevent glucose-sensing neurones 

from responding to hypoglycaemia. This hypothesis is consistent with the observation of 

Borg et al126 that VMH lactate infusion blunts the counter-regulatory response to insulin-

induced hypoglycaemia. Moreover, current clamp recordings of VMH GE neurones in 

brain slices show that lactate closes KATP channels and restores action potential frequency 

in low glucose.24 However, the story is clearly more complicated. For example, insulin 

reduces excitability in VMH GE neurones in 2.5 mmol L−1 glucose by activating KATP 

channels.45,48 However, insulin also blunts the inhibitory response of VMH GE neurones 

to low glucose.45 Moreover, lactate stimulates VMH Gl neurones by closing the KATP 

channel, whereas recurrent hypoglycaemia blunts their activation in low glucose.24,34 

Additionally, although lactate enhances glucose metabolism and pre-serves neuronal 

function during hypoglycaemia, glucose is still the major neuronal energy source.125 Taken 

together, these data suggest that altered brain metabolism as a result of repeated insulin 

and/or hypoglycaemia may influence central glucose sensing and play a role in HAAF, 

although we are still far from a clear understanding of the mechanism.

4.2 | Oxidative stress

Another mechanism underlying impaired glucose sensing during insulin-induced 

hypoglycaemia and diabetic hyperglycaemia is oxidative stress and the production of 

reactive oxygen species (ROS). Hypoglycaemia increases mitochondrial ROS (mROS) 

production.36,84,91,127,128 Central hypoglycaemia is further associated with a corresponding 

reduction in mitochondrial free radical scavengers, such as glutathione and superoxide-

dismutase.128 Taken together, hypoglycaemia represents a significant risk for harmful levels 

of oxidative stress, to which the brain is particularly susceptible.

First, it should be noted that, although ROS are often cast in a negative light, they do 

serve a function, in particular, as vital mitochondrial redox signalling molecules.129 ROS 

help maintain efficient mitochondrial function and additionally serve as important signals 

in adaptive responses to energy demand.129–132 Indeed, the hypothalamus utilises mROS 

as a metabolic marker for fluctuating energy status. In the ARC, hypoglycaemia-induced 

mROS are a necessary component of neuronal glucose sensing, which is blocked upon 
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the addition of antioxidants, and conversely mimicked by mitochondrial destabilisers that 

generate mROS.132 However, if left unchecked, chronic elevated ROS is implicated in the 

pathogenesis of several neurological conditions.133

VMH Gl neurones represent one pertinent example of how dysregulated ROS signalling 

can result in impaired neurological function. As discussed earlier, insulin-induced recurrent 

hypoglycaemia blunts activation of VMH Gl neurones in low glucose,134,135 partly through 

the increased NO production that is necessary for activation of VMH Gl neurones in low 

glucose.36 This is because, in addition to activating VMH Gl neurones in hypoglycaemia, 

NO also increases oxidative stress. NO inhibits cytochrome c, resulting in temporary 

impairment of mitochondrial respiration and elevated mROS. Normally, such transient 

fluxes of mROS are not concerning to long-term neuronal health. However, the combination 

of elevated NO and ROS, such as O2
.−, may result in the formation of ONOO−, a reactive 

intermediate capable of impairing proteins through post-translational S-nitrosation of sulfur 

groups.91 Fioramonti et al84 demonstrated that recurrent hypoglycaemia impairs the counter-

regulatory response to hypoglycaemia in part through increasing S-nitrosation of VMH 

proteins, and in particular, of soluble guanylyl cyclase, an endogenous NO receptor. These 

effects were prevented by the pre-administration of N-acetylcysteine (NAC), a precursor to 

the antioxidant glutathione. Furthermore, NAC restored typical glucose sensing in VMH Gl 

neurones from non-diabetic rats following recurrent hypoglycaemia, highlighting the impact 

of oxidative stress on the neurocircuits involved in hypoglycaemia counter-regulation.84

Oxidative stress is elevated in many brain regions during diabetic 

hyperglycaemia.89,128,136–142 Moreover, the pathology of diabetes includes impairment 

of neuronal glucose sensing and is in part a product of neuronal oxidative stress.128 

For example, activation of VMH Gl neurones in low glucose and the counter-regulatory 

response to insulin-induced hypoglycaemia is impaired in STZ diabetes even in the absence 

of recurrent hypoglycaemia. However, VMH overexpression of the antioxidant enzyme 

thioredoxin restored normal VMH Gl neuronal glucose sensing and hypoglycaemia counter-

regulation in STZ rats under basal conditions.20 Interestingly, transgenic mice deficient in 

insulin receptor substrate-2 (IRS2−/−) demonstrate elevated hypothalamic oxidative stress, 

resulting in increased inflammatory markers and eventual cell death.136 Thus, it is possible 

that both hyperglycaemia per se and impaired insulin signalling increase oxidative stress.

As discussed above, treatment with antioxidants such as NAC have been shown to normalise 

glucose sensing in VMH Gl neurones following recurrent hypoglycaemia. However, NAC 

did not normalise baseline glucose sensing in VMH Gl neurones or the counter-regulatory 

response to hypoglycaemia in STZ rats.20,84 Thus, the glutathione antioxidant system alone 

is not sufficient to combat the combined oxidative stress of diabetes and insulin-induced 

recurrent hypoglycaemia. This suggests that perhaps a different antioxidant system, alone 

or in combination with NAC, might restore normal glucose sensing. In support of this, 

infusion of the thioredoxin inhibitor auranofin blunted the counter-regulatory response and 

diminished VMH Gl neuronal activation in low glucose.20 Conversely, VMH thioredoxin-1 

overexpression normalised both Gl glucose sensing and the counter-regulatory response in 

STZ diabetic rats.20 Unfortunately, similar to NAC, VMH thioredoxin overexpression alone 

was also not able to maintain normal glucose sensing and hypoglycaemia counter-regulation 
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when the STZ rats were subjected to recurrent hypoglycaemia.20 This suggests again, that 

either a combination of glutathione and thioredoxin or another antioxidant are needed to 

compensate for the oxidative stress produced when insulin-induced hypoglycaemia occurs 

on a background of diabetic hyperglycaemia. However, what remains evident is that the 

counter-regulatory response and VMH glucose sensing are directly impacted by oxidative 

stress resulting from hyperglycaemia and hypoglycaemia. It is also possible that impaired 

insulin signalling contributes to this pathology.

4.3 | Mitochondrial KATP in glucose sensing

Mitochondrial KATP (mKATP) channels located on the inner mitochondrial membrane may 

provide a link between oxidative stress and glucose sensing. Although the molecular identity 

of mKATP channels remains controversial, they appear to play several important roles in 

determining the balance between cell survival and death. These roles include adjusting the 

K+ balance on either side of the membrane to control mitochondrial swelling, maintaining 

the mitochondrial membrane potential, sensing mitochondrial ATP to adjust the rate of the 

electron transport system to ATP requirements, regulating ROS production and affecting the 

release of cytochrome c. Increased oxidative stress activates mKATP channels, which then 

reduce ROS levels and confer neuroprotection in cortical cultures following ischaemia or 

excitotoxicity.143–146

mKATP channels may also play a role in glucose homeostasis. For example, bilateral VMH 

microinjections of the KATP channel opener diazoxide enhance the release of counter-

regulatory hormones during insulin-induced hypoglycaemia in both control rats and rats 

with HAAF.96 On the other hand, during euglycaemia, diazoxide injected i.c.v. or into the 

hypothalamus or given orally lowers hepatic glucose output in humans and rodents.147–149 

Although diazoxide opens both the mKATP channel and the plasma membrane KATP 

channel, the diazoxide IC50 for the plasma membrane KATP channel is 2000 times greater 

than that of the mKATP channel (835 vs 0.4 nmol L−1, respectively).150 The VMH (1 nmol 

L−1 to 0.1 pmol L−1) and cerebrospinal fluid (3 nmol L−1) concentrations of diazoxide in 

the above studies are more consistent with an action on the mKATP channel rather than the 

plasma membrane KATP channel. An action on the mKATP channel makes intuitive sense 

as well. Opening of the plasma membrane KATP channel causes neuronal hyperpolarisation. 

Because KATP channels are almost ubiquitous throughout the brain,151 opening the plasma 

membrane KATP channel would in essence inhibit the entire VMH. Such an action is 

not consistent with an enhanced counter-regulatory response to hypoglycaemia because 

anaesthetising or lesioning the VMH blunts the increase in blood glucose following exercise 

or hypoglycaemia.152,153 On the other hand, during euglycaemia, VMH lesions increase 

blood glucose. It is interesting that, during euglycaemia, diazoxide lowers hepatic glucose 

output. This supports the hypothesis that ROS and oxidative stress must remain in balance, 

with deviations to either side being deleterious to glucose homeostasis. This hypothesis 

is consistent with the observation that VMH thioredoxin overexpression in STZ rats also 

lowered basal glycaemia and reduced insulin requirements in addition to restoring the 

counter-regulatory response to insulin-induced hypoglycaemia and normalising glucose 

sensing in VMH Gl neurones.135 Interestingly, diabetic humans and rodents are refractory 

to the glucose lowering effect of diazoxide.154 Consistent with this, mKATP channels are 
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also impaired during diabetes.155,156 Taken together, these observations suggest that the 

mKATP channel plays a role in glucose homeostasis and is potentially a therapeutic target in 

diabetes.

5 | INSULIN REGULATION OF SYNAPTIC PLASTICITY

The effects of insulin on neuronal activity are complex and much work remains to be 

performed to clearly understand how insulin affects neuronal circuity in homeostatic and 

glucose-sensing brain regions. Moreover, although insulin effects on activity and glucose 

sensitivity of glucose-sensing neurones have been studied to some extent, the effects of 

insulin on synaptic plasticity in homeostatic circuits have not. However, more is known of 

a mechanistic nature about insulin effects on synaptic activity and plasticity in other brain 

regions such as the hippocampus. Much of these data derive from studies of insulin effects 

on cognition, and particularly memory formation.157,158 Although these data may not be 

directly relevant to glucose sensing, such studies provide clues regarding how to investigate 

insulin effects on neuronal activity in homeostatic circuitry. Below, the focus is on what is 

known about the effects of insulin on synaptic plasticity in the hippocampus.

Hippocampal long-term potentiation (LTP) and depression (LTD) are indices of synaptic 

plasticity and are associated with memory and learning.159,160 Hippocampal glutamate-

mediated LTP is experimentally induced by high frequency stimulation of the afferent 

neurones projecting to the CA1 region of the hippocampus. Conversely, hippocampal 

glutamate-mediated long-term depression is induced by low frequency stimulation. Often 

both LTP and LTD can be induced in the same neuronal circuits depending on the frequency 

of stimulation. LTP and LTD are measured in vivo or ex vivo using extracellular recordings 

of the field (population) of EPSPs (fEPSPs) which represent the excitatory response to 

pre-synaptic inputs in the region. LTP is indicated by an increase in slope of the fEPSPs 

to afferent stimulation, whereas the fEPSP slope is reduced during LTD.161,162 The effects 

of insulin on LTP and LTD are complex and can depend on a number of factors, including 

glucose concentration and insulin resistance.

Insulin shifts the frequency for induction of both LTD and LTP in the CA1 region to 

lower frequencies. This effect is mediated by PI3 kinase signalling.161 Under baseline 

conditions, low doses of insulin decrease fEPSP slope, whereas higher concentrations 

can either increase or decrease fEPSP slope. However, when protein kinase C signalling 

is blocked insulin potentiates fEPSP slope. Furthermore, the effect of insulin on basal 

fEPSP slope is dependent on glucose concentration. That is, in 5 mmol L−1 glucose, the 

inhibitory effect of insulin on fEPSP slope is greater than that in 10 mmol L−1 glucose; 

however, in 20 mmol L−1 glucose, insulin increases the fEPSP slope. By contrast to basal 

conditions, LTP induction is enhanced when afferent stimulation occurs in the presence of 

acute insulin application to the hippocampal slice.162 On the other hand, i.c.v. infusion of 

insulin for 3 months reduced hippocampal LTP induction.163 In addition to modulating 

hippocampal glutamatergic LTP and LTD, insulin increases hippocampal GABAergic 

transmission.164 Hippocampal GABA transmission is critical for gating of information into 

the hippocampus.165 These observations suggest that insulin affects synaptic plasticity and 
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information processing in the hippocampus. Moreover, these effects of insulin are dependent 

on concentration, time-course and extracellular glucose concentration.

As would be expected from the preceding discussion, the effects of insulin are altered 

during insulin resistance and diabetes. Hippocampal LTP induction is reduced in obese 

hyperinsulinemic Zucker rats, as well as in rats treated with STZ or exposed to recurrent 

hypoglycaemia.166–168 LTP induction is also reduced when insulin receptor expression 

is reduced in the hippocampus.157,158 Although LTP and LTD are more difficult to 

investigate in the hypothalamus, glutamate and GABA plasticity have been observed in 

this brain region.67,88,169–173 Thus, it is not only possible, but also very likely that insulin 

regulates synaptic plasticity in hypothalamic areas containing glucose-sensing neurones. 

It is also likely that the pathological conditions discussed in preceding sections (diabetic 

hyperglycaemia and insulin resistance or insulin-induced hypoglycaemia) may alter the 

effects of insulin on synaptic plasticity in glucose-sensing neurones.

6 | CONCLUSIONS

In conclusion, glucose-sensing neurones exist throughout the brain that control glucose 

homeostasis and are altered by diabetes and its associated factors. Insulin alters both 

the activity and glucose sensitivity of glucose-sensing neurones. In turn, the effects of 

insulin are dependent on glucose concentration and metabolic status. Thus, care must be 

taken when interpreting data to account for experimental conditions. Furthermore, diabetic 

hyperglycaemia, insulin resistance and repeated episodes of insulin-induced hypoglycaemia 

alter the function of glucose-sensing neurones. Taken together, these data suggest a critical 

role for insulin signalling in the regulation of glucose-sensing neurones. The mechanisms 

by which dysfunctional insulin signalling and other factors associated with diabetes alter 

central glucose sensing are not clear. However, one attractive option lies in oxidative 

stress, which appears to be central in innate glucose sensing, as well as symptomatic 

and/or causative for metabolic conditions such as diabetes and obesity that impair insulin 

signalling and, consequently, glucose sensing. It will also be important to determine how 

insulin and altered insulin signalling affect synaptic plasticity in glucose-sensing neurones. 

This is particularly relevant because the effects of insulin on glucose-sensing neurones are 

dependent on sustained changes in metabolic status. As a result, insulin has the means 

to have profound and long-term effects on glucose-sensing neurones and the circuits that 

control glucose homeostasis. The critical importance of insulin in maintaining metabolic 

health warrants further investigation of these underlying mechanisms.
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FIGURE 1. 
Major electrophysiological recording configurations used to investigate the effects of 

glucose and insulin on neuronal and ion channel activity
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