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Abstract

The ventromedial hypothalamus (VMH) plays a complex role in glucose and energy homeostasis. 

The VMH is necessary for the counter-regulatory response to hypoglycaemia (CRR) that increases 

hepatic gluconeogenesis to restore euglycaemia. On the other hand, the VMH also restrains 

hepatic glucose production during euglycaemia and stimulates peripheral glucose uptake. The 

VMH is also important for the ability of oestrogen to increase energy expenditure. This latter 

function is mediated by VMH modulation of the lateral/perifornical hypothalamic area (lateral/

perifornical hypothalamus) orexin neurones. Activation of VMH AMP-activated protein kinase 

(AMPK) is necessary for the CRR. By contrast, VMH AMPK inhibition favours decreased basal 

glucose levels and is required for oestrogen to increase energy expenditure. Specialised VMH 

glucose-sensing neurones confer the ability to sense and respond to changes in blood glucose 

levels. Glucose-excited (GE) neurones increase and glucose-inhibited (GI) neurones decrease their 

activity as glucose levels rise. VMH GI neurones, in particular, appear to be important in the CRR, 

although a role for GE neurones cannot be discounted. AMPK mediates glucose sensing in VMH 

GI neurones suggesting that, although activation of these neurones is important for the CRR, it is 

necessary to silence them to lower basal glucose levels and enable oestrogen to increase energy 

expenditure. In support of this, we found that oestrogen reduces activation of VMH GI neurones in 

low glucose by inhibiting AMPK. In this review, we present the evidence underlying the role of 

the VMH in glucose and energy homeostasis. We then discuss the role of VMH glucose-sensing 

neurones in mediating these effects, with a strong emphasis on oestrogenic regulation of glucose 

sensing and how this may affect glucose and energy homeostasis.
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1 | INTRODUCTION

The effects of oestrogen on glucose homeostasis may partly be mediated by direct actions on 

ventromedial hypothalamic (VMH) glucose-inhibited (GI) neurones. Glucose sensing and 

oestrogen regulation of VMH GI neurones are both dependent on the cellular fuel sensor, 

AMP-activated protein kinase (AMPK).1 Oestrogens also regulate energy homeostasis via 

AMPK-dependent VMH projections to the lateral/perifornical hypothalamus (LH/PFH) 

orexin neurones.2–5 In this review, we consider the mechanisms by which VMH oestrogen 

may regulate glucose and energy homeostasis. In so doing, we also discuss the putative role 

of VMH and LH/PFH glucose-sensing neurones with respect to the effects of oestrogen on 

metabolism.

2 | VMH

The role of the VMH in glucose and energy homeostasis is complex. The VMH has been 

implicated in the control of glucose and energy homeostasis subsequent to the late 1800s.6 

In the mid-1900s, the VMH was designated as the “satiety centre” based on lesion studies 

showing that VMH lesions led to hyperphagia, insulin resistance and obesity.7–9 However, 

later studies revealed that precise VMH lesions not damaging the surrounding circuitry 

produced insulin resistance and weight gain in the absence of hyperphagia.10 It was further 

suggested that the VMH contributes to neuronal circuits that raise circulating energy 

substrates (eg, glucose, free fatty acids), as well as to those that lower them. For example, 

anaesthetising the VMH with lidocaine raises baseline glucose levels at the same time as 

preventing glucose increases in response to metabolic needs such as hypoglycaemia and 

exercise.11–13 Thus, it is clear that the VMH cannot be relegated to a simplistic 

unidirectional role in metabolism. Instead, the VMH possesses opposing neurocircuits that 

together coordinate glucose and energy homeostasis in response to metabolic need.

2.1 | The role of the VMH in glucose homeostasis

Glucose is the primary fuel for the brain. Thus, specialised brain circuitry has evolved to 

maintain sufficient glucose levels for neuronal function.14 The VMH plays an established 

role in at least two aspects of glucose homeostasis: the counter-regulatory response to 

hypoglycaemia (CRR) and hepatic glucose output.15 VMH AMP-activated protein kinase 

(AMPK) activity is a key factor in these two functions.16–18 More recent evidence suggests 

that the VMH is also involved in peripheral insulin sensitivity and glucose uptake into 

skeletal muscle and adipose.19 However, whether AMPK is involved in these latter functions 

remains unknown. The VMH possesses glucose-sensing neurones that likely confer the 

ability to sense and respond to changes in blood glucose levels.20,21

VMH glucose-sensing neurones change their action potential frequency in response to 

physiological changes in extracellular brain glucose concentration. Glucose-excited (GE) 

neurones increase, whereas glucose-inhibited (GI) neurones decrease, their action potential 

frequency as glucose levels increase.22 In addition to the VMH, GE and GI neurones are 

found throughout the hypothalamus, as well as in other brain regions (eg, amygdala).20,23–27 

A direct causal role for VMH glucose-sensing neurones in the regulation of glucose 

homeostasis remains to be defined. However, significant circumstantial evidence strongly 
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suggests that they play a key role in the CRR at the very least and are likely to contribute to 

other aspects of glucose homeostasis. This evidence is discussed below.

The mechanisms by which VMH GE and GI neurones sense glucose have been studied 

extensively, although questions still remain (Figure 1). GE neurones sense glucose similarly 

to pancreatic beta cells. That is, the pancreatic form of hexokinase IV, which catalyses the 

conversion of glucose to glucose 6-phosphate, is expressed in the hypothalamus and is 

implicated in both glucose sensing in vitro and glucose homeostasis in vivo.28–32 Moreover, 

individual GE (and GI) neurones express glucokinase and require this enzyme for glucose 

sensing.33,34 Glucokinase is not end-product limited, which enables the rate of glycolysis to 

increase as glucose levels rise. Increased glycolytic flux increases ATP synthesis. Increased 

ATP/ADP in turn closes the ATP sensitive potassium (KATP) channel leading to 

depolarisation and increased action potential frequency.35,36 Although this mechanism has 

been clearly demonstrated for VMH GE neurones, KATP channel independent glucose 

sensing has been described for GE neurones located elsewhere.24,25,37 Moreover, 

glucokinase inhibition only blocks glucose sensing in approximately 60% of VMH GE 

neurones.33,34,38 This suggests that, although it is critical for glucose sensing in the majority 

of VMH GE neurones, other mechanisms must also exist.

More than half of the VMH GI neurones also use glucokinase to sense glucose, although the 

downstream mechanisms are very different from those of GE neurones.38,39 There are at 

least three subtypes of VMH GI neurones. One subtype, located predominantly in the 

dorsomedial VMH, utilises a metabolically sensitive Cl− channel to respond to glucose. The 

other two subtypes, located in the ventrolateral VMH, use a metabolically sensitive K+ 

channel.1,22 The dorsomedial and one subtype of ventrolateral GI neurones show a sustained 

activation in low glucose (sustained or “sGI”). By contrast, activation in low glucose is 

transient with neuronal activity returning to the inhibited state despite continued exposure to 

low glucose in the other subtype of ventrolateral VMH GI neurones (adapting or AdGI).1

AMPK mediates glucose sensing in all three subtypes of VMH GI neurones. In this case, the 

increased ATP/ADP ratio inhibits AMPK. Decreased AMPK activity maintains Cl− or K+ 

channels in an open state, leading to neuronal inhibition. Closure of these channels activates 

VMH GI neurones in low glucose.1,39 The signalling pathway downstream from AMPK 

activation has been well established only for dorsomedial VMH sGI neurones, although it 

likely applies to ventrolateral sGI and AdGI neurones for the reasons discussed below. When 

glucose levels decline, AMPK is allosterically activated by AMP and phosphorylates 

neuronal nitric oxide synthase (nNOS) leading to increases in NO production. NO, through 

its receptor soluble guanylyl cyclase, increases the synthesis of cGMP. Increased cGMP 

leads to further activation of AMPK, possibly via activation of an upstream kinase that 

phosphorylates AMPK, rendering this enzyme more sensitive to allosteric activation by 

AMP. This increase in AMPK activity then leads to closure of Cl− channels and increased 

action potential frequency.39 As noted above, although AMPK is critical for glucose sensing 

in ventrolateral sGI and AdGI neurones, NO signalling has not been definitively 

demonstrated for these neurones using electrophysiology. However, we were unable to 

detect any subtype of VMH GI neurones in mice lacking nNOS using electrophysiological 

techniques.40 Moreover, nNOS inhibition blocked the detection of GI neurones using 
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membrane potential dye in an isolated cell preparation taken from the entire VMH. 

Membrane potential sensitive dyes fluoresce when the membrane depolarises. However, 

fluorescence is significantly slower than the time required for an individual action potential. 

Thus, we defined a GI neurone as one that increased fluorescence when glucose was low and 

decreased fluorescence after glucose was raised to baseline. Therefore, it is not clear 

whether AdGI neurones are detectable using this technique.39 These observations at the very 

least are consistent with nNOS-mediated glucose sensing in dorsomedial and ventrolateral 

VMH sGI neurones and potentially in ventrolateral VMH AdGI neurones as well. The 

transmitter phenotype of nNOS expressing GI neurones is not clear. However, VMH nNOS 

neurones are largely glutamatergic and are known to co-express somatostatin.41,42 Below, 

we focus on the potential roles of VMH glucose-sensing neurones with respect to mediating 

VMH regulation of the different aspects of glucose homeostasis.

2.1.1 | The role of the VMH and VMH glucose-sensing neurones in the CRR—
The CRR is the sequential release of glucagon, epinephrine, corticosterone and growth 

hormone when glucose levels decline below 60 mg dL−1 to restore euglycaemia.43,44 

Seminal observations at the end of the 20th century suggested a key role for the VMH in the 

CRR. VMH lesions abolished the hormonal response to hypoglycaemia.45 VMH 

glucoprivation rapidly increased blood glucose as a result of the release of CRR hormones.46 

By contrast, VMH glucose infusion during peripheral hypoglycaemia blunted the CRR.47 A 

wide variety of studies now demonstrate a critical role for the VMH in the initiation of the 

CRR.16,40,48–58 The pathway acts via a polysynaptic connection from the VMH to the 

sympathetic splanchnic nerve that controls glucagon and epinephrine release from the 

pancreas and adrenal medulla, respectively.12,59,60 However, it is important to note that other 

brain areas, including the brainstem catecholamine neurones, as well as peripheral glucose 

sensors in the portal vein of the liver, are also critical for the CRR.61–69

Although a direct causal link between VMH glucose-sensing neurones and CRR initiation is 

lacking, the idea that such a link exists is strongly supported by substantial circumstantial 

evidence. On the one hand, treatments that alter the signalling pathways used by VMH 

glucose-sensing neurones similarly alter the CRR. For example, humans with diabetes 

resulting from glucokinase mutations (GCK-MODY) exhibit an increased glucose threshold 

for CRR initiation.70 Similarly, VMH glucokinase inhibition enhanced and activation 

reduced CRR hormone secretion in rats during insulin-induced hypoglycaemia.71 These data 

support a role for both VMH GE and GI neurones in the CRR in vivo. A role for GE 

neurones in particular is suggested by data showing that VMH KATP channel activation 

enhances the CRR.50 There is also ample evidence indicating that altering signalling 

pathways specific to VMH GI neurones also alters the CRR. For example, McCrimmon et 

al.16,72 found that down-regulating VMH AMPK suppresses CRR hormone release and 

VMH AMPK activation restores the defective CRR in rodents. We found that the CRR is 

blunted following VMH nNOS inhibition in vivo, as well as in mice lacking nNOS, whereas 

increasing VMH cGMP levels enhance the CRR.40 Finally, optogenetic activation of VMH 

nNOS neurones, which project to the bed nucleus of the stria terminalis, triggers the release 

of CRR hormones.73 Taken together, these data suggest that intact glucose-sensing 
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signalling pathways in the VMH are required for hypoglycaemia detection and initiation of 

the full CRR.

On the other hand, the magnitude of the response of VMH glucose-sensing neurones to low 

glucose parallels the strength of the CRR. For example, repetitive episodes of insulin-

induced hypoglycaemia lower the glucose threshold for initiation of the CRR in both rodents 

and humans. This serious condition, known as hypoglycaemia-associated autonomic failure 

(HAAF), is the major limiting factor in treating diabetes with intensive insulin therapy.
43,44,74–76 We have found blunted inhibition of VMH GE neurones and activation of GI 

neurones by low glucose in rodents with HAAF.77,78 Moreover, restoration of glucose 

sensing by VMH GI neurones is associated with an improved CRR after HAAF. For 

example, treating rats by oral gavage in vivo or incubating VMH GI neurones in vitro with 

the antioxidant N-acetyl cysteine completely prevents the impaired CRR and reduces the 

activation of VMH GI neurones in low glucose after recurrent hypoglycaemia.57 Diabetes 

per se is associated with an impaired CRR and blunted activation of VMH GI neurones in 

low glucose. VMH overexpression of the antioxidant enzyme thioredoxin restores both the 

CRR and the detection of low glucose by VMH GI neurones in rats with type 1 diabetes 

mellitus.79 The above data are only examples of the parallels between glucose sensing by 

VMH GE and GI neurones and the CRR in vivo. Thus, although direct evidence indicating 

that VMH glucose-sensing neurones modulate the CRR is still lacking, the circumstantial 

evidence for this role cannot be discounted. It should also be noted that the above studies all 

focused on VMH sGI neurones. A putative role for VMH AdGI neurones is discussed below 

when oestrogenic regulation is discussed.

2.1.2 | The role of the VMH in hepatic glucose production during 
euglycaemia—In addition to triggering the release of gluconeogenic hormones during 

insulin-induced hypoglycaemia, the VMH also plays a role in hepatic glucose production 

during euglycaemia. As noted above, VMH inhibition raises baseline glucose levels at the 

same time as preventing increased glucose levels during exercise or hypoglycaemia, 

suggesting a bidirectional role for the VMH in glucose homeostasis.11–13 Moreover, VMH 

AMPK activation increases hepatic glucose production during euglycaemia, as well as in 

response to hypoglycaemia.18 On the other hand, glucose or insulin infusion, AMPK 

inhibition or KATP channel activation in the mediobasal hypothalamus, which contains the 

VMH and the adjacent arcuate nucleus, lower hepatic glucose production under euglycaemic 

conditions.18,80–82 Glucose and insulin suppression of hepatic glucose production is 

dependent on vagal afferents, whereas increased glucose production during the CRR is a 

result of the activation of sympathetic pathways (likely through the bed nucleus of the stria 

terminalis).80 Interestingly, to date, an anatomical pathway connecting the VMH and the 

brainstem parasympathetic centres has not been demonstrated. The simple explanation might 

be that activation of VMH GI neurones using AMPK is responsible for increased glucose 

production via bed nucleus of the stria terminalis (BNST) projections,73 whereas GE 

neurones regulate the hepatic vagus via projections to as yet undefined regions, lowering 

hepatic glucose production. An alternative explanation is that there is a balance between 

these TWO glucose-sensing subtypes involving mutual inhibition either directly or via 

downstream neurocircuits. For example, AMPK activation in the mediobasal hypothalamus 
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blocks the glucose-induced inhibition of gluconeogenesis, suggesting that activating GE 

neurones is not sufficient to lower hepatic glucose output but that GI neurones must be 

simultaneously inhibited.18 Moreover, other questions exist. For example, as noted above, 

GE neurones respond to increased glucose by closing the KATP channel. Although GI 

neurones do not use the KATP channel to sense glucose, they do possess functional KATP 

channels. Indeed, lactate activates GI neurones by closing their KATP channels.83 

Interestingly, the KATP channel activator, diazoxide, lowers hepatic glucose production 

when infused into the brain of non-diabetic rodents and humans. This effect in rodents is 

blocked by mediobasal hypothalamus administration of the KATP channel blocker 

glibenclamide.82 Given the dependence of VMH GE neurones on the KATP channel for 

glucose sensing, GE neurones might initially be considered to mediate these effects. 

However, the reality is clearly more complicated because these KATP channel modulators 

would also affect GI neurones. Finally, we found that VMH overexpression of the 

antioxidant enzyme thioredoxin restores the CRR and normal glucose sensing in GI 

neurones in diabetic animals at the same time as lowering their baseline blood glucose levels 

and reducing insulin requirements.79 Taken together, these data indicate a dual role for VMH 

GE and GI neurones in the regulation of hepatic glucose production during euglycaemia.

2.1.3 | The role of the VMH in peripheral glucose uptake/insulin sensitivity—
The VMH is important for increasing blood glucose during exercise. When lidocaine was 

injected into the VMH of exercising rats, hepatic glucose production and glycogenolysis was 

decreased compared to that in control rats.13 Conversely, injecting the VMH with alpha or 

beta adrenergic receptor antagonists during exercise increased blood glucose and free fatty 

acids.84 VMH stimulation elevates both circulating glucose levels and glucose uptake by 

skeletal muscle.85 Similarly, VMH microinjection of leptin and orexin increased glucose 

uptake in skeletal muscle.86–90 Activation of the VMH specific steroidogenic factor 1 (SF-1) 

neurones during a hyperinsulinaemic-euglycaemic clamp increased whole body glucose 

utilisation and increased glucose uptake in peripheral tissues such as red-type skeletal 

muscle and heart. This was accompanied by increased insulin-induced inhibition of genes 

associated with gluconeogenesis and the activity of glycogen phosphorylase a in the liver.19 

Taken together, these data suggest an important role for the VMH in regulating peripheral 

insulin sensitivity and glucose utilisation. To date, a role for VMH AMPK in peripheral 

insulin sensitivity has not been demonstrated, nor have VMH glucose-sensing neurones been 

studied in the context of exercise. However, one might speculate that the SF-1 neurones for 

which activation leads to peripheral glucose uptake might comprise the GE neurones that are 

AMPK-independent and activated during euglycaemia and hyperglycaemia.

2.2 | The role of the VMH in energy homeostasis

When VMH-lesioned rodents are pair-fed to sham-operated controls, they become obese, 

even in the absence of extra caloric input.10 Thus, VMH lesions cause “metabolic obesity” 

that is independent of hyperphagia. More recent studies have taken advantage of the fact that 

SF-1 expression in the adult brain is restricted to the VMH. SF-1 neurones project to 

autonomic centres including the parabrachial nucleus, locus ceruleus, rostral ventrolateral 

medulla and the nucleus tractus solitarious, as well as to other hypothalamic areas (eg, 

arcuate, paraventricular nucleus).60 Mice lacking SF-1 expression (SF-1 knockout mice) 
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have altered VMH topology and die of adrenal insufficiency.91,92 However, when Majdic et 

al93 transplanted adrenal glands into SF-1 knockout mice to create a strain that lacked SF-1 

expression only in the VMH, it was observed that these mice developed obesity. Postnatal 

SF-1 deletion in mice not only preserved VMH integrity, but also produced diet-induced 

obesity. This obesity was associated with leptin resistance and reduced energy expenditure 

as a result of decreased brown adipose tissue (BAT) thermogenesis.94 Optogenetic and 

chemogenetic activation of SF-1 neurones increase insulin sensitivity and whole-body 

glucose utilisation at the same time as suppressing food intake.19,95 These data provide 

strong support for a role of the VMH in both glucose and energy homeostasis and indicate a 

specific function in regulating whole body energy expenditure.

Increased thermogenesis in BAT and beige white adipose tissue (WAT) is one of the major 

factors mediating energy expenditure in the absence of physical exercise. The VMH has long 

been linked to regulation of BAT and, more recently, beige WAT thermogenesis. In the 

1980s, it was found that VMH-lesions reduced BAT sympathetic nerve activity in response 

to acute cold.96 Conversely, VMH stimulation increases BAT thermogenesis.97 Recent 

evidence suggests that hormones such as oestrogen and 3,3′,5-triiodothyronine (T3) act in 

the VMH to stimulate the sympathetic activation of BAT thermogenesis.2,3,98,99 

Interestingly, T3 action in the VMH is also required for the ability of this hormone to 

promote WAT browning and protect against obesity.98 A recent study by Wang et al100 

showed that pharmacogenetic activation of VMH rat insulin promotor neurones in mice 

selectively increases sympathetic outflow to WAT and promoted browning. All of the above 

effects are dependent on VMH AMPK inhibition. Moreover, specific deletion of the 

AMPKα1 isoform in VMH SF-1 neurones prevents obesity on a high-fat diet by increasing 

BAT thermogenesis and WAT browning. SF-1 AMPKα1 deletion also improved glucose and 

lipid homeostasis.101,102 This VMH AMPK dependence suggests a potential role for VMH 

GI neurones in the regulation of energy, as well as glucose homeostasis. Interestingly, VMH 

endoplasmic reticulum stress causes obesity through sympathetic inhibition of BAT and 

alleviation of this endoplasmic reticulum stress by overexpressing the endoplasmic 

reticulum chaperone protein, GRP78, reverses ceramide-induced lipotoxicity in the VMH 

and consequent weight gain.103–105 These observations are consistent with our data showing 

that VMH overexpression of the antioxidant enzyme thioredoxin restored the CRR in 

diabetic rats at the same time as paradoxically lowering their baseline glucose levels and 

decreasing insulin requirements.79 Thus, regulation of VMH endoplasmic reticulum/

oxidative stress is important for multiple aspects of glucose and energy homeostasis.

2.3 | The effects of VMH oestrogen on energy homeostasis and regulation of GI neurones

The oestradiol receptor (ER)α is highly expressed in the ventrolateral subdivision of the 

VMH where it serves an important role in normal energy homeostasis in females. Silencing 

VMH ERα using RNA interference increased body weight, food intake and blood glucose 

levels at the same time as reducing energy expenditure.106 Furthermore, deletion of ERα in 

specific SF1 neurones leads to profound visceral obesity in female but not male mice fed 

normal or high-fat diets. This obesity was associated with glucose intolerance, decreased 

sympathetic activation of BAT and decreased BAT thermogenesis. However, these animals 

were not hyperphagic. This suggests that another subpopulation of VMH neurones might be 
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responsible for the effects of oestrogen on food intake.107 These effects of VMH ERα 
recapitulate the effects of peripheral and central administration of 17β-oestradiol (E2). 

Moreover, central E2 decreases hypothalamic endoplasmic reticulum stress, suggesting a 

potential mechanism for the metabolic effects of this hormone.2

Interestingly, the effects of VMH bone morphogenic protein 8B (BMP8B) were shown to 

depend on oestrogen.3–5 It was found that VMH BMP8B increases BAT thermogenesis in 

females but not males. This effect is abolished in ovariectomised animals; however, when 

these animals are treated with E2, they respond normally to BMP8B. BMP8B injection into 

the VMH, but not the LH/PFH, decreased body weight and food intake in female rats and 

increased WAT browning, leading to increased energy expenditure. These effects of BMP8B 

are dependent on VMH AMPK inhibition. Such studies further demonstrated that VMH 

BMP8B increased orexin expression in the LH/PFH. Increased orexin expression was 

downstream of VMH AMPK inhibition and dependent on the LH/PFH glutamate vesicular 

transporter 2. It was concluded that the metabolic effects of BMP8B are mediated by VMH 

AMPK inhibition, which leads to activation of orexin neurones. It has also been 

demonstrated that orexin neurones project to the raphe pallidus to increase sympathetic 

activation of BAT.108,109 This orexinergic pathway may also be involved in browning of 

WAT because the raphe pallidus has been implicated in sympathetic innervation of WAT.
100,110 These observations regarding the dependence of the effects of oestrogen on VMH 

AMPK inhibition, as well as its effects on endoplasmic reticulum stress, suggest that 

silencing of VMH GI neurones may be necessary for these hormonal effects.

In the ventrolateral VMH, we found that approximately 60% of the neuronal population 

were of the GI subtype. Of these, approximately half were K+ channel-dependent sGI and 

half were AdGI neurones. Moreover, 20% of ventrolateral VMH neurones were GE 

neurones, making 80% of the total neuronal population in this VMH subdivision glucose 

sensing.1 This overlap between ERα and glucose-sensing neurones in this location suggests 

that these neurones may play a role in the metabolic effects of oestrogen. In support of this, 

ventrolateral VMH sGI neurones are intrinsically sexually dimorphic. Ventrolateral VMH 

sGI neurones from pre-pubertal female mice showed a blunted activation in low glucose 

compared to males. Oestrogen blunted the activation in low glucose of both sGI and AdGI 

neurones from pre-pubertal males and females.1 As would be predicted from these 

observations, the response of sGI and AdGI neurones to low glucose in cycling females was 

greatest during dioestrus when oestrogen levels were lowest.111 The effects of oestrogen on 

the glucose sensitivity of ventrolateral VMH GI neurones were dependent on AMPK 

inhibition and were mediated by a membrane bound form of the oestrogen receptor. 

Interestingly, the effects of oestrogen on GI neurones were blocked by an Erβ antagonist and 

not an ERβ antagonist.1 The recovery of blood glucose levels in response to hypoglycaemia 

varied with oestrous cycle in a manner that paralleled the glucose sensitivity of ventrolateral 

VMH GI neurones.111 Accordingly, during dioestrous, when oestrogen levels are low, 

female mice increase blood glucose levels to euglycaemia after hypoglycaemia more quickly 

than in other phases of the oestrous cycle.111 By contrast, ventrolateral VMH GE neurones 

were neither sexually dimorphic, nor oestrogen sensitive. Moreover, of 12 ventrolateral 

VMH non-glucose-sensing neurones from males and females, oestrogen caused a slight 

depolarisation in one and was without effect in the other 11.1 The above data indicate that 
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ventrolateral VMH sGI and AdGI neurones are a target of oestrogen and suggest a role in its 

metabolic effects, potentially via projections to the LH/PFH orexin neurones. These data 

also suggest that GE neurones are not involved in the effects of oestrogen on this metabolic 

pathway. However, it might be speculated that, if the balance between GE and GI neuronal 

activity is important to energy homeostasis, an oestrogen-induced increase in glucose 

inhibition of GI neurones would release any opposition to the influence of GE neurones in 

these processes.

3 | LH/PFH OREXIN NEURONES

3.1 | LH/PFH orexin neurones and glucose homeostasis

Within the brain, neurones that express orexin are only found in a small region extending 

from the lateral dorsomedial hypothalamus to the LH/PFH. Approximately half of the orexin 

neurones are sGI neurones.25,112,113 Interestingly, the mechanism by which they sense 

glucose is distinct from that of the VMH GI neurones. Although the metabolism of glucose 

leading to changes in AMPK activity is required for VMH GI neurones to sense glucose, the 

orexin neurones appear to sense the glucose molecule per se.112,114 Metabolism-independent 

glucose sensing was demonstrated using 2-deoxyglucose (2DG). Hexokinase converts 2DG 

to 2DG-6-phosphate, which then inhibits phosphoglucose isomerase, stopping glycolysis 

and depleting intracellular ATP.115 If glucose sensing is metabolism-dependent, 2DG should 

activate GI neurones. However, equimolar concentrations of 2DG inhibit orexin neurones to 

a similar degree as glucose.112,114 The ion channel that mediates the change in activity in 

response to glucose is an outwardly rectifying K+ channel; however, the signalling pathway 

linking glucose and this ion channel remains to be determined.112,116,117 It is possible that 

the “glucose receptor” is similar to the sweet taste receptor that has been described in the 

LH.118

The orexin neurones stimulate feeding during hypoglycaemia.119 They also contribute to the 

CRR via projections to the rostral ventrolateral medulla, leading to activation of the 

sympathetic splanchnic nerve and epinephrine release from the adrenal medulla.119–121 An 

elegant series of studies showed that orexin neurones also play a role in hypoglycaemia 

awareness.119,122 Hypoglycaemia awareness refers to the symptoms of hypoglycaemia (ie, 

sweating, anxiety) that alert an individual to falling glucose and prompt corrective 

behavioural responses. Similar to the CRR, recurrent hypoglycaemia also causes 

hypoglycaemia unawareness, which, in combination with HAAF, leads to dangerous 

decreases in blood glucose.123–126 Although the hormonal CRR and feeding responses to 

hypoglycaemia are easily measured in rodents, the lack of an animal model for 

hypoglycaemia awareness has significantly hampered the field. Otlivanchik et al122 utilised 

the standard conditioned place preference (CPP) test to train rats to prefer one side of a two-

sided chamber which was associated with a food treat. They then injected sufficient insulin 

to induce hypoglycaemia when the rats were confined on the preferred side. The following 

day, they observed that the rats no longer preferred the side associated with the food treat 

after experiencing hypoglycaemia in that location. This indicated that the rats were “aware” 

of hypoglycaemia and found it aversive.122 This effect was blocked by orexin 1 receptor 

antagonism, indicating that it was mediated by orexin neurones. Interestingly, this effect was 
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also blocked by recurrent hypoglycemic episodes in the home cage, indicating that this 

paradigm also models hypoglycaemia unawareness. The neurocircuitry that mediates 

hypoglycaemia awareness may overlap with the orexin projections to the tuberomammillary 

histamine neurones, which play a role in wakefulness and arousal.127–133

3.2 | LH/PFH orexin neurones and energy homeostasis

There are two aspects of orexin physiology that are related to energy homeostasis. As 

discussed above, LH/PFH orexin neuronal activity is positively correlated with increased 

BAT thermogenesis and WAT browning.3–5 Orexin neurones, in the LH in particular, also 

play a role in the ingestion of palatable food.134–137 LH orexin neurones are activated by 

cues associated with reward and by the reward itself.134 The dopamine neurones within the 

ventral tegmental area (VTA) have been well studied with respect to different types of 

reward.138–147 LH orexin neurones project to the VTA dopamine neurones. Orexin 

application in the VTA increases the expression of NMDA and AMPA receptors on the 

plasma membrane. Moreover, orexin neurones co-release glutamate.139,148,149 This suggests 

that the net effect of orexin in the VTA is to enhance excitatory glutamate signalling. Recent 

data from our laboratory showed that the LH orexin-GI neurones are sensitive to circulating 

signals of energy balance and metabolic status. Ghrelin directly enhances, whereas leptin 

indirectly blunts, the activation of these neurones in low glucose. As would be predicted by 

these hormonal effects, fasting also enhances the activation of these neurones in low glucose. 

Increased activity of LH orexin neurones in low glucose activates VTA dopamine neurones.
112 This indirect activation of VTA DA neurones is associated with increased NMDA and 

AMPA receptor current amplitude after 1 hour in low glucose, which persists for at least 1 

hour after glucose is returned to baseline.150 The effect of low glucose on NMDA current 

amplitude is blocked by an orexin 1 receptor antagonist, suggesting that exposure to low 

glucose induces orexin-dependent glutamate plasticity. This is consistent with the fasting 

induced increase in the AMPA/NMDA receptor current ratio on VTA DA neurones, 

comprising an in vivo index of glutamate plasticity. These cellular effects translate into 

alterations in reward-based feeding behaviour. Accordingly, increasing LH glucose in rats 

that were weight restricted to 85% of their initial body weight decreased the desire to seek a 

palatable food reward in a standard CPP paradigm.150 These are the first data linking 

changes in brain glucose with feeding behaviour and suggesting a role for glucose-sensing 

neurones. The data also suggest a mechanism underlying the difficulty maintaining weight 

loss after dieting. That is, the hormonal changes associated with weight loss increase 

activation of orexin-GI neurones, especially after sleeping or between meals when glucose 

levels are lower. The increased orexinergic activity in turn causes a persistent excitation of 

the VTA dopamine neurones, which enhance the reward value of sugary fatty foods.

4 | CONCLUSIONS

The VMH regulates multiple facets of physiological glucose and energy homeostasis in 

addition to correcting iatrogenic insulin-induced hypoglycaemia. VMH glucose-sensing 

neurones are likely candidates for enabling, in part, these actions (Figure 2). Specifically, 

AMPK-dependent VMH GI neurones are clearly linked to the CRR. However, they may also 

play a role in other AMPK-dependent VMH functions, including increasing basal hepatic 
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glucose and inhibiting BAT thermogenesis and WAT browning. This latter function may 

result from inhibitory signalling to the LH/PFH orexin neurones. It is also possible that 

VMH GE neurones play an opposing role to the GI neurones. The effects of oestrogen on 

the glucose sensitivity of VMH GI neurones provide further support for a role of these 

neurones in physiological glucose and energy homeostasis. Finally, some of the roles of 

VMH GI neurones in energy homeostasis, especially with respect to oestrogen-mediated 

effects, may be mediated by the LH/PFH orexin neurones. LH orexin-GI neurones have a 

demonstrable link to reward-based feeding behaviour, in particular to drive the intake of 

rewarding fatty-sugary foods during glucose and energy deficit. Because orexin neurones 

also increase energy expenditure, it is counter-intuitive to assume that these latter neurones 

would be activated during low glucose. Thus, it is tempting to speculate that the orexin 

neurones stimulating BAT thermogenesis and WAT browning, which may be inhibited by 

VMH GI neurones, belong to the part of the orexin population that do not sense glucose. In 

conclusion, we have come a long way from describing the VMH and its glucose-sensing 

neurones as belonging to a “satiety centre”, although many unanswered questions still 

remain.
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FIGURE 1. 
Mechanisms underlying the response of ventromedial hypothalamus (VMH) glucose-sensing 

neurones to low glucose. In all subtypes, glucose is transported into the cell most likely via a 

canonical glucose transporter (GLUT). Once inside the neurone, it is phosphorylated by the 

pancreatic form of glucokinase (GK) and proceeds through glycolysis. Decreased glucose 

leads to a reduction in ATP levels. For glucose-excited (GE) neurones (top), decreased ATP 

opens the ATP-sensitive potassium channel (KATP), leading to potassium efflux and 

hyperpolarisation. VMH GE neurones do not use AMP-activated protein kinase (AMPK) or 

neuronal nitric oxide synthase (nNOS) to sense glucose, nor are they regulated by oestradiol. 

Glucose-inhibited neurones are either constantly activated in low glucose (sustained or sGI 

neurones; middle) or show a transient activation that reverses when still in the presence of 
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low glucose (adapting or AdGI neurones; lower). For sGI neurones, low glucose activates 

AMPK leading to phosphorylation of nNOS and increased NO production. NO, in turn, 

further activates AMPK, leading to closure of either potassium or chloride channels and 

cellular depolarisation. Oestradiol, through the oestrogen receptor (ER)β blunts activation in 

low glucose by inhibiting AMPK. Similar to sGI neurones, AdGI neurones require AMPK 

for potassium channel closure and activation in low glucose. Oestradiol similarly affects 

glucose sensitivity by blocking AMPK activation. It is not yet known whether nNOS is 

involved in glucose sensing by AdGI neurones. Representative current clamp recordings of 

each subtype of VMH glucose-sensing neurones in brain slices are shown to the left. The 

membrane potential in 2.5 mmol L−1 glucose is shown to the left of each trace. Upward 

deflections represent action potentials and downward deflections are the membrane voltage 

response to a constant hyperpolarising current pulse. Membrane resistance is directly 

proportional to these voltage responses. Thus, low glucose decreases membrane resistance in 

GE neurones, indicating ion channel opening (KATP). Conversely, low glucose increases 

resistance in sGI and AdGI neurones indicating closure of potassium or chloride channels. 

Interestingly, as demonstrated in the present study and in Santiago et al,1 AdGI neurones 

show a smaller transient activation when glucose levels return to 2.5 mmol L−1, suggesting 

that they are sensitive not only to glucose concentration per se, but also to the actual change 

in glucose level
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FIGURE 2. 
Putative pathways by which ventromedial hypothalamus (VMH) glucose-sensing neurones 

may regulate glucose and energy homeostasis. Activation of steroidogenic factor 1 (SF-1) 

neurones increases skeletal muscle insulin sensitivity and glucose uptake, leading to 

decreased blood glucose. We speculate that this might involve glucose-excited (GE) 

neurones. VMH AMP-activated protein kinase (AMPK) activation increases hepatic glucose 

output via a parasympathetically mediated mechanism, leading to increased blood glucose. 

During hypoglycaemia, VMH AMPK activation restores euglycaemia by increasing 

glucagon and epinephrine secretion. This effect is mediated by activation of the sympathetic 

nervous systems via likely projections to the bed nucleus of the stria terminalis (BNST). By 

contrast, VMH AMPK activation is associated with blunted brown fat (BAT) thermogenesis 

and white fat (WAT) browning. This effect is dependent on projections from orexin neurones 

in the perifornical and lateral hypothalamus (PFH/LH) to the raphe pallidus. Oestrogen 
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activation of thermogenesis via this pathway requires VMH AMPK inhibition. VMH nitric 

oxide synthase (nNOS)-glucose-inhibited (GI) neurones have a demonstrated role in 

glucagon and epinephrine secretion during hypoglycaemia. Based on the effects of VMH 

AMPK described above, we speculate that VMH nNOS-GI neurones may play a role in 

hepatic glucose output and BAT/WAT thermogenesis. We further speculate that, because 

oestrogen blunts activation of VMH GI neurones by inhibiting AMPK, sGI and/or AdGI 

neurones may mediate some of the effects of oestrogen. 3V, third ventricle
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