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General discussion 
Both obesity and type 2 diabetes mellitus (T2DM) are becoming global epidemics 

(www.idf.org). Almost thirty years ago, it was already proposed that excessive intake of 

the combination of dietary fat and sucrose is an important contributor to the aetiology of 

both obesity and T2DM (Storlien et al., 1988). As the intake of saturated fat and sugar-

sweetened beverages exceed recommended levels in many adults and children 

(Macdiarmid et al., 2009; Ogden et al., 2012), it is essential to  

1. Understand how the intake of (saturated) fat and sugar-sweetened beverages 

affect glucose metabolism and body weight, and 

2. Expand the knowledge on regulation of glucose metabolism, especially regarding 

its central regulation by the brain independent of food consumption. 

Together, this will contribute to a better understanding of disturbances in glucose 

homeostasis under conditions of overconsumption and obesity, and in the pathophysiology 

of T2DM development. 

With regard to the central control of glucose metabolism, the role of the hypothalamus 

(in orchestrating a metabolic and feeding response to changes in nutritional and energy 

state) is well acknowledged. As reviewed in the general introduction of this thesis, 

corticolimbic brain areas project to the hypothalamus and many of the limbic structures 

contain glucose sensing neurons. Moreover, the corticolimbic system is affected for 

example the dopamine response in the ventral striatum following calorie ingestion is 

reduced in obese individuals (Wang et al., 2014) and diet-induced obese rats (Cone et al., 

2013; Geiger et al., 2009; Newman et al., 2013) by consumption of hypercaloric palatable 

nutrients. However, the role played by the corticolimbic system in diet-induced alterations 

in glucose metabolism remains to be determined. To address this question, one first needs 

to know if the corticolimbic area is involved in glucose regulation, independent of dietary 

interventions. Therefore, besides investigating how free choice palatable diets affect 

glucose metabolism, we also investigated the role of the corticolimbic system in the 

regulation of glucose metabolism. 

Overall, the aims of this thesis were to investigate: 

1) How dietary composition affects glucose metabolism (Part 1 of this thesis), 

and  

2) The role of the sNAc (part of the corticolimbic system and involved in food 

intake) in glucose metabolism (Part 2 of this thesis). 

http://www.idf.org/
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Part 1: Free choice saturated fat and sugar water diets impair insulin sensitivity in the 
short-term and β-cell function in the long-term 
Obesity development and its associated metabolic consequences are often studied in 

rodents using commercially available diets consisting of calorie-enriched pellets. 

Compared to regular chow, calorie-enriched pellets have a higher fat and sugar content, 

and are presented as forced pellets, and are presented as forced pellets. Although these 

studies have been shown to be effective in inducing diet-induced obesity, we have opted to 

use a free choice ad libitum saturated fat and sugar water diet (free choice high-fat, high-

sugar diet; fcHFHS). This fcHFHS diet is more representative of the current obesogenic 

environment in Western society as it induces hyperphagia and snacking behaviour (la Fleur 

et al., 2014). In addition, our model enables us to explore and dissect the effects of the 

separate palatable components consumed. 

The experiments described in chapters 2, 3 and 4 of this thesis further characterized our 

model and showed that the fcHFHS diet effectively mimicked human food choice more 

closely than the commercially available rodent diets. Furthermore, the fcHFHS diet 

induced a variety of metabolic adaptations that were also observed in human obesity and 

the metabolic syndrome. 

 

Before the start of this research project, our previous studies in rats had shown that short-

term (one week) ad libitum feeding of the fcHFHS diet induced glucose intolerance (la 

Fleur et al., 2011). Interestingly, although equally obese and consuming more saturated fat 

compared to fcHFHS-fed rats, free choice high-fat (fcHF)-fed rats and free choice high-

sugar (fcHS)-fed rats that consumed more sugar, remained glucose tolerant. After a longer 

period (4 weeks) of fcHFHS-diet feeding, the metabolic effects became more pronounced 

and the glucose intolerance was accompanied by an impaired insulin response to a glucose 

load, while the insulin response after one week was not different between the groups (la 

Fleur et al., 2011). Reduced glucose tolerance can be explained by a reduced insulin 

response and/or reduced insulin sensitivity. Therefore, we explored hepatic and peripheral 

insulin sensitivity, as well as insulin secretion using our free choice diet model following 

one week (chapter 2) and four weeks (chapter 3) of the fcHFHS diet, respectively. To 

study the differential effects of the high fat and high sugar component on glucose 

metabolism, we also included cohorts of rats on a fcHF- or fcHS-diet. 

Our results (in chapter 2) showed that both fcHF- and fcHFHS-fed rats developed 

hepatic insulin resistance after one week, while only the fcHFHS-fed rats developed 

peripheral insulin resistance. In the fcHF-fed rats, the hepatic insulin resistance was more 

pronounced compared to the fcHFHS-fed rats. In contrast, the fcHS-fed rats who were 

similar in adiposity and caloric intake to the fcHF-fed rats, and consumed more sugar 

water compared to the fcHFHS-fed rats, remained insulin sensitive. Rats on either choice 

diet showed increased total caloric intake compared to chow-fed rats and only in the 

fcHFHS rats adiposity increased. This shows 1) that hypercaloric fat intake is associated 

with the development of hepatic insulin resistance, and 2) that the combined intake of fat 
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and sugar is necessary to induce peripheral insulin resistance in the short-term. Our data 

are in line with other studies showing the importance of dietary fat in the development of 

hepatic insulin resistance (Kraegen et al., 1991; Samuel et al., 2004), while studies using 

dietary sugar showed that hepatic and peripheral insulin resistance only developed after 

longer periods (>3 weeks) of sugar feeding (Chicco et al., 2003; Pagliassotti et al., 1994; 

Pagliassotti and Prach, 1995; Santure et al., 2003). Together these data suggest that the 

Western style diet containing fat and sugar induces hyperphagia, increases adiposity and 

induces hepatic and peripheral insulin resistance in the short term, stressing that the 

combined intake of these two macronutrients have differential effects on glucose 

metabolism compared to high fat intake only. Moreover, our data show that the nature of 

the palatable component plays a role in the development of insulin resistance when on a 

hypercaloric diet, and that the previously observed glucose intolerance in fcHFHS-fed rats 

(la Fleur et al., 2011) is, at least partly, mediated by peripheral insulin resistance. 

In chapter 3 we showed that insulin increments in response to the glucose infusion 

failed to substantially suppress plasma glucose concentrations in rats after one week of 

fcHFHS diet. This data pointed towards reduced insulin sensitivity and is therefore in line 

with the data presented in chapter 2. Interestingly, overnight fasting restored insulin action, 

as it normalized the insulin-induced glucose decrease in rats on the fcHFHS diet, while 

insulin sensitivity remained unchanged in chow-fed rats. Thus, an overnight fast does not 

alter insulin sensitivity in metabolically healthy rats, while it restores short-term diet-

induced insulin resistance. It has been shown, however, that glucose intolerance and 

reduced peripheral insulin sensitivity may be induced in metabolically healthy rats, 

following longer periods of fasting (84h (Penicaud et al., 1985). Furthermore, the results of 

this study stress the effect of feeding status (i.e., fed, partially food deprived, or fasted), in 

response to a metabolic challenge, and clearly show that feeding status should be taken 

into account when designing future diet intervention studies. In short, the study described 

in chapter 3 shows that 1) overnight fasting restores the negative effect of a short-term 

fcHFHS diet on insulin sensitivity and 2) insulin sensitivity in rats on a fcHFHS diet 

depends on feeding status.  

Increased circulating free fatty acids (FFA) have been proposed to be an important 

mediator of hepatic insulin resistance (Lam et al., 2003; Pereira et al., 2014). In contrast, 

we showed in the study described in chapter 2, that basal plasma FFA concentrations were 

comparable between the three choice diet groups, and FFA during the clamp was only 

significantly higher in animals on the fcHFHS diet and not in fcHF-fed rats, pointing to 

additional mechanisms involved in the induction of hepatic resistance linked to consuming 

saturated fat. These mechanisms may be peripheral, central or both. An increased FFA flux 

to skeletal muscle has also been proposed to deteriorate skeletal muscle insulin sensitivity 

(Delarue & Magnan, 2007) and might have contributed to the peripheral insulin resistance 

observed in the fcHFHS-fed rats. However, in the study described in chapter 3, we showed 

that the suppression of FFA by insulin injections was equal between groups. Therefore we 
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cannot explain the amelioration in insulin sensitivity in the fcHFHS, overnight fasted rats, 

nor the lack of an effect of insulin in the fcHFHS-fed rats. 

Furthermore our data showed that despite the induction of peripheral insulin resistance, 

i.e., reduced muscle and white adipose tissue glucose uptake by the fcHFHS diet, insulin 

sensitivity of adipose tissue (measured as the suppression of FFA by insulin) remained 

intact. This suggests a tissue-specific effect of the diet on insulin action and could be 

explained by the effect of the combined nutrients on insulin signalling and glucose uptake. 

Future studies are needed to dissect these direct effects, and unravel their body weight-

independent effects on insulin sensitivity of skeletal muscle. 

Besides direct peripheral effects of the combined diet components on glucose 

metabolism, additional mechanisms may also exist. Consumption of the hypercaloric 

fcHFHS diet has been shown in earlier experiments to affect hypothalamic brain centres 

(involved in homeostatic feeding) in rats. One week of fcHFHS feeding increased the 

expression of the orexigenic neuropeptide NPY in the arcuate nucleus of the hypothalamus 

(la Fleur et al., 2007; van den Heuvel et al., 2014b). In addition, both in rats and mice, 

intracerebroventricular infusion of NPY increases EGP (Pocai et al., 2005). Furthermore, 

central administration of NPY, combined with the euglycaemic hyperinsulinaemic clamp 

technique, showed that the inhibitory effects of peripheral hyperinsulinemia on hepatic 

glucose production were (partially) blocked by intracerebroventricular NPY, thereby 

inducing hepatic insulin resistance. Moreover, specific denervation of hepatic sympathetic 

nerves blocked the inhibitory effect of NPY on hepatic insulin sensitivity, suggesting that 

endogenous and intracerebroventricular-injected NPY acts through pre-autonomic neurons 

projecting to the sympathetic nervous system innervating the liver (van den Hoek et al., 

2008). Since NPY expression was only increased in the fcHFHS-fed diet group and not in 

the fcHF-fed diet group after one week of exposure (la Fleur et al., 2010) the effects of the 

diets on hepatic and peripheral insulin sensitivity cannot be explained via this central 

pathway.  

Although the insulin response during the glucose tolerance test was not affected in 

fcHFHS fed rats after one week, it was observed that after four weeks, when rats showed 

basal hyperinsulinemia and glucose intolerance concomitant with a reduced insulin 

response during an intravenous glucose tolerance test (ivGTT) (la Fleur et al., 2011). 

Interestingly, using retrograde tracing from the pancreas with a pseudorabies virus (PRV) 

recombinant capable of Cre-conditioned expression in a β-cell Cre expression mouse line 

(MIP Cre
ERT

) combined with co-localisation of the glucosensing glucokinase and glucose 

and insulin tolerance tests, it was revealed that the ARC and LHA in the hypothalamus 

both regulate insulin secretion (Rosario et al., 2016), and provide an potential central 

mechanism by which insulin secretion is affected in rats on a fcHFHS diet. Furthermore, 

the hypothalamic neuropeptide NPY, when centrally administered increases plasma insulin 

concentrations (Baran et al., 2002; Wisialowski et al., 2000). However, given previous 

findings of the fcHFHS diet eliciting enhanced NPY sensitivity, one would expect an 

increased insulin response instead of an impaired insulin response in rats exposed to a 



Chapter 8  

144 

 

fcHFHS diet and infused with a glucose bolus. This suggests that other central mediators 

are involved in the diet-induced effects on β-cell responses to a glucose load. To further 

study the hypothesis of diet induced reduced β-cell responsiveness, neuronal activation in 

the dorsal motor nucleus of the vagus (DMV), from which vagal efferent signalling 

originates, should be examined together with the neurocircuitry upstream of this brain area 

projecting to the pancreas (Buijs et al., 2001). 

In diet-induced insulin resistance, pancreatic β-cells adapt to an increased insulin demand 

through increased insulin production, secretion or β-cell mass (Ellenbroek et al., 2013). 

Therefore in the study described in chapter 4, we aimed to investigate whether the 

decreased insulin response during the glucose tolerance test could be explained by 1) 

enhanced insulin clearance by the liver or, 2) altered innervation of β-cells. We showed 

that rats consuming the fcHFHS diet for 4 weeks showed an impaired early phase glucose-

induced insulin response, which could not be explained by reduced insulin clearance or a 

difference in pancreatic insulin immunostaining. However, these rats showed reduced 

vasoactive intestinal polypeptide (VIP) immunostaining in pancreatic islets structures, 

which may point towards altered β-cell innervation.  

Altogether our data support a role for diet-induced disruption of β-cell innervation after 

a short-term fcHFHS diet, it remains to be investigated whether β-cell failure occurs after a 

longer period (> 4 weeks) of fcHFHS diet. To support our hypothesis that the reduced 

early glucose-induced insulin response in fcHFHS rats may be caused by reduced VIP 

release or reduced sensitivity to VIP, the VIP receptor (VPAC1 and VPAC2) expression 

on β-cells should be measured. Vagal efferent parasympathetic signalling occurs almost 

exclusively by acetylcholine and activates the enteric nervous system, which in turn 

releases VIP (Kirchgessner & Gershon, 1990). Therefore VIP might be released from 

enteric neurons instead of vagal efferent nerve endings. To explore the origin of the VIP 

we observed, VIP should be co-localized with either an enteric neuron specific marker or 

with an anterograde tracer injected into the DMV and show co-localisation with VIP. We 

showed that VIP immunostaining did not co-localize with the satellite cell marker 

vimentin, showing that VIP was not located in satellite cells. In addition, future research 

should be directed to the effects of the fcHFHS diet on other neuropeptides and 

neurotransmitters that innervate the endocrine pancreas (Ahren et al., 1991; Ahren, 2000; 

Dunning et al., 1988; Dunning & Taborsky, 1988) and incretins affecting the early phase 

insulin secretion (Chan et al., 2011). Next to the β-cells and insulin, the α-cells and 

glucagon should be explored. 
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Altogether, we show that in our fcHFHS diet model, reduced hepatic as well as peripheral 

insulin sensitivity (observed following one week of fcHFHS diet) precedes reduced 

glucose-induced insulin secretion (observed following 4 weeks of fcHFHS diet) 

(summarized in Table 1). We show that after a short-term (one week) fcHFHS diet, rats 

developed hepatic as well as peripheral insulin resistance, while the fcHF-fed rats 

developed hepatic insulin resistance only. This was independent of calorie intake or 

adiposity, pointing to a direct effect of the combined nutrients on peripheral insulin 

sensitivity, such as skeletal muscle and white adipose tissue glucose uptake. After a longer 

period of fcHFHS diet feeding (4 weeks), the insulin response to a glucose load is 

impaired. This may be explained by dietary-induced changes in β-cell innervation, which 

may originate from altered central regulation of insulin secretion. Which brain areas and 

neurocircuits are affected by the combined nutrients needs to be addressed in future 

research but previous research has demonstrated that brain regions other than the 

hypothalamus may also be involved in changes observed in insulin sensitivity. For 

example, the fcHFHS diet affected the corticolimbic system and the VTA-NAc circuitry. 

fcHFHS rats were more motivated to work for sucrose pellets (la Fleur et al., 2007), and 

showed reduced striatal D2/3 receptor availability (van de Giessen et al., 2012) as well as 

enkephalin expression in the NAc, and lower tyrosine hydroxylase expression (the rate 

limiting enzyme for dopamine production) in the ventral tegmental area (VTA) (van den 

Heuvel et al., 2014a). The changes in the NAc are of interest, as (Groenewegen & 

Russchen, 1984) have shown that the shell region of the nucleus accumbens (sNAc) 

projects to the lateral hypothalamic area (LHA). The LHA is thus an important brain area 

for glucose regulation (Tsuneki et al., 2015; Yi et al., 2009), and contains pre-autonomic 

neurons that project to the liver and pancreas (Buijs et al., 2001; Stanley et al., 2010) 

Taken together, the combined hypercaloric consumption of fat and sugar has peripheral as 

well as central effects that may explain the observed metabolic phenotype. Building upon 

this line of scientific inquiry, Part 2 of this thesis addresses the role of the brain reward 

system in glucose metabolism. 
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Table 1. Summary of energy balance and glucose metabolism parameters of rats fed a free-choice high-fat, free-

choice high-sugar or free choice high-fat, high-sugar diet for one week with regard to rats fed the chow diet. 

 fcHF fcHS fcHFHS 

caloric intake ↑ ↑ ↑ 

saturated fat intake 

= 

in comparison to 

fcHFHS 

 

= 

in comparison to 

fcHF 

sugar water intake  

↑ 

in comparison to 

fcHFHS 

↓ 

in comparison to 

fcHS 

body weight gain = = = 

adipose mass = = ↑ 

basal blood glucose 

concentrations 
= = = 

plasma leptin 

concentrations 
= = ↑ 

plasma FFA 

concentrations 
= ↑ ↑ 

basal insulin 

concentrations 
= = = 

basal glucagon 

concentrations 
= = = 

ivGTT = = ↓ 

insulin response during 

ivGTT 
= = = 

hepatic insulin 

sensitivity 
↓ = ↓ 

peripheral insulin 

sensitivity 
= = ↓ 

Abbreviations: fcHF, free choice high fat high sugar diet; fcHFHS, free choice high fat, high sugar diet; fcHS, 

free choice high sugar diet; FFA, free fatty acids; ivGTT, intravenous glucose tolerance test  
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Part 2: A role for the nucleus accumbens shell in the central control of glucose 
metabolism  
In Part 2 of this thesis, we introduced the novel concept that the corticolimbic system is 

involved in the control of glucose metabolism, independent of food consumption. As 

glucose obtained from diet serves as the primary energy source for the brain, it is not 

surprising that pathways involved in feeding behaviour contribute to the regulation of 

glucose metabolism. As reviewed in the general introduction, the corticolimbic system 

indeed contains the necessary machinery that supports this hypothesis. In the current 

thesis, we describe studies that support these data:  

1) Deep brain stimulation (DBS) of the sNAc increases systemic concentrations of 

glucose and glucagon 

2) Blocking serotonin reuptake in the sNAc increases systemic glucose 

concentrations, and  

3) Blocking dopamine reuptake in the sNAc decreases endogenous glucose 

production (EGP). We thus provide clear evidence for a role of the sNAc in the 

regulation of glucose metabolism.  

 

Possible sNAc serotonin and dopamine effects on endogenous glucose production and 
peripheral glucose uptake  
In the study described in chapter 5, we observed that DBS of the sNAc increased blood 

glucose concentrations and plasma concentrations of glucagon, concomitant with increased 

neuronal activity in the LHA. These data provided the first evidence for a role of the sNAc 

in the control of glucose metabolism. However, the pathways and mechanisms via which 

DBS elicited the effects observed remain to be determined. As Sesia et al. (2010) showed 

that DBS of the sNAc increased local concentrations of serotonin and dopamine, we 

hypothesized that increases in sNAc dopamine and/or serotonin outflow enhanced 

circulating concentrations of glucose and glucagon. In the study described in chapter 6 we 

blocked serotonin reuptake in the sNAc, in order to increase local endogenous serotonin 

concentrations via reverse microdialysis of the serotonin reuptake inhibitor (SSRI) 

fluoxetine, and observed subsequent increases in blood glucose concentrations. To explore 

whether glucose excursions were caused by changes in EGP, we combined bilateral 

reverse microdialysis with systemic stable isotope infusion, which enabled us to measure 

glucose kinetics. We showed small increases in EGP, which supported our hypothesis that 

an increase of serotonin concentrations in the sNAc might increase systemic glucose 

concentrations by increasing EGP. Because of the modest differences in EGP, increased 

systemic glucose concentrations are probably also due to lower peripheral glucose uptake. 

Although literature on this topic is contradictory, central serotonin has been shown to 

induce changes in locomotor activity (Sachenko & Khorevin, 2001), and sNAc-serotonin 

might alter peripheral glucose uptake directly or via a sNAc-serotonin-induced increase in 

locomotor activity. However, this does not seem likely as an increase in locomotor activity 

would decrease blood glucose concentrations. A limitation of the present study is the lack 

of locomotor activity measurement, highlighting an area that requires further research to 
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examine the alternate hypothesis. Changes in glucose uptake might also be induced by 

alterations in the insulin response to a change in blood glucose concentrations. However, 

blocking serotonin reuptake in the sNAc via fluoxetine did not affect plasma insulin 

concentrations, indicating that the change in blood glucose was not sufficient to induce 

insulin secretion. Alternatively, fluoxetine might have a direct inhibitory effect on insulin 

secretion. In line with this idea, it has been shown that the sNAc projects to the pancreas 

via the autonomic nervous system (Buijs et al., 2001), which could be a route by which 

fluoxetine influences insulin secretion directly. Finally, the sNAc-fluoxetine induced 

increase in blood glucose concentrations could not be explained by changes in the plasma 

concentrations of corticosterone or glucagon. Thus, serotonin is not the only 

neurotransmitter involved in the DBS-sNAc mechanism since plasma glucagon 

concentrations were higher after DBS (chapter 5). In the study described in chapter 7, we 

therefore infused the selective dopamine reuptake inhibitor vanoxerine in the sNAc and 

combined this with systemic stable isotope infusion in rats. In contrast to serotonin, we 

showed that blocking dopamine reuptake in the sNAc decreased EGP, blood glucose 

concentrations and plasma glucagon concentrations in rats. In addition, mice that were 

infused in the NAc area with vanoxerine exhibited lower hepatic PEPCK mRNA 

expression compared to vehicle-infused mice. Together, these data suggest that, in contrast 

to blocking serotonin uptake, increasing dopamine concentrations in the sNAc decreases 

EGP by a decrease in gluconeogenesis. 

In addition to a reduction in EGP, an increase in glucose uptake would also result in 

decreased blood glucose concentrations. Dopamine in the NAc has been shown to be 

involved in the initiation of locomotor activity (Costall et al., 1984; Pijnenburg et al., 

1975). In contrast, selective activation of dopamine D2 receptors in the whole NAc was 

shown to decrease locomotor activity (Zhu et al., 2016), which would decrease the 

probability that dopamine in the sNAc increased locomotor activity, and thereby decreased 

blood glucose concentrations. However, we do not know if the vanoxerine-induced 

reduction in EGP is mediated via dopamine D1 or D2 receptors and studies investigating 

the effects on locomotor activity following vanoxerine administration in the ventral 

striatum are currently unavailable. 

 

Cell populations in the sNAc and downstream targets  

The NAc receives serotonergic projections from the mesencephalic raphe nuclei and the 

midbrain periaqueductal gray (Li et al., 1989; Steinbusch et al., 1981), with higher axon 

density and lower serotonin transporter expression in the shell, compared to the core region 

(Brown and Molliver, 2000). The NAc also receives dopaminergic projections from the 

VTA (Voorn et al., 1986). The serotonergic projections contact and inhibit cholinergic 

interneurons ̶ especially in the sNAc (Van Bockstaele and Pickel, 1993; Van Bockstaele et 

al., 1996). The sNAc projects to the LHA mainly through medium spiny neurons (MSN), 

which express dopamine receptors and are GABAergic. MSN expressing the D2 receptor 

are proposed to directly send GABAergic input to the LHA (Frazier and Mrejeru, 2010), 
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while MSN expressing the D1 receptor project indirectly to the LHA through the ventral 

pallidum, which in turn sends inhibitory input to the LHA (Frazier and Mrejeru, 2010; Lu 

et al., 1998). Previous research has shown that fluoxetine or 5-HT infusion in the posterior 

medial NAc dose dependently decreased acetylcholine (AChE) outflow (Rada et al., 

1993). Given that AChE activate GABAergic MSN via muscarinic receptors (Chau et al., 

2011), it may be that serotonin affects glucose metabolism through reducing AChE 

outflow. The inhibitory action of serotonin on cholinergic interneurons might reduce the 

inhibitory GABAergic signalling to the lateral hypothalamus (LHA) resulting in activation 

of pre-autonomic neurons. In line with this proposed pathway, it has previously been 

shown that the LHA is neurally connected to the liver (Kalsbeek et al., 2004; la Fleur et 

al., 2000), and that a GABA antagonist (bicuculline, BIC) administered to the LHA 

increased blood glucose concentrations (Yi et al., 2009). As DBS of the NAc resulted in an 

increase in blood glucose concentrations concomitant with an increase in c-fos staining (a 

marker for neuronal activation) in the LHA, we hypothesize that increasing serotonin in 

the sNAc reduces GABAergic output to the LHA which, in turn, increases EGP by the 

liver through the sympathetic nervous system. This is further supported by our observation 

that the increase in systemic glucose concentrations and increase in EGP could not be 

explained by changes in glucoregulatory hormones. However, we cannot exclude the 

possible involvement of additional reduced glucose uptake. Future studies should focus on 

these proposed pathways and include manipulations of GABAergic projections from 

sNAc-D2-MSN to the LHA, as well as the cholinergic interneurons. The sNAc cells 

activated by dopamine are likely to be the MSN, as they express D1 and D2 receptors. 

Therefore, it would be of interest to specifically stimulate these neuronal populations to 

verify which cell population is involved in the sNAc-vanoxerine-induced changes in 

glucose metabolism. 

Regarding serotonin, it has recently been shown that fluoxetine binds to the astrocytic 

5HT2B receptor (Peng and Huang, 2012; Peng et al., 2014) and astrocytes also express 

dopamine receptors (Miyazaki et al., 2004). Since astrocytes are important in energy 

metabolism of the brain (Belanger et al., 2011) astrocytes may be an important mediator in 

the sNAc-fluoxetine and –vanoxerine effects on glucose metabolism. 

To determine the role of endogenous increases in serotonin and dopamine, we chose to 

infuse reuptake inhibitors through microdialysis. Although literature has shown that 

fluoxetine and vanoxerine are specific inhibitors for serotonin and dopamine transport 

respectively, the microdialysate needed to be analysed to verify whether we indeed 

specifically manipulated these neurotransmitters, or whether the effects found, could be 

attributed to non-specific effects. Furthermore, sNAc serotonin itself has been shown to 

affect dopamine outflow. Administration of 5-HT into the posterior NAc (Bowers et al., 

2000) increased dopamine outflow. Parsons and Justice (1993) have shown that a 5-HT-

induced dopamine increase was mediated via the 5-HT2 and 5-HT3 receptors. In contrast, 

fluoxetine directly infused into the sNAc did not change dopamine release (Bubar et al., 

2003). Of note, it has also been reported that fluoxetine affects other amine transporters at 
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concentrations in excess of 1 µM (Harms, 1983). Although we utilised a more 

physiological dose that only affected serotonin reuptake, we cannot eliminate the 

conjecture that other transmitter systems remained unaffected. In addition to serotonin and 

dopamine, which have been shown to be altered by DBS, DBS-sNAc’s effect on glucose 

metabolism might be explained by alterations of other neurotransmitters, like glutamate 

and GABA (Sesia et al., 2010) in addition to serotonin and dopamine.  

In order to dissect the mechanisms by which serotonin and dopamine within the sNAc 

exert their effects on glucose metabolism, selective activation of the D1 or D2 receptor on 

MSN and sNAc fluoxetine infusion (or selective activation of the serotonin pathway, once 

identified) should be considered, combined with measurement of peripheral glucose 

kinetics. Tracing by use of anterograde and retrograde tracers will help to identify the 

projections from the sNAc to the LHA and downstream mechanisms. Subsequently, these 

projections can be selectively activated or inhibited by combination and use of the 

Designer Receptors Exclusivity Activated by Designer Drugs (DREADDs) technology to 

test whether these pathways are mediating sNAc-serotonin and -dopamine influences on 

systemic glucose homeostasis. 

 

The lateral hypothalamic area  

Next to the cell population within the sNAc, it is yet unclear which cells downstream from 

the sNAc are involved in the serotonin- and dopamine-sNAc-induced effects on peripheral 

glucose metabolism. From the DBS experiment, described in chapter 5, it is clear that 

LHA neurons are activated upon stimulation of the sNAc and this was accompanied by 

enhanced blood glucose concentrations. In chapter 7, the LHA was also shown to be 

involved in sNAc-vanoxerine-induced lowering of EGP and blood glucose concentrations. 

There are several possible cell populations within the LHA that are of interest with 

respect to glucose regulation. One of these cell populations is represented by the orexin 

expressing neurons. Orexin expressing neurons have been shown to be activated by 

infusing the GABA-A antagonist BIC in the LHA, which resulted in increased EGP and 

blood glucose concentrations (Yi et al., 2009). In the study described in chapter 7, we 

measured hypothalamic gene and peptide expression following infusion of vanoxerine in 

the sNAc. We observed a decrease in the ratio between vesicular glutamate transporter 

(VGLUT2) and GABA transporter (VGAT) expression, suggesting an increase in 

GABAergic input to the hypothalamus. This ratio was negatively correlated with orexin 

expression, pointing to increased GABAergic input that increases hypothalamic orexin. 

However, increased hypothalamic orexin would increase blood glucose concentrations and 

EGP. Further immunohistochemical analysis of the LHA did not reveal a vanoxerine-

sNAc-induced increase in neuronal activation or orexin immunoreactivity. Together with 

the finding that peptide and mRNA expression of orexin are opposite in their daily rhythm 

(Taheri et al., 2000) we hypothesize that the change in orexin mRNA is a reflection of 

lower orexin peptide signalling.   
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To address whether GABAergic input is involved in the vanoxerine-sNAc effects on 

systemic glucose concentrations and EGP, we next combined sNAc-vanoxerine infusion 

with LHA-BIC infusion to block the GABAergic input to the LHA. LHA-BIC infusion 

indeed abolished the vanoxerine-sNAc effect on EGP. However, it is not likely that the 

orexin neurons are a direct target of the sNAc, as glutamatergic neurons in the LHA are the 

major target of MSN, and sNAc MSN do not directly innervate orexin neurons (Sano and 

Yokoi, 2007). A different LHA cell population within the neuronal pathway that connects 

to orexin neurons and which may be glutamatergic (Opland et al., 2013) is represented by 

the neurotensin neurons (Leinninger et al., 2011). As orexin neurons express receptors for 

neurotensin, this neuropeptide might modulate the function of orexin neurons (Furutani et 

al., 2013). In addition, another mechanism by which orexin neurons are inhibited may be 

leptin mediated, as leptin inhibits orexin neurons via neurotensin neurons (Goforth et al., 

2014), as well as via galanin neurons (Laque et al., 2015). 

 

The autonomic nervous system 

Earlier work showed that hypothalamic modulation of glucose metabolism involves the 

autonomic nervous system. In the study described in chapter 7, we therefore determined 

whether sNAc-vanoxerine affected vagal efferent nerve activity and observed increased 

vagal activity during sNAc vanoxerine infusion. The involvement of the vagal nerve was 

further supported by our observation that parasympathetic denervation of the liver 

prevented the sNAc-vanoxerine-induced EGP decrease in rats.  

This implies that sNAc-dopamine stimulates, whereas sNAc-serotonin decreases 

GABAergic input to the LHA, inducing opposite effects on glucose metabolism. While 

sNAc- serotonin increases systemic concentrations of glucose, which might in part be 

explained by increased EGP, sNAc-dopamine strongly decreased EGP. This suggests that 

sNAc-dopamine inhibits, and sNAc serotonin activates a yet unidentified cell population in 

the LHA. It could well be, although not determined yet, that sNAc serotonin increases 

sympathetic nervous output to the liver. We did show that sNAc-dopamine decreases 

parasympathetic outflow to the liver. Taken together, we provided first evidence for a 

sNAc-LHA-liver-axis, important for the regulation of glucose metabolism, of which the 

details within this circuitry will be focus of future studies. 
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Glucose metabolism, consumption of palatable macronutrients and the ventral 

striatum  

In Part 1 of this thesis I described the effects of saturated fat and sugar water intake on 

glucose metabolism, i.e,. insulin sensitivity and insulin secretion. In Part 2 I showed that 

peripheral glucose metabolism is affected by electrical stimulation, either increasing local 

serotonin concentrations or dopamine concentrations in the sNAc. Combining these two 

parts, the question arises as to whether dietary components can directly affect the ventral 

striatum, eventually leading to alterations in glucose metabolism. In short, could the 

consumption of palatable macronutrients affect the ventral striatum, and as such be 

involved in changes in glucose homeostasis?  

 

Of special interest is striatal dopamine, which plays a central role in post-ingestive reward 

(Wang et al., 2014). Dopamine efflux in the ventral striatum has also been shown to be 

responsive to peripheral glucose changes. In mice, one hour of jugular 2-deoxyglucose 

(DG) infusion decreased striatal extracellular dopamine concentrations with 35%, as 

compared to basal conditions. Subsequent jugular infusion of glucose reversed the 

decrease in dopamine concentrations, and resulted in an increase of almost 75% with 

regard to baseline dopamine concentrations (Ren et al., 2010). In addition, Delarue & 

Magnan (2007) showed that hepatic portal vein infusion of glucose increases c-Fos 

expression in the NAc, indicating increased neuronal activity. In addition, in humans as 

well as rodent diabetes models, reduced insulin sensitivity is associated with reduced 

striatal D2/3 receptor binding (Caravaggio et al., 2015), and reduced dopamine synthesis 

rate in the ventral striatum respectively. These studies imply that (ventral) striatal 

dopamine signalling is disturbed during imbalance of glucose homeostasis and may 

(further) contribute to development of hyperglycemia. Together these studies point to a 

role for central dopamine as a mediator of the counterregulatory response to hypoglycemia, 

and central dopamine signalling may be increased following hypercaloric intake. We 

observed that increasing sNAc dopamine concentrations decreased EGP. As striatal 

dopamine efflux is increased postprandially, a sNAc-dopamine-induced decrease in EGP 

may be a regulatory response to compensate for increased glucose concentrations induced 

by food ingestion. Indeed when sugar exposure is preceded by a light predicting 

subsequent presentation of the reward, the dopamine release occurs when the light is 

shown prior to sugar consumption (Schultz, 1998). Thus, the intake of sugar is then 

predicted by dopamine in the NAc. In addition, an early study showed that when animals 

associate a cue to predict a reward, insulin is released with the cue to anticipate the 

increase in blood glucose concentrations (Rodin, 1985). Together, this points to a link 

between reward prediction, dopamine release in the NAc, and an anticipatory insulin 

response in the control of glucose. To further speculate on this hypothesis, it is of interest 

to explore whether this regulatory response mechanism of postprandial sNAc dopamine 

efflux is reduced during the development of insulin resistance and whether this could be 

caused by (excessive) consumption of palatable macronutrients such as saturated fat and 
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sucrose. Effluxes of dopamine have been observed after feeding in lean rats (Hernandez & 

Hoebel, 1988) and humans (measured by [(11)C], using raclopride positron emission 

tomography (PET) scans; (Small et al., 2003). The dopamine response in the ventral 

striatum following food ingestion, is reduced in obese individuals (Wang et al., 2014), and 

in diet-induced obese rats (Cone et al., 2013; Geiger et al., 2009; Newman et al., 2013). As 

described above, previous studies from our research group showed that the fcHFHS diet 

affected the corticolimbic system (la Fleur et al., 2007; van de Giessen et al., 2012; van 

den Heuvel et al., 2014a). In contrast to dopamine, serotonin efflux in the corticolimbic 

system in response to systemic changes in blood glucose concentrations, is poorly studied. 

Insulin induced hypoglycemia has been shown to increase serotonin turnover in the 

perifornical hypothalamus, thereby increasing the counterregulatory response to 

hypoglycemia (Otlivanchik et al., 2015). Rats fed a high carbohydrate diet (65%) showed 

increased serotonin fiber density in the raphe nucleus serotonergic projections, compared 

to rats on a high fat diet or control diet (Leibowitz and Alexander, 1998). As the sNAc 

receives its’ serotonergic input from the raphe nuclei, a high carbohydrate diet may 

increase serotonin signalling in the sNAc. Unfortunately the authors did not specify the 

quantity of calorie intake or diet duration. In addition, genetic diet-induced obesity prone 

rats show increased serotonin receptor binding in the sNAc compared to genetic obesity 

resistant rats (Ratner et al., 2012). As we show that increasing serotonin concentrations in 

the sNAc increased blood glucose concentrations, diet-induced increases in serotonin 

signalling may contribute to hyperglycemia.  

Altogether, failure of postprandial sNAc dopamine to decrease EGP and/ or increased 

serotonin signalling might be an additional route, contributing to disturbances in 

maintaining glucose homeostasis following the consumption of hypercaloric, palatable 

macronutrients. 

 

 

 


