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Abstract 
Glucose metabolism may be influenced by brain areas beyond the hypothalamus, such as 

the nucleus accumbens (NAc), classically known for its role in reward behaviour. We 

show that inhibiting dopamine reuptake in the shell of the NAc (sNAc), by infusing the 

dopamine reuptake inhibitor vanoxerine (VNX), decreases blood glucose concentrations 

by reducing endogenous glucose production (EGP). Hypothalamic gene expression 

analysis indicated involvement of GABAergic output to the lateral hypothalamic area 

(LHA) and was subsequently shown to mediate indeed the VNX-sNAc-induced decrease 

in blood glucose concentrations. Finally, VNX in the sNAc increased vagal activity, and in 

line with a role for vagal output in the glucose lowering effects, hepatic vagotomy 

prevented the VNX-sNAc-induced decrease in EGP. Our findings describe a novel 

pathway in the central control of glucose metabolism in which dopamine in the sNAc 

affects hepatic glucose production through a lateral hypothalamus-vagus-liver axis. 
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Introduction 
The brain accounts for 60% of total body glucose utilization in the basal state, and due to 

its limited capacity to store glucose, depends on circulating glucose for its energy need. 

Over the day different glycaemic challenges, for example food intake or exercise, require 

glucoregulatory responses to restore euglycaemia and maintain glucose homeostasis. To 

ensure adequate glucose supply at all times, the brain senses energy status, initiates feeding 

behaviour, and controls endogenous glucose production (EGP) by the liver (Diepenbroek 

et al., 2013a), and glucose uptake by other peripheral tissues (Sudo et al., 1991). 

Classical and well-studied pathways of central glucose control involve the 

hypothalamus and brainstem. However, given that receptors of glucoregulatory hormones 

and glucose sensing neurons have been identified in the mesolimbic system as well (Papp 

et al., 2007; Zhou et al., 2010), interest has broadened. Of specific interest is the nucleus 

accumbens (NAc), known to be involved in reward-related behaviour, containing neurons 

that are either inhibited or activated by glucose (Papp et al., 2007), and showing enhanced 

release of the neurotransmitter dopamine, when animals are exposed to a sugar load for the 

first time (Schultz, 1998). Dopamine, a major neurotransmitter of the NAc, will enhance 

the willingness to work for a sugar reward, and is released in the NAc upon first exposure 

to a sugar load. Interestingly, when sugar exposure is preceded by a light predicting 

subsequent presentation of the reward, the dopamine release occurs prior to sugar 

consumption, i.e., when the light is shown (Schultz, 1998). Thus, the intake of sugar is 

then predicted by dopamine in the NAc. Sugar intake increases blood glucose 

concentrations followed by changes in glucoregulatory hormones to restore blood glucose 

concentrations within physiological ranges (Watts & Donovan, 2010). Interestingly, when 

animals learn to associate a cue to predict a sugar reward, the same cue subsequently 

results in a small increase in insulin, one of the glucoregulatory hormones, in anticipation 

of the rise in blood glucose concentrations (Rodin, 1985), pointing to a link between the 

NAc, reward anticipation and glucose control. On the other hand, we recently showed that 

electrically stimulating the NAc, specifically the NAc shell (sNAc) affects blood glucose 

concentrations and another glucoregulatory hormone glucagon (Diepenbroek et al., 

2013b). Moreover, central administration of dopamine agonists enhances insulin 

sensitivity (Luo et al., 1999), but the central target area for dopamine in these studies 

remains to be determined. 

To study the role of NAc dopamine on peripheral glucose metabolism, we used the 

dopamine reuptake inhibitor (DRI) vanoxerine (VNX) to pharmacologically increase 

dopamine concentrations in the NAc. We here show that VNX administration in the NAc 

reduces blood glucose concentrations and EGP. Since the hypothalamus has long been 

recognized to control glucose metabolism (Kalsbeek et al., 2010), and the sNAc densely 

projects to the lateral hypothalamic area (LHA) (Sano & Yokoi, 2007), we next 

determined whether the LHA was involved in the effect of sNAc-dopamine on EGP. 

Finally, we determined the role of the autonomic innervation of the liver in the VNX-

mediated reductions in blood glucose concentrations and EGP. Together, we show that 
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dopamine in the sNAc affects hepatic glucose production through a lateral hypothalamus-

vagus-liver axis. 

 

Material and Methods 
Animals 

Male C57BL/6 mice (25–30 g, Janvier, Le Genest St. Isle, France) and male Wistar rats 

(250-300 g, Charles River) were individually housed in plexiglas cages in a room 

maintained at 22±3 °C with light from 0700–1900 hours and had ad libitum access to 

laboratory chow and tap water. Experiments were approved by the Committee for Animal 

Experimentation of the Academic Medical Centre of the University of Amsterdam, the 

Netherlands and Université Paris Diderot 7, Paris, France. 

 

Surgery 

Mice were anesthetized with isoflurane and received 10 μg/ kg body weight intraperitoneal 

xylazine analgesic. They were then placed in a stereotaxic frame to place 28 Gauge 

stainless steel cannulas  (Plastic One, Bilaney Consultans GmbH, Dusseldorf) into the right 

NAc (stereotactic co-ordinates are relative to bregma: ML: +1 mm; AP:+1.5 mm; 

DV:−4.2 mm), Occluded by a stainless steel dummy cannula. At the end of surgical 

procedures, mice received 10 μg/ kg. Ketoprofen intraperitoneal. 

For microdialysis in combination with catheterization, rats were anaesthetized with an 

intraperitoneal injection of 80 mg/kg Ketamine (Eurovet Animal Health), 8 mg/kg 

Rompun® (Bayer Health Care) and 0.1 mg/kg Atropine (Pharmachemie), after which a 

silicone catheter was implanted in the jugular vein, according to the method of Steffens 

(Steffens, 1969), for intravenous infusions. Another silicone catheter was implanted in the 

left carotid artery for intravenous blood sampling. After catheter implantations, 

microdialysis probes (constructed as reported in (Kalsbeek et al., 1996)) were bilaterally 

implanted in the sNAc (ML +1.44 mm, AP +3 mm, DV -7.3 mm, angle 17°), using a 

stereotaxic apparatus (Kopf®, David Kopf instruments, Tujunga, California). Catheters 

and microdialysis probes were fixed on the skull with 4 anchor srews and dental cement.  

For intra-cerebral cannula infusions concomitant with jugular vein catheterization, rats 

underwent a stereotactic surgery for placement of a 26 Gauge stainless steel brain cannula 

(Plastic One, Bilaney Consultans GmbH, Dusseldorf) in the right sNAc (ML +0.8 mm, AP 

+1.2 mm, DV -6 mm, no angle), of which some were combined with a stainless steel 

cannula (Plastic One, Bilaney Consultans GmbH, Dusseldorf) into the right LHA (ML 

+3.4 mm, AP -2.6 mm, DV -8.2 mm; angle 10°), and received a silicone catheter in the 

jugular vein (Steffens, 1969). Catheters and cannulas were fixed on the skull with 4 anchor 

screws and dental cement, and occluded by a 28 Gauge stainless steel dummy cannula. 

Rats received an analgesic subcutaneously (Carprofen, 0.5mg/ 100g body weight). 
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Drug delivery by intra-cerebral cannula and glucose measures 

In mice, VNX (1 or 10 pmol/ 0.5 µL saline; Sigma-Aldrich) was administered in the NAc 

via an internal cannula that surpassed the cannula by 0.2mm and was attached to a 1 µL 

micro syringe within an infusion pump (infusion rate: 0.5 µL/ min; Hamilton). Blood was 

sampled via a tail vein cut, and blood glucose measured at indicated times.  

In rats, VNX (100 or 400 pmol/ 0.5 µL saline, infused by pump over 1 min) was 

administered in the sNAc, 5 min after bicuculline (BIC, 5 ng/ 0.5 µL saline; infused by 

pump over 1 min) was administered in the LHA, saline infusion was used as control. 

Blood samples were withdrawn from the jugular vein catheter at indicated times, for which 

animals were connected to swivels (Instech Laboratories, PA, USA) with counterbalances 

2h prior to the experiment to withdraw blood undisturbed. 

 

Reverse microdialysis and glucose kinetics 

On the evening prior to the experiment, rats were connected to a multi-channel fluid 

infusion swivel (Instech Laboratories, PA, USA) to adapt. On the experimental day, food 

was removed at the beginning of the light period. Subsequently, animals were connected to 

the blood-sampling catheter and microdialysis lines, which were connected to an infusion 

pump (Harvard Apparatus). To study glucose kinetics, [6.6-
2
H2] glucose was used as a 

tracer (>99% enriched; Cambridge Isotope Laboratories). A blood sample was drawn to 

assess background isotopic enrichment after which a primed (3000 µL/ h in 5 min) 

followed by a continuous [6.6-
2
H2] glucose (500 µL /h) infusion was started. After 90 

minutes of equilibration time, three blood samples (180 µL) were drawn to determine 

blood glucose concentrations and isotopic enrichment. Thereafter, microdialysis of either 

Ringer (vehicle; 3µL/min) or VNX (100µM, 3µL/min) started and blood samples were 

drawn at t=5, 10, 15, 20, 30, 60 min. At the end of the experiment, animals were 

anaesthetized with CO2 and killed by decapitation. Brains were immediately removed, 

frozen on dry ice and stored at -80°C. 

 

Parasymphatic denervations  

Rats underwent the same surgical procedure as previously described for microdialysis and 

glucose kinetics. In addition, rats were subjected to a hepatic parasympathectomy (Px) 

after catheter implantation. A laparotomy was performed in the midline. The fascia 

containing the hepatic branch was stretched by gently moving the stomach and the 

esophagus. The neural tissue was transected between the ventral vagus trunk and liver 

(Kalsbeek et al., 2004; Magni & Carobi, 1983). Rats with sham denervation surgery, as 

described above except for cutting the nerve, served as controls. 

 

Nervus vagus recordings  

Activity of the vagus nerve was continuously recorded for 10 min before, during and for 

10 min after VNX infusion in the sNAc (unilateral 100 pmol/0.5 µL over 1 minute) as 

previously described (Magnan et al., 1999). Briefly, the vagus was exposed along the 
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carotid artery to attach a silver-wire recording electrode (0.6 mm diameter) connected to a 

high-impedance probe. A second electrode was implanted under the skin as a reference. 

Action potentials were amplified with a low-noise amplifier (BIO amplifier, AD 

Instrument, Oxford, UK; Gain:105), band-pass filtered (100-1000 Hz), digitized 

(PowerLab 16/35 digitizer, AD Instrument, Oxford, UK) and acquired with the LabChart 7 

software (AD Instrument, Oxford, UK). Nerve activity was analysed with LabChart 7. 

  

Histology and immunohistochemistry 

Brain tissue was cut on a cryostat in 35 µm sections. All sections were collected on 

Superfrost Plus Plus slides and fixed for 10 min in 4% paraformaldehyde at room 

temperature. For verification of cannula or microdialysis probe placement, every 2 slides 

were Nissl-stained after fixation and examined with a microscope to determine precise 

location of the probes. Probe placement was considered misplaced when tips were 

observed outside the sNAc or LHA according to the delineation of Paxinos and Watson 

(Paxinos, 2007). Probes were drawn on rat brain atlas prints by two separate researchers 

blind for the conditions.  

After 1 hour of bilateral VNX infusion in the sNAc using microdialysis, a group of 

animals was perfused for immunocytochemistry. Rats were killed by an intraperitoneal 

injection of Pentobarbital (50mg/ml; 0.3 ml) followed by an intra-atrial perfusion with 

saline, followed by a solution of 4% paraformaldehyde in 0.1 mol/ L phosphate buffer (pH 

7.4) at 4°C. After post fixation and equilibration for 48 h with 30% sucrose in 0.1 mol/ L 

Tris-buffered saline, the brain tissue was cut into 35 μm sections and stained for c-Fos and 

orexin as described previously (Yi et al., 2009). Pictures of orexin slides were made using 

a light microscope (Leica) and protein expression of orexin was measured as the staining 

density of orexin cells in the LHA subtracted with the background of each slide. 

 

rtPCR 

A small piece of deep frozen mouse liver tissue (~20 mg) was dissected using a scalpel and 

homogenized in 300 µL TRIreagent (Ambion). Following Chloroform extraction, total 

RNA was DNase I treated, and purified using a Nucleospin RNA extraction kit (Machery-

Nagel, Germany). RNA amounts were measured using the Nanodrop (Nanodrop, 

Wilmington, USA). cDNA was synthesized in a 20 µL reaction volume with 200 ng input 

RNA, using the Transcriptor first strand cDNA synthesis kit (Roche). After incubations for 

30 min at 55
 o

C, and 5 min at 85
 o

C, samples were cooled on ice and 1:1 diluted with 

UltraPure H2O. 

Hypothalamic blocks were cut from the rat brains with a sharp needle and were 

collected in MagNA lyser Green Beads tubes (Roche) containing 500 µL lysis buffer 

(Roche). Tissue was homogenized in a MagNA Lyser for 60s at 6500 rpm followed by 30 

min incubation at room temperature. Total RNA was isolated using the High Pure RNA 

tissue Kit (Roche Molecular Biochemicals). RNA yield was determined and cDNA was 

synthesized with equal RNA input with the Transcriptor First strand cDNA synthesis kit 
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for qPCR with oligo d(T) primers (Roche Molecular Biochemicals). Quantitative PCR was 

performed using the Lightcycler 480 and sensifast mastermix (Biolegio).  

 

Quantification for both tissues was performed using the LinReg software (Ruijter et al., 

2009). PCR efficiency of each sample was calculated and samples that had a deviation of 

more than 5% of the mean efficiency value of the assay were excluded. Calculated values 

were normalized by the geometric mean of Cyclophilin and HPRT which were selected 

using GeNorm software (GeNorm, qbase+ https://genorm.cmgg.be). The primers and 

annealing temperature used are displayed in Table S1.  

 

Western Blots  

To collect the hypothalamus, 250 µm coronal slices were cut with a cryostat (starting at 

bregma -0.96 until -3.60 according to the brain atlas of Paxinos & Watson (2007). Half 

hypothalamic blocks were cut out with a sharp needle and homogenized in lysis buffer 

containing 50 mM Tris-HCl (pH 7.6), 150 mM NaCl, 1% triton x-100, 0.5% sodium 

desoxucholate, 0,1% SDS, 2 mM EDTA, phosphostop (phospho/STOP, Roche) and 

protease inhibitor (Complete Mini-EDTA free, Roche) (RIPA). Protein concentrations were 

measured using the Bio-Rad protein assay using RIPA as the standard following the 

manufacturer’s instructions (Bio-Rad Laboratories, Veenendaal, The Netherlands). 20 μg 

protein was loaded on a 10 % SDS-PAGE gel. Gels were blotted on to a nitrocellulose 

membrane (Millipore, Darmstadt, Germany). Membranes were incubated with blocking 

solution (5% milk in Tris-buffered saline containing 0.2% Tween-20) for 1 h at room 

temperature (RT), and subsequently incubated with primary antibody. Primary antibodies 

used were pAKT (ser473), AKT, pCREB, and CREB (Cell Signaling Technology, 

Danvers, MA, USA) (diluted 1:1000 in blocking solution) for 1 hr at RT, followed by 

overnight incubation at 4 °C. Thereafter membranens were washed in TBS-T for 3 x 5  

min. Protein expression was detected using a horseradish peroxidase (HRP)-linked rabbit-

specific secondary antibody (diluted 1:1000 in blocking solution) (DAKO, Glostrup, 

Denmark) and an enhanced chemoluminescence commercial kit ECL Prime western 

blotting detection reagent (GE health care, Buckinghamshire, UK). Chemiluminiscence 

was visualized on the ImageQuant LAS4000 (GE Healthcare, Little Chalfont, UK). Protein 

expression was quantified by densitometry using ImageJ software and normalized for β-

actin (Santa Cruz) (diluted 1:3000 in blocking solution). 

 

Analytical methods  

Blood glucose concentrations were measured directly during the experiment, using a 

glucose meter (Freestyle Freedom Lite). Blood samples were immediately chilled on ice 

and centrifuged (15 min, 3000 rpm). Plasma samples were stored at -20°C until further 

analysis. Plasma concentrations of insulin, glucagon and corticosterone were measured 

using radioimmunoassay kits (Millipore, St Charles, MO, USA and Biochemicals, Costa 

Mesa, CA, respectively). The amount of sample-, standards-, label-, antibody and 
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precipitating reagent, described in the manufacture’s protocol, were divided by four. The 

intra assay variation-coefficient of the immunoassays was <10%. 

Plasma [6.6-
2
H2] glucose enrichment was measured by gas chromatography-mass 

spectrometry (GCMS) (Ackermans et al., 2001), EGP was calculated using Steele 

equations (Steele, 1959)  

 

Statistics 

Data were analysed using IBM-SPSS Statistics 23 and are presented as mean±SEM. For 

comparison of measures over time (glucose, EGP, glucagon, insulin, corticosterone, vagal 

nerve activity) between groups repeated measure analysis of variance (rmANOVA) (SPSS 

Inc, Chicago, USA) were performed followed by Post hoc (Tukey) tests when appropriate. 

Average group differences (PEPCK mRNA expression, corticosterone in mice, 

VGLUT/VGAT ratios and orexin mRNA expression) were tested using Student's t-test. 

Correlations were tested with simple linear regression. Overall, p values <0.05 were 

considered significant. Significance is indicated in all figures as follows: ∗p<0.05, 

∗∗p<0.01, and ∗∗∗p<0.005. 

 

Results 
Infusion of a dopamine reuptake inhibitor in the NAc affects circulating glucose 

concentrations and hepatic expression of the gluconeogenic enzyme PEPCK 

We previously showed that electrical stimulation of the sNAc affects circulating glucose 

concentrations (Diepenbroek et al., 2013b). As it is known that electrical stimulation of the 

NAc induces dopamine release both in humans (Figee et al., 2013) and rodents (Sesia et 

al., 2010), we first determined whether increasing endogenous dopamine in the NAc area 

would affect blood glucose concentrations. We therefore implanted a brain cannula 

directed at the NAc in C57BL/6 male mice (Figure 1A) and unilaterally infused VNX (10 

pmol over 1 min in 0.5µL saline) or vehicle (saline) in a cross-over design, and measured 

blood glucose concentrations during 40 minutes post infusion. Mice unilaterally infused 

with VNX in the NAc showed less pronounced increases in blood glucose concentrations 

compared to vehicle infused mice (Figure 1B). As circulating glucose concentrations are 

the result of the balance between glucose production and glucose uptake, we next 

determined if the effect of VNX infusion in the NAc on blood glucose concentrations 

could be mediated by a change in hepatic glucose production. Therefore, we measured 

hepatic phosphoenolpyruvate carboxykinase (PEPCK) mRNA expression, the rate limiting 

enzyme of gluconeogenesis. Livers of mice unilaterally infused with VNX in the NAc 

exhibited significantly lower PEPCK mRNA compared to vehicle infused mice (Figure 

1C), suggesting lower hepatic glucose production after NAc-VNX infusion. Changes in 

PEPCK mRNA could be due to altered plasma corticosterone concentrations, mediated 

through activation of the hypothalamic-pituitary-adrenal axis. However, plasma 

corticosterone concentrations at the glucose peak (t=20) were similar between mice 



The nucleus accumbens shell, dopamine, and glucose metabolism 

121 

 

infused with VNX and vehicle (Figure 1D), suggesting that the alterations in blood glucose 

concentrations and PEPCK mRNA in the liver are not attributable to differences in plasma 

corticosterone concentrations. Taken together, these results indicate that inhibiting 

dopamine reuptake in the NAc reduces hepatic glucose production and underlies the VNX-

NAc-induced effects on blood glucose concentrations. 

 

 
Figure 1. VNX infusion in the NAc area attenuates the glucose response to handling, in line with a reduced 

mRNA expression of the gluconeogenic enzyme PEPCK. (A) Representation of locations of unilaterally 

implanted brain cannulas in the NAc area of the mouse. (B) Animals were removed from the cage and infused 

(over 1 min) with VNX (10 pmol/0.5µL). The vehicle group showed an increase in blood glucose concentrations, 

whereas this increase was significantly blunted in the VNX group (n=7-9; rmANOVA effect of time: F(5,70)=34; 

p<0.001; effect group: F(1,14)=7.5; p=0.016; and no interaction effect). (C) PEPCK mRNA, measured in liver 

harvested at 45 min after VNX or vehicle infusion, was significantly lower in the VNX infused group compared 

to the vehicle infused group (n=6), (D) plasma corticosterone concentrations were not significantly different 

between VNX and vehicle groups at 20 min post infusion (n=6). Data are presented as mean ± SEM. * p<0.05. 
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Infusion of VNX in the shell of the NAc reduces endogenous glucose production  

To gain further insight into the VNX-NAc-induced alterations in hepatic glucose 

production, we measured glucose fluxes, using a stable isotope dilution method, and 

assessed EGP in vivo in male Wistar rats (Figure 2A). As we earlier revealed that 

specifically the shell region of the NAc (sNAc) was involved in controlling blood glucose 

concentrations in rats (Diepenbroek et al., 2013b), we now made use of bilaterally 

implanted microdialysis probes aimed at the sNAc to more specially deliver VNX to the 

sNAc (Figure 2B, for microdialysis probe placement see Figure S3). Similar as shown for 

the mice, rats infused with VNX in the sNAc showed reduced blood glucose 

concentrations (Figure 2A), accompanied by a clear and significant reduction in EGP 

(Figure 2D). In addition, plasma glucagon concentrations were reduced at t=5 in VNX 

infused rats compared to vehicle infused rats (Figure 2E), whereas plasma concentrations 

of insulin did not change (Figure 2F). Although the lower blood glucose concentrations 

observed in rats were in line with those in mice, the blood glucose concentrations in rats 

did not show an overall increase over time. This difference in glucose curves between 

species is most likely explained by stress since the mice, unlike the rats, were handled 

before infusion and showed elevated corticosterone concentrations. During the 

microdialysis infusions in the rats, we did not observe changes in plasma corticosterone 

concentrations over time (Figure 2G, supplemental statistics Table T2). Thus under both 

stress and non-stress conditions, plasma glucose concentrations were reduced upon 

infusion of VNX in the sNAc. Taken together, VNX within the sNAc reduces EGP and 

circulating glucose concentrations.  
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Figure 2. One hour bilateral infusion of VNX in the sNAc lowers endogenous glucose production and blood 

glucose concentrations in male Wistar rats. (A) Timeline for measuring EGP using infusion of the stable isotope 

[6,6-2H2] glucose. After 90 min of isotope infusion, microdialysis infusion was started to deliver VNX (100 µM; 

3 µL/min) or vehicle (ringer solution; 3 µL/min) bilaterally in the sNAc for 1h. Blood samples were taken before 

and during infusion (depicted by black arrows). (B) Placement of the microdialysis probe (TOP (solid grey line): 

probe to hold the membrane made from a 25G needle; BOTTOM (dotted black line): membrane with length of 

1.5 mm positioned in the sNAc). (C) Delta blood glucose concentrations are significantly lower during VNX 

infusion than during vehicle infusion. (D) Delta EGP was significantly lower during VNX infusion compared to 

vehicle infusion. E) Delta plasma glucagon concentrations were significantly lower in VNX infused rats 

compared to vehicle infused rats only at t=5 min. Delta plasma concentrations of insulin (F) and corticosterone 

(G) were not different between VNX infused and vehicle infused rats. Data ±SEM. *p<0.05, †p<0.10. Data are 

expressed as the difference from the respective basal (t=0) values. Basal values of glucose, EGP, glucagon, 

insulin and corticosterone and the statistics are presented in Table S3. 
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GABAergic input to the hypothalamus is involved in VNX-sNAc-induced alterations in 

blood glucose 

The medium spiny neurons (MSN) of the sNAc project densely to the LHA (Usuda et al., 

1998), an area well known to be involved in controlling circulating glucose concentrations 

and EGP (Yi et al., 2009; Yi et al., 2010). The direct projection from the sNAc to the LHA 

has been shown to be GABAergic (Stratford & Kelley, 1999). We first investigated the 

changes in hypothalamic neurotransmitter transporter gene expression to assess whether 

the balance between GABAergic and glutamatergic transmission was altered, possibly 

mediating the observed effect of dopamine release in the sNAc on glucose metabolism. We 

thus determined whether bilateral VNX-sNAc infusion, via microdialysis (Figure 3A), 

affected hypothalamic gene expression of the vesicular GABA transporter (VGAT) and the 

vesicular glutamate transporter (VGLUT2) (Figure 3B) in the LHA. Although VGAT and 

VGLUT2 mRNA expressions were not significantly different between VNX infused and 

vehicle infused rats, the ratio of VGLUT2/VGAT was significantly lower in VNX infused 

compared to vehicle infused rats (Figure 3B), indicating an enhanced GABAergic tone in 

the hypothalamus following the VNX-sNAc infusion. GABA inhibits target cells by 

enhancing the cholinergic influx, and the cholinergic transporter CLC3 is an important 

factor for proper filling of GABAergic vesicles, and GABAergic transmission (Ahnert-

Hilger and Jahn, 2011). Interestingly, for VNX infused rats the VGAT expression strongly 

correlated with CLC3 mRNA expression, which was not observed under vehicle 

conditions (Figure 3C). Thus the GABAergic inhibitory signal aligns with expression of 

the chloride channel. As this occurred only within the VNX group, it is tempting to 

speculate that binding of the GABA receptor causes a net influx of chloride that 

hyperpolarizes the cell and reduces cell firing. Together, these measures indirectly point to 

dopamine-induced increases of GABAergic transmission from the sNAc to the LHA. 

Thus, we next performed an experiment to determine whether GABAergic signalling is 

involved in the effect of sNAc-VNX on blood glucose. We unilaterally implanted rats with 

cannulas in the sNAc and the LHA and infused the GABA-antagonist bicuculline (BIC; 5 

ng in 0.5 µL saline) or vehicle (saline) into the LHA, 10 min prior to infusing VNX (400 

pmol in 0.5 µL saline) or vehicle into the sNAc (microdialysis probe placements shown in 

Figure S4). The BIC dose was chosen after performing a dose response test (0, 3, 10 and 

30 ng) and the highest dose without exerting an effect on blood glucose concentrations was 

used to counter the VNX effects on blood glucose concentrations (data not shown). During 

the experiment, blood glucose concentrations were not affected by BIC infusion in the 

LHA concomitant with saline infusion in the sNAc, but infusion of the same BIC dose into 

the LHA prior to VNX infusion in the sNAc prevented the VNX-induced reduction of 

blood glucose concentrations (Figure 3D). Taken together, these results provide evidence 

for a role of GABAergic signalling from the sNAc to the LHA in the VNX-sNAc-induced 

effects on glucose metabolism. 
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Figure 3. One hour of bilateral VNX infusion in the sNAc enhances the GABAergic tone, and inhibiting 

GABAergic signalling within the LHA prevents VNX-sNAc-induced alterations in blood glucose concentrations 

in male Wistar rats. (A) Timeline for measuring protein and gene expression after VNX infusion. Microdialysis 

infusion was started to deliver VNX (100 µM; 3 µL/min) or vehicle (ringer solution; 3 µL/min) bilaterally in the 

sNAc for 1h. Immediately following infusion, rats were decapitated and the hypothalamus was dissected to 

measure protein and gene expression. Another group of animals were perfused 30 min after the termination of 

infusion, for immunohistochemical staining of brain slices. (B) The ratio between VGLUT and VGAT mRNA 

expression, as a measure of GABAergic tone, was significantly reduced, whereas orexin mRNA expression 

tended to be upregulated in hypothalami of VNX-infused animals compared to vehicle infused animals. 

Data±SEM. *p<0.05. (C) In VNX-infused rats, VGAT mRNA expression significantly correlated with mRNA of 

the chloride channel CLC3 (r2=0.69, p=0.006), whereas this correlation was not observed in vehicle infused rats. 

(D) Top: Timeline to investigate involvement of GABAergic signalling in VNX-effects on blood glucose 

concentrations. Bottom: VNX significantly reduced blood glucose concentrations (red line) compared to vehicle 

infusion (black line). BIC infusions alone did not affect blood glucose concentrations (blue line), whereas BIC 

prevented the reduction in blood glucose after VNX infusion (purple line). Blood glucose levels are given as delta 

change from baseline. Data ±SEM. *p<0.05. Baseline glucose values: vehicle 4.6±0.2; VNX 4.3±0.1; BIC 

4.2±0.1;BIC-VNX 4.1±0.1. Statistics see Table S3. (E) Orexin mRNA expression tended to be upregulated in 

hypothalami of VNX-infused animals compared to vehicle infused animals. Data±SEM. †p<0.07. F) Only in 

VNX-infused rats the VGAT/VGLUT ratio was negatively correlated with orexin mRNA expression, thus the 

higher the GABAergic tone, the higher the orexin mRNA expression under VNX-infused conditions (r2=0.71, 

p=0.002). 
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Exploration of metabolic pathways involved in the VNX-sNAc-mediated reduction in EGP 

and blood glucose concentrations 

The observed increased GABAergic tonus impedes the identification of the hypothalamic 

neurons that are involved in the VNX-sNAc-induced effects on glucose metabolism. We 

therefore took a broader approach to identify signalling pathways that were attenuated or 

enhanced, and could explain the changes in blood glucose concentrations and EGP. For 

example, it has been shown earlier that EGP and glucose concentrations can be affected by 

altering signalling pathways downstream from receptor binding of the metabolic hormones 

glucagon, leptin and insulin such as AKT and CREB, and also by central changes in fatty 

acid oxidation or synthesis (German et al., 2009; Mighiu et al., 2013; Obici et al., 2002). 

Therefore, we assessed gene expression of some key metabolic genes in the hypothalamus 

but observed no differences in phosphorylation of AKT or CREB protein or fatty acid 

oxidation or synthesis genes (Figure S1), except for a significant higher mRNA expression 

of peroxisome proliferator-activated receptor-ƴ (PPAR-ƴ). PPAR-ƴ peripherally enhances 

insulin signalling to reduce glucose levels (Cantello et al., 1994), which would fit with the 

observed changes. However, in the brain, this transcription factor has been shown to exert 

opposite effects from peripheral PPAR-ƴ on energy balance (Ryan et al., 2011), which 

would predict that activation of PPAR-ƴ enhances EGP. As VNX reduced EGP, it could 

well be that this increase in PPAR-ƴ is a response to VNX induced lowering of EGP and is 

not a direct effect of VNX infused in the sNAc. Alternatively, since gene expression 

involved in fatty acid oxidation, which would be the result of PPAR-ƴ activation, was not 

altered (Figure S1), it might be that this increase is not related to the changes observed in 

glucose metabolism. 

 

One neuropeptide which could be instrumental for NAc-LHA-mediated dopamine effects, 

is orexin. It has been shown that orexin mediates the effect of enhanced dopamine release 

within the sNAc on motivated behaviour (Thompson and Borgland, 2011). Orexin has also 

been shown to control blood glucose concentrations, and EGP; i.e. infusion of BIC directly 

into the LHA increases EGP and at the same time induces c-Fos activation in orexin 

neurons, which could be blocked by pre-administrating an orexin antagonist (Yi et al., 

2009). We thus determined whether bilateral VNX-sNAc infusion, using microdialysis 

probes (Figure 3A), affected hypothalamic orexin gene expression. After one hour, VNX 

infused rats showed a trend (p=0.07) towards an increase in hypothalamic orexin mRNA 

expression compared to vehicle infused rats (Figure 3E). As increased orexin signalling 

predicts increased blood glucose concentrations and EGP, which is opposite to what we 

observed, we verified this finding by immunostaining of c-Fos and orexin in perfused 

sections of rat hypothalami after bilateral infusion of VNX or vehicle. No c-Fos activation 

within the LHA was observed, nor changes in orexin immunostaining after VNX infusion 

in the sNAc compared to vehicle infusion (Figure S2). We therefore propose that the 

change in orexin mRNA is a reflection of lower orexin peptide signalling as it has been 
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shown that peptide and mRNA expression are opposite in their daily rhythm. Orexin 

mRNA expression is high in the light period and low in the dark period, whereas peptide 

expression shows the opposite pattern (Taheri et al., 2000). Moreover, we also observed a 

negative correlation between the VGLUT/VGAT ratio and orexin mRNA expression 

(Figure 3F). Thus an enhanced GABAergic tonus co-exists with more orexin mRNA and 

probably reduced release, indicating that orexin neurons may be involved in the VNX-

sNAc-induced effects on glucose metabolism. Whether this would be a direct effect of 

sNAc input on orexin neurons, however, will be subject of future studies. 

 

The effect of VNX infusion in the sNAc on blood glucose concentrations and EGP is 

mediated by the hepatic vagus nerve 

As the LHA is known to contain pre-autonomic neurons projecting via the autonomic 

nervous system (ANS) to the liver, and this LHA-ANS-liver axis is important in the 

control of glucose homeostasis (Kalsbeek et al., 2004; Yi et al., 2009), we next determined 

whether VNX infused in the sNAc affects vagal activity. We first implanted rats with a 

unilateral brain cannula in the sNAc (For microdialysis probe placement see Figure S3). 

Following recovery, rats were injected with a bolus of VNX (400 pmol in 0.5 µL saline 

infused over 1 min) or vehicle (saline) under anesthesia. Thereafter, vagal activity in the 

nerve running along the carotid artery was recorded over the first 10 min after injections. 

VNX injected in the sNAc increased vagal activity, whereas vehicle injection did not elicit 

a change in vagal activity over the 10 min measured (Figure 4B). To determine whether 

the vagal activity also mediated the effects of VNX on EGP, we next investigated whether 

hepatic vagal denervation would prevent the VNX-sNAc-induced effect on blood glucose 

concentrations and EGP. Again, the bilateral microdialysis set up was used (Figure 4A) to 

infuse VNX into the sNAc combined with a hepatic vagotomy (VNX-Px) or sham surgery. 

Jugular vein and carotid artery cannulas were implanted to asses EGP using the stable 

isotope method. We found that the VNX-sNAc-induced effect on blood glucose 

concentrations were partly prevented by hepatic vagotomy as after 30 min glucose 

concentrations declined in the VNX-Px group, and were equal to the VNX-sham group at 

t=60 (Figure 4C). In addition, hepatic vagotomy completely prevented the VNX-sNAc-

induced reduction in EGP (Figure 4D). The dip at t=5 min in plasma glucagon 

concentrations in both groups, as earlier observed after VNX infusion, was observed again. 

Since it occurred in both the vagotomized and control group, glucagon does not seem to 

mediate the effect on EGP. Plasma concentrations of insulin and corticosterone were not 

different between the vehicle, VNX-sham and VNX-Px groups (data not shown). 

In conclusion, we here provide evidence for a sNAc-LHA-vagus-liver axis involved in 

the regulation of glucose production and circulating glucose. 
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Figure 4. VNX injection in the sNAc increases vagal activity, and hepatic parasympathetic denervation (Px) 

prevents the VNX-induced reduction in endogenous glucose production and blood glucose concentrations in male 

Wistar. (A) Vagal activity, measured along the carotid artery after a VNX injection in the sNAc (unilateral 100 

pmol/0.5 µL over 1 min) was significantly increased over time in VNX-injected rats (rmANOVA: F(2,8)=4.5; 

p=0.05), whereas no change over time was detected in vehicle-injected animals. (B) Timeline for measuring EGP 

using stable isotope [6,6-2H2] glucose. After 90 min infusion, to establish adequate equilibration of the tracer, 

microdialysis infusion was started to deliver VNX (100 µM; 3 µL/ min) or vehicle (ringer solution; 3 µL/ min) 

bilaterally in the sNAc for 1h. Blood samples were taken before and during infusion (depicted by black arrows). 

(C) Delta blood glucose concentrations were significantly lower during VNX infusion compared to vehicle 

infusion. Px prevented glucose reductions during the first 30 min, whereas at t=60 blood glucose concentrations 

were significantly lower in Px rats compared to sham operated rats. (D) Delta EGP was significantly lower during 

VNX infusion compared to vehicle infusion, whereas it was not significantly different in VNX-infused Px rats 

compared to vehicle infused rats. (E) Delta plasma glucagon concentrations were significantly lower in VNX and 

Px-VNX infused rats compared to vehicle infused rats only at the t=5 min time point. Data±SEM. *p<0.05. 

Concentrations are expressed as the difference from the respective basal (t=0) values. Basal values of glucose, 

EGP and glucagon, and statistics are presented in Table S4. 
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Discussion 

The present study shows that the sNAc, and its projection to the LHA, is an important 

component in the control of glucose homeostasis, and identifies a key role for the vagal 

innervation of the liver in the sNAc control over glucose production. Infusion of VNX, to 

endogenously increase extracellular dopamine concentrations in the sNAc, led to a robust 

decrease in blood glucose concentrations, which was prevented by blocking GABAergic 

signalling in the LHA. VNX furthermore markedly reduced EGP, and increased vagal 

nerve activity, whereas selective hepatic vagotomy prevented the VNX-sNAc-induced 

effects on glucose production. These results highlight a novel neural circuitry involving the 

NAc, the LHA, and vagal innervation of the liver in the control of glucose homeostasis.  

Earlier studies reported on the involvement of the NAc in the control of blood glucose 

concentrations; acute electrical stimulation of the sNAc increased blood glucose 

concomitant with elevated glucagon release (Diepenbroek et al., 2013b), and long term 

electrical stimulation improved glucose control (Halpern et al., 2013). Halpern et al. linked 

dopamine receptor 2 (D2) activation within the NAc to the effects of DBS-induced 

improved glucose control, which is in line with the earlier described action of centrally 

applied dopamine agonists that enhance insulin sensitivity (Luo et al., 1999), and the 

positive correlation observed between insulin sensitivity and D2 binding potential in obese 

individuals (de Weijer et al., 2014). MSN, which have recently been shown to provide the 

major inhibitory input to the LHA from the sNAc, and are involved in the LHA-mediated 

control of food intake, besides D2 also express dopamine D1 receptors (O'Connor et al., 

2015). Therefore the current observed effects on blood glucose concentrations and EGP 

may be mediated both by D1 and/ or D2 MSN activity in the LHA. 

These MSN projections are GABAergic (Sano & Yokoi, 2007), and we show here that 

infusion of a GABA antagonist within the LHA prevented the VNX-sNAc-induced effects 

on blood glucose concentrations. 

Several studies have shown the involvement of a hypothalamus-vagal output circuitry 

in inhibiting hepatic glucose production (Tsuneki et al., 2015; Wu et al., 2004; Yi et al., 

2010). We here show that inhibiting dopamine reuptake within the mesolimbic circuitry 

modulates a similar (lateral) hypothalamus–liver axis to influence hepatic glucose 

production. Although the cells within the LHA, responsible for the observed effects on 

blood glucose concentrations and EGP remain to be identified, our data point to a role for 

orexin neurons in these effects. Orexin cells are localized in the LHA (Sakurai et al., 

1998), project widely throughout the brain, and have been shown to regulate glucose 

metabolism (Matsumura et al., 2001; Nowak et al., 2000). Inhibiting GABA action in the 

LHA enhances hepatic glucose production which is mediated by orexin signalling (Yi et 

al., 2010). Orexin injected in the dorsal motor complex of the vagus enhances vagal firing, 

a mechanism involved in the response to hypoglycemia (Wu et al., 2004). Finally, orexin 

effects on gluconeogenesis have been shown to be prevented by vagal denervation 

(Tsuneki et al., 2015). Whether the MSN neurons within the sNAc directly contact orexin 

cells remains to be determined. Other LHA cell populations that may mediate the VNX-
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sNAc-induced effects on blood glucose and EGP, and of which neuronal input remains to 

be identified, are represented by the neurotensin neurons (Leinninger et al., 2011) and/or 

galanin neurons (Laque et al., 2015).  

 

VNX infusions within the sNAc induced a short but significant drop in plasma glucagon 

concentrations. Glucagon is secreted by pancreatic α-cells when blood glucose 

concentrations drop and stimulates hepatic glucose production. In view of its role in 

gluconeogenesis, a drop in plasma glucagon concentrations would fit with a lowered EGP. 

However, we also show that the VNX-induced decrease in plasma glucagon concentrations 

is not responsible for the effect on glucose production, as the hepatic vagotomy did not 

affect the drop in plasma glucagon, but did prevent the effects on glucose production. 

Since there was no effect on insulin, which is known to regulate glucagon secretion, the 

lower glucagon after VNX infusions in the sNAc could be mediated via a sNAc-LHA-

vagal route but then to the pancreas. Previously, trans-viral tracing studies revealed a 

neuroanatomical connection between the NAc and the pancreas; i.e., when injecting viral 

tracers within the pancreas, virus staining is observed within the NAc (Buijs et al., 2001). 

In line with a LHA-vagal-pancreas involvement in glucose regulation, in 2004 it has been 

shown that the response to hypoglycemia, which induces glucagon release, requires an 

intact LHA and an intact vagal nerve (Wu et al., 2004). 

In conclusion we here provided the more evidence for the involvement of the NAc in 

glucose metabolism. Our data suggest that the hypothalamus, best known for its acute 

responses to maintain glucose concentrations within a strict range, is tuned by higher 

cortical brain regions that are also sensitive to nutrient cues involved in energy balance. 
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Supplementals  

Figure S1. Hypothalamic gene and protein expression after 1h of VNX or vehicle infusion in the sNAc of rats. 

(A) Time line for measuring hypothalamic mRNA and protein expression. VNX or vehicle was infused for 1h in 

the sNAc and hypothalami were harvested immediately following infusion. VNX infusion did not affect 

hypothalamic gene expression of fatty acid synthase (FAS) (B), acetyl-coenzyme A carboxylase (ACC) (C),  

peroxisome proliferator activated receptors δ (PPARδ) (C), carnitine palmitoyltransferase a (CPT1α) (E) or the 

peroxisome proliferator-activated receptor γ, coactivator 1 α (PGC1α) (F). VNX-sNAc infusion significantly 

increased PPARγ mRNA expression compared to vehicle infusion (G). For protein expression, measured in 

hypothalamic tissue, pAKT (H), pAKT/AKT (I), pCREB (J) and pCREB/CREB (K) were not significantly 

different between vehicle and VNX-infused rats. Data are mean±SEM (n=8-9); *p<0.01.  
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Figure S2. One hour of VNX infusion did not alter orexin peptide immunoreactivity or activated c-Fos protein 

expression in the orexin neurons in the lateral hypothalamus. (A) Time line for immunostaining of sections of the 

lateral hypothalamus. VNX or vehicle was infused for 1h, and rats were perfused 30 min (right black arrow) after 

ending the infusion (left black arrow). (B) Overall orexin immunoreactivity was not different between VNX or 

vehicle– infused rats (n=7-9). (C) Representation of orexin (red arrow) and c-Fos (black arrow) immunoreactivity 

in the lateral hypothalamic area (LHA) of a VNX-sNAc-infused rat. c-Fos immunoreactivity was not detected in 

orexin cells in VNX or vehicle infused rats thus VNX did not exert neural activity of orexin cells. Scale bar: 250 

µm. 

B 
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Table S1.1 Primer table for gene expression analysis in rat hypothalamic 

gene sequence annealing temp (°C) 

vGAT Forward 5’-GGGTCACGACAAACCCAAGA-3’ 

Reverse 5’-TAGGGTAGACCCAGCACGAA-3’ 
65 

vGLUT Forward 5’-ATCTGGTAAGGCTGGACACG-3’ 

Reverse 5’-TAGCGGAGCCTTCTTCTCAG-3’ 
65 

CLC3 Forward 5’-ACTGGGTGCGAGAAAAGTGT-3’ 

Reverse 5’-AGCCATCCTGACCAAGCATC-3’ 
65 

PGC1a 

 

Forward 5’-TGCCATTGTTAAGACCGAG-3’ 

Reverse 5’-GGTCATTTGGTGACTCTGG-3’ 
65 

PPARɣ Forward 5’-CAGGAAAGACAACAGACAAATCA-3’ 

Reverse 5’-GGGGGTGATATGTTTGAACTTG’-3’ 
65 

FAS 

 

Forward 5’-CTTGGGTGCCGATTACAACC-3’ 

Reverse 5’-GCCCTCCCGTACACTCACTC-3’ 
65 

ACC1 

 

Forward 5’-GATCAAGGCCAGCTTGT-3’ 

Reverse 5’-CAGGCTACCATGCCAATCTC-3’ 
65 

PPARɗ 

 

Forward 5’-CTCCTGCTCACTGACAGATG-3’ 

Reverse 5’-TCTCCTCCTGTGGCTGTTC-3’ 
65 

CPT1a 

 

Forward 5’-ACAATGGGACATTCCAGGAG-3’ 

Reverse 5’-AAAGACTGGCGCTGCTCA-3’ 
65 

Orexin Forward 5’-CATCCTCACTCTGGGAAAG-3’ 

Reverse 5’-AGGGATATGGCTCTAGCTC-3’ 
65 

Cyclophilin Forward 5’-ATGTGGTCTTTGGGAAGGTG-3’ 

Reverse 5’-GAAGGAATGGTTTGATGGGT-3’ 
65 

HPRT Forward 5’-GCAGTACAGCCCCAAAATGG-3’ 

Reverse 5’-AACAAAGTCTGGCCTGTATCCAA-3’ 
65 

 

 

Table S1.2 Primer table for gene expression analysis in rat hypothalamic 

gene sequence annealing temp (°C) 

PEPCK 

 

Forward 5’-ATGTTCGGGCGGATTGAAG-3’ 

Reverse 5’-TCAGGTTCAAGGCGTTTTCC-3’ 
65 

cyclophylin 

 

Forward 5’-GAGACTTCACCAGGGG-3’ 

Reverse 5’-CTGTCTGTCTTGGTGCTCTCC-3’ 
65 

HPRT Forward 5’-GCAGTACAGCCCCAAAATGG-3’ 

Reverse 5’-AACAAAGTCTGGCCTGTATCCAA-3’ 
65 
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Table S2.  

Basal hormone/substrate concentrations for Figure 2C-G 

 vehicle VNX 

glucose (mmol/L) 4.8±0.1 5.0±0.1 

EGP (µmol/kg.min) 52±2.0 51±1.6 

insulin (ng/mL) 1.8±0.2 1.6±0.1 

glucagon (pmol/L) 88±6.5 75±5.8 

corticosterone (ng/mL) 14±5.4 24±6.0 

 

 

Statistics for Figure 2C-G. We performed 2-way repeated-measure analysis of variance (rmANOVA) followed 

by a Post hoc Tukey test when a significant effect of Group or Time*Group interaction was observed, which are 

depicted in the graphs. 

glucose      insulin     

 df df F p   df df F p 

Time 6 90 9.789 0  Time 6 60 1.318 0.289 

Time*Group 6 90 3.445 0.029  Time*Group 6 60 0.852 0.464 

Group 1 15 0.343 0.567  Group 1 10 0.016 0.902 

 

Glucose 

production  

     
corticosterone 

    

 df df F p   df df F p 

Time 6 90 3.381 0.057  Time 6 90 1.445 0.205 

Time*Group 6 90 3.953 0.038  Time*Group 6 90 1.318 0.283 

Group 1 15 7.587 0.150  Group 1 15 0.339 0.569 

 

glucagon           

 df df F p       

Time 6 48 2.921 0.012       

Time*Group 6 48 2.260 0.045       

Group 1 14 0.510 0.487       
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Tabel S3. Statistics for Figure 3C-E. We performed a 2-way rmANOVA and show here the group results. 

Statistical analysis revealed a trend towards an effect of BIC but a clear interaction effect between BIC and VNX 

injections. Post hoc analysis between the four groups, to detect which group showed changes, revealed that all 

groups were significantly different from the vehicle-VNX group (p<0.05). 

BIC vs VNX     

 df df F p 

Vehicle 1 26 3.1 0.09 

VNX 1 26 2.3 0.14 

BIC*VNX 1 26 5.4 0.03 

Abbreviations: BIC, bicuculline; VNX, vanoxerine  

 

Table S4:  

Basal hormone/substrate concentrations for Figure 4C-E 

 vehicle VNX VNX-Px 

glucose (mmol/L) 4.8±0.1 5.0±0.1 4.8±0.01 

EGP (µmol/kg.min) 55±2.6 51±1.6 50±3.4 

glucagon (pmol/L) 84±3.1 78±5.6 114±6.6 

Abbreviation: EGP, Endogenous glucose production  

 

Statistics for Figure 4C-E. We performed 2-way rmANOVA followed by a Post hoc Tukey test when a 

significant effect of Group or Time*Group interaction was observed, which are depicted in the graphs. 

glucose     

 df df F p 

Time 6 138 3.603 0.002 

Time*Group 12 138 1.101 0.364 

Group 2 25 0.667 0.523 

 

EGP    

 df df F p 

Time 6 150 4.756 0.000 

Time*Group 12 150 2.708 0.002 

Group 2 25 5.921 0.008 

 

Glucagon    

 df df F p 

Time 6 144 9.260 0.000 

Time*Group 12 144 2.575 0.004 

Group 2 24 0.227 0.760 
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Figure S3. (related to Figure 2C-G &4C-E) Histological analysis of bilateral microdialysis placements in rat 

brains. A scheme to the left of the coronal section is shown, which includes the nucleus accumbens (pink area). 

The traces represent the overall area covered by individual probes in the shell region of the nucleus accumbens 

(sNAc). On the contralateral side a Nissl-stained image is shown of one animal in which the trace of the cannula 

is visible contained within the sNAc (white arrow). Animals included in the analysis (Figure 2C-G & Figure 4C-

E) had placements between bregma 0.48 and 1.6 mm. 

 

 

Figure S4. (related to Figure 3D) Histological analysis of cannula placements in rat brains. (A) To the left of the 

coronal section a scheme is shown, which includes the nucleus accumbens core (cNAc) and shell (sNAc). The 

gray trace represents the placement of cannula over the sNAc. On the contralateral side a Nissl-stained image is 

shown of one animal in which the trace of the cannula is visible contained above the sNAc (white arrow). 

Animals included in the analysis (Figure 3D) had placements between bregma 0.72 and 2.16 mm all at the level 

shown in the above image. (B) To the left of the coronal section a scheme is shown which includes the lateral 

hypothalamic area (LHA) at the level of the ventromedial hypothalamus (VMH). The gray trace represents the 

placement of cannula over the perifornical LHA (pfLHA). On the contralateral side a Nissl-stained image is 

shown of one animal in which the trace of the cannula is visible contained above the pfLHA (white arrow). 

Animals included in the analysis (Figure 3D) had placements between bregma -3,48 and -2,52 mm all at the level 

shown in the above image. 


