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Vagal stimulation and surgery 
 
Two sets of cuff electrodes were fixed on the dorsal and ventral trunks using laparoscopy. This was 
achieved using a left lateral approach with 5 laparoscopic ports while the pig was placed in right 
decubitus position to expose the crus and the gastro-esophageal junction. Under general anesthesia and 
artificial ventilation (isoflurane MAC = 2.0 and Fentanyl IV 500 µg in toto) both vagal trunks were 
freed from their connective tissue attachments at the level of the esophagogastric junction. After 
placement around the nerve, the electrode cuff was secured in position using two surgical clips (Acuclip 
OMSA8, Covidien) to allow it to move longitudinally independently from the oesophagus. Particular 
care was taken during this procedure to minimize nervous tissue damage and the vagal trunk was not 
grasped directly at any time. Once in position, a stitch (SILS Stich, Covidien) was placed between the 
left and right crus to close the esophageal groove. The electrode leads were then placed between the 
liver and the diaphragm and exited using the most distal laparoscopic port. The stimulating electrodes 
consisted of in cuff electrodes for a nerve diameter target of about 3.0 mm and comprised two pairs of 
Pt-Ir 10% half circular contacts (4 in total), short-circuited together to form a bipolar configuration. 
Pairs of contacts were located on both sides of a tube, forming a circumference, 10 mm distal from the 
other pair of contacts. The overall dimension of the cuff was 25 ± 0.1 mm. 
 
The electrode leads were connected to a neurostimulator that was implanted in a subcutaneous pocket 
immediately behind the last rib on the left flank. The neurostimulator was derived from a cardiac 
pacemaker and was able to deliver a current-controlled pulse to the two set of electrodes in an 
independent manner. The device included an impedance measuring subroutine that allowed the 
maximum and minimum impedance values to be evaluated daily. Bidirectional data transfer was 
performed transcutaneously with an inductive wand placed temporarily over the skin within the vicinity 
of the stimulator. Stimulation was performed as bipolar pulse trains. The frequency of the pulses within 
the train was 30 Hz for a 500 ms pulse. The duration of each pulse train was 30 s and the interval 
between pulse trains was 5 min [1, 2]. The amplitude of the pulse was initially set to 1 mA, one day after 
surgery to progressively reach 5 mA one week afterwards. This value was maintained until the end of 
the experiment. 
 

Isoglycemic hyperinsulinemic clamp 
 
Insulin (Actrapid, Novo Nordisk, Denmark) and glucose 20% were infused using a catheter placed 
extemporaneously in the saphenous vein. Insulin was diluted in 50 ml saline plus 0.5% homologous 
blood and infused at 120mU.kg-1.hr-1. This rate was selected based on Christoffersen et al [3]. Arterial 
blood samples were obtained every 5 minutes from a Sledinger type catheter (RS+A50K10SQ, Terumo, 
France) placed extemporaneously under echo guidance (M Turbo, Sonosite, France) in the femoral 
artery [4]. Measurements of blood glucose from the arterial blood sample were obtained using a 
OneTouch Verio+ reader (Lifescan France). The clamp was computer-controlled with custom software 
written by one of the author (CHM, AniMate) running an algorithm derived from Furler et al [5], which 
includes a filter to remove glucose measurement noise, as suggested by Bequette [6]. Whole body 
insulin sensitivity (M) was calculated according to Defronzo et al [7] and Bastard et al [8] (IS) to take 
into account differences in insulinemia both before and during the clamp. Individual parameters were 
calculated from LOESS-smoothed glucose infusion rate versus time data [9]. In each clamp the plateau 
was considered to have been achieved when variations of glucose uptake rate and glycemia were less 
than 5% in three consecutive samples. 
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Since the validity of the clamp measurement is dependent on complete suppression of hepatic glucose 
production (HGP) by insulin, we have calculated HGP value for all subjects, using the procedure 
described by Iozzo et al in pigs [10]. AUCFDG was obtained using 3 exponentials adjustment of the 
arterial radioactivity curve with Pkin software (Pmod, Switzerland). 
 

PET study protocol 
 
PET images were acquired during the isoglycemic hyperinsulinemic clamp using an ECAT EXACT HR 
CTI/Siemens. A transmission scan of 5 min was performed with three rotating pin sources containing 
68Ge before the emission scan to correct for tissue attenuation. At the glucose perfusion plateau of the 
clamp, 18Fluoro-deoxy-glucose (FDG, about 370 MBq, IBA France) was injected intravenously over 30 
seconds, the amount of 18FDG injected was calculated subsequently through measurements of the 
residuals from the injecting syringe, extension lines and sampling vial. The PET-Scanning started from 
the brain (4 x 30 s, 3 x 60 s, 10 x 300 s frames), followed by the liver (5 x 180 s frames), and legs (3 x 
300 s frames) [11]. Concurrently with the PET scanning, arterial blood radioactivity was recorded 
continuously for the first 13 minutes after 18FDG injection using an in line device coupled with a gamma 
ray detector (Model 802 Canberra, Areva) according to Bingham et al [12]. Blood was withdrawn at a 
rate of 4 ml/min through a computer controlled peristaltic pump coupled with a weighting scale 
(AniMate software, Labview). Subsequently, arterial blood and plasma samples were withdrawn once 
during each time frame and measured using an automatic gamma counter (Wizard 1470, Perkin Elmer). 
The in-line blood sampling device and automatic gamma counter were both cross calibrated daily before 
the experiment against the PET scanner using a 18F water filled phantom of 5 liters as reference. 
Composite arterial input function was built from these measurements using AniMate software (Labview, 
2015). 
 
All image data were corrected for dead time, decay and photon attenuation. PET images were 
reconstructed by filtered back-projection and smoothed with a Hanning 0.5 Hz filter. This gave a spatial 
resolution of 8.5 mm full-width at half maximum transaxially and axially. Reconstructed images of the 
brain were displayed in a 128 x 128 x 63 - voxel format, each voxel measuring 0.64 x 0.64 x 2.42 mm. 
These values were larger for the liver and the leg (skeletal muscle) 128 x 128 x 63 voxel format where 
each voxel measured 2.57 x 2.57 x 2.42 mm. Glucose uptake rates obtained initially in units of volume 
were converted in units of weight using the following densities: 1 g/ml for brain tissue, 1.05 g/ml for 
liver and 1.06 g/ml for skeletal muscle. 
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Ancillaries 
 
Energy expenditure and carbohydrate oxidation rate were measured after 12 hours fasting by indirect 
calorimetry before and during the isoglycemic hyperinsulinemic clamp. A breath to breath metabolic 
analyzer (Quark RMR Cosmed) was attached to a non-rebreathing ventilator (Siemens SAL 900) to 
measure the difference between inspired and expired VO2 and VCO2 [13]. The calorimeter was 
calibrated daily using gas of certified O2 and CO2 composition and the flowmeter was also calibrated 
using a 3 L syringe. Determinations of energy expenditure and carbohydrate oxidation rate were 
obtained, as described previously from calorimetric measurements for at least 15 minutes or more, until 
the reading were stable at ± 10% [14]. Non-oxidative glucose utilization was calculated by subtracting 
the rate of glucose oxidation during a given time period from the total rate of glucose uptake obtained 
with the clamp during the same period. Plasma glucose was measured using the glucose oxidase method 
on a multiparametric analyzer (Konelab 20i, ThermoFisher scientific). Plasma systemic insulin 
concentrations were measured for clamp studies using ST-AIA-Pack IRI reagent kit. Quantification limit 
was 0,5 µU.ml-1 and intra-assay coefficient of variation was less than 2% from 12 to 200 µU.ml-1. 
Plasma leptin concentrations were obtained using the multi-species RIA kit (ref XL-85K, Millipore) 
according to Berg et al [15]. The linearity is 0.801 for 50 ng/ml. Plasma ghrelin concentrations were also 
measured by RIA (Phoenix Pharmaceuticals) according to Salfen et al [16]. Autonomic balance was 
measured through spectral analysis of 24H ECG recorded using ActiWave (Camntech) recorder. The 
raw ECG signal was recorded at 256 Hz and analyzed by Labview Biomedical toolkit (National 
Instruments) to extract high and low frequency components of the heart variability as an index of 
autonomic balance [17]. 
 

Hepatic glucose production 
 
Endogenous glucose production equals -5, -12.3 and -10.1 mmoles.min-1 for Lean, Obese Non-
stimulated and Obese-stimulated respectively. The negative values obtained for EGP establish that the 
amount of insulin infused in the clamp was sufficient to completely suppress glucose production by the 
liver. 
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