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eMethods 
 
Imaging Procedures 
fMRI was performed on a 3-Tesla Siemens Trio scanner (Siemens Medical Systems, Erlangen, Germany) 
with a 12 channel head coil. The participants were placed in the scanner and a pre-scan localizer was 
acquired. An axial oblique T1 image was then acquired with the 8th slice on the AC-PC line for BOLD. The 
baseline BOLD run was then acquired with the exact same prescription as the T1 BOLD image.  An axial 
T1 image is acquired for CBF with the 7th slice on the AC-PC line. The baseline CBF run was then 
acquired with the exact same prescription as the T1 CBF image. BOLD and rCBF data were acquired in 
alternating fashion. During the baseline, one 5 minute resting BOLD acquisition was acquired and one 5 
minutes 8 second perfusion scan was acquired. The participant then ingested the drink within 2 minutes. 
After the drink ingestion, the participant was placed back in the scanner and a pre-scan localizer, T1 BOLD 
image, 5 BOLD runs, T1 CBF image, 5 CBF runs were acquired as described above. This approach 
provides a very accurate means for ensuring nearly identical coverage between subjects and acquisitions. 
The data were then all co-registered using BioimageSuite during post-processing. Post-drink 5 minute 
scans for rCBF and BOLD were acquired in an alternating fashion (5 minutes each) x 5 for the next hour 
(5min x 5 scans x 2 sequences (BOLD and rCBF) = 50minutes with approximately 30 seconds between 
scans). The data represents the average over this hour for the interleaved BOLD and rCBF acquisitions. 
 
CBF throughout the brain was measured by PASL using the EPISTAR QUIPSS PASL MRI technique as 
previously described 1. PASL magnetically tags the arterial blood before entering the brain and then 
examines the transit time for the tagged blood to reach specific tissues, thereby providing a direct measure 
of CBF 2. Increased CBF has long been associated with neuronal activation, dating back to the first PET 
studies of brain function 3. Resting-state BOLD sequences were acquired to examine functional 
connectivity between the hypothalamus (seed region) and other brain regions. In addition, a high-resolution 
whole-brain T1-weighted three-dimensional MPRAGE volume scan and a two-dimensional T1-weighted 
acquisition using the same slice positions as the perfusion weighted images were acquired prior to baseline 
MRI acquisition and when subjects returned to the scanner after drink consumption for multi-subject 
registration. 
 
Imaging Parameters 
The PASL acquisition parameters were as follows: field of view 200 X 200mm2, matrix 128 x 64y; 
bandwidth 1628; slice thickness 4mm; interslice spacing 2 mm. Fifteen anterior/posterior commissure (AP-
PC) aligned slices were acquired from inferior to superior in an ascending order. The repetition time (TR) 
was 3000 ms, the echo time (TE) was 23 ms and the flip angle (FA) was 90 degrees. To quantify regional 
CBF, proton density-weighted images were acquired with the same perfusion sequence, except for the 
following changes: TR = 8000 ms; TE = 23 ms. Resting BOLD measurements were acquired with the 
following parameters: 24 slices, 5mm thick, 200 X 200 mm2 , matrix 64 X 64; bandwidth 2004; TR= 1500 
msec; TE = 30 ms, FA = 80 degrees.  
 
MRI Analysis 
Preprocessing of images Perfusion-weighted and the proton-density weighted images were motion-
corrected using the Statistical Parametric Mapping package (SPM5).  Images were slice time corrected 
using sinc interpolation and then motion corrected using SPM5.  
 
 
Calculation of absolute CBF. Perfusion-weighted images were obtained by pair-wise “surround” 
subtraction between interleaved label and control pairs2,4  while the subject was at rest, resulting in a 
complete perfusion map every 2 repetition time (TR). Details regarding the method and equation for 
calculating absolute CBF (ml/100g/min) were previously described 1. 
 
Transformations used in multiple subject integration of images. Two transformations were calculated 
and used in multiple subject integration:  
(1) an affine transformation was estimated by co-registering the T1 anatomical image to the high-resolution 
3D anatomical image of each individual, and this was then used to transform the individual maps of the 
resting state CBF to the high-resolution 3D anatomical space of that subject; and (2) a non-linear 
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transformation was used to co-register the high-resolution 3D anatomical image of each individual to the 
brain template, which enabled warping of all the transformed maps of an individual subject from step (1) to 
a common MNI brain space. Tri-linear interpolation was employed for image re-gridding. The Alphasim 
script in AFNI was used to perform the FWE-correction smoothing with a FWHM of 6mm for both the 
BOLD and rCBF data. 
ROI analysis. For ROI analysis, the hypothalamus was functionally defined from the rCBF glucose 
ingestion map (minus baseline) at p<0.05 two-tailed, FWE whole brain corrected. The ROI was manually 
edited to ensure it was constrained within the hypothalamus. The caudate & putamen were similarly 
functionally defined from the rCBF glucose ingestion map at p<0.05 two-tailed, FWE whole brain 
corrected, and edited to break connections to adjacent regions. 
Functional Connectivity Analysis The seed for the functional connectivity analysis was the 
hypothalamus ROI (the mean time course for the ROI was used) which was functionally defined from the 
CBF glucose ingestion map at p<0.05 two-tailed, FWE whole brain corrected.   
 
Animal Studies Procedural Details 
Our studies were carried out using male Sprague-Dawley rats (Harlan Laboratories) which started with a 
body weight of ~300g and were individually housed in the Yale Animal Resources Center in temperature 
(22-23oC) and humidity controlled rooms.  The animals were fed rat chow (Harlan Teklab, Indianapolis, 
IN, USA) and water ad libitum and were acclimatized to handling and a 12-hour light cycle (lights on 
between 0700h and 1900h) before experimental manipulation.  
 
To determine whether fructose crosses into the brain, we continuously infused fructose through the jugular 
vein catheter and then used microdialysis to sample for fructose in the ventromedial hypothalamus (VMH). 
One week prior to the study, the rats underwent aseptic surgery to have vascular catheters chronically 
implanted into the left carotid artery for blood sampling and right jugular vein for infusion. In addition, the 
animals underwent stereotaxic surgery to have bilateral stainless steel microdialysis guide cannulas 
implanted. These guides were positioned to allow placement of the 1mm microdialysis probes into the 
ventrolateral part of the VMH (co-ordinates from bregma: 2.6mm posterior, 3.8mm lateral and 8.9mm 
ventral at an angle of 16°). The animals were then allowed one week to recover. Following an overnight 
fast, the rats were connected to infusion pumps and microdialysis probes (Eicom Corporation, Japan) were 
inserted through the guide cannulas into the VMH. An isotonic artificial extracellular fluid solution was 
then continuously perfused through the microdialysis probe at a constant rate of 1.5µl/min for 2.5-3hrs 
before the start of the study. Subsequently, microdialysate and plasma samples were collected for 
measurement of baseline fructose concentrations in both the brain and periphery, respectively. Then, a 
primed-continuous infusion of 20% fructose (n=7) or saline (n=5) was initiated. This infusion protocol 
involves giving a bolus infusion at the start, then gradually tapering the infusion rate down over the course 
of 8.5 minutes and maintaining a steady infusion rate of approximately 3mg/min. for the remainder of the 
study. This protocol allows us to rapidly raise plasma fructose concentrations and maintain them at fairly 
steady levels for the length of the study. Blood and microdialysate samples were then collected at 10-
minute intervals throughout the 90-minute infusion. After the study, animals were euthanized and the 
brains were removed and quickly frozen on dry ice. The frozen brains were coronally sectioned on a 
cryostat and accuracy of the microdialysis probe placement was verified histologically by visual inspection. 
Only data collected from those animals where the probes were correctly placed were included in the 
analysis. Plasma and microdialysate fructose concentrations were determined using gas chromatography 
tandem mass spectrometry. Average baseline fructose concentrations were compared to average fructose 
levels during saline or 20% fructose infusion in both VMH microdialysate or plasma samples using a one-
way ANOVA. A P-value of less than 0.05 was set as the criterion for statistical significance. 
 
Reverse transcriptase PCR Details 
In a separate study, we set out to determine whether the machinery necessary to take up and metabolize 
fructose (i.e. glucose transporter 5 (Glut5) and ketohexokinase (khk)) are present in the hypothalamus. 
Liver and kidney, which are known to express both Glut5 and khk were used as positive control and beta-
actin was used as a loading control. Whole hypothalamus, liver and kidney tissue were collected from two 
rats and total RNA was isolated using the Qiagen RNeasy kit. RNA concentrations were determined using a 
NanoDrop ultraviolet spectrophotometer.  100ng of total RNA was used to generate the complementary 
DNA (cDNA) and subsequently, primer specific target amplification was performed using standard assay 
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conditions.  Primer sequences used for amplification of GLUT5, ketohexokinase (khk), and beta-actin were 
obtained from previously published data 5,6 or designed using Primer-BLAST available from the National 
Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/).  The primer sequences are 
as follows: 
 
Rat Glut5 forward: TGCAGAGCAACGATGGAGAAA 
Rat Glut5 reverse: ACAGCAGCGTCAGGGTGAAG 
Rat ketohexokinase forward: ACGGATCGCAGGTGCCTAT 
Rat ketohexokinase reverse: AGCACAGTGCAGGAGTTGGA 
Rat beta actin forward: CAACCTTCTTGCAGCTCCTC 
Rat beta actin reverse: TCCATATCGTCCCAGTTGGT 
 
The initial reverse transcription reaction consisted of a 3 minute incubation at 50°C, followed by 15 
minutes at 95°C for inactivation of reverse transcriptase and activation of the DNA polymerase.  The PCR 
reaction was 30 cycles with a denaturation temperature of 94°C for 1 minute, an annealing temperature of 
58°C for 1 minute, and an extension temperature of 72°C for 1 minute.  PCR products for khk, glut 5 and 
beta actin were visualized and identified using agarose gel electrophoresis. 
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eTable 1. Whole-Group Analyses (n=20) Showing Brain Regions With Significantly Decreased Regional 
Cerebral Blood Flow (rCBF) Responses to Glucose and Fructose Ingestion 
Statistical threshold of p<0.05, 2-sided, whole brain corrected. No brain regions had increased CBF after 
glucose or fructose ingestion. MNI coordinates were used to define brain regions. Talairach coordinates are 
shown for each brain region. ACC - Anterior cingulate cortex, PCC - Posterior cingulate cortex, L - left, R - 
right, B - bilateral 

Glucose Ingestion       
       

Brain Region Hemisphere  Coordinates  Volume Peak Z 
scores

  x y Z (mm3)  
       
Hypothalamus B 0 -3 -6 128 3.50 
       
Caudate L -10 12 0 377 3.48 
       
Putamen L -22 10 -9 1591 4.54 
       
Thalamus B -2 -17 8 2732 4.57 
       
Insula L -34 18 -3 943 3.60 
       
ACC L -11 47 -4 311 3.62 
       
Fructose 
Ingestion 

      

       
Brain Region Hemisphere  Coordinates  Volume Peak Z 

Scores
  x y Z (mm3)  

       
Thalamus B -3 -18 5 4885 5.04 
       
Hippocampus R 32 -20 -15 2379 4.07 
       
Hippocampus L -29 -33 -6 868 3.63 
       
PCC R 6 -50 17 978 5.12 
       
PCC L -5 -51 15 732 3.84 
       
Fusiform R 43 -58 -17 2717 5.14 
       
Fusiform L -43 -61 -14 1168 3.30 
       
Visual Cortex R 10 -71 6 5732 4.60 
       
Visual Cortex L -8 -74 3 2283 3.61 
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eTable 2. Whole-Group Analysis (n=20) Showing Brain Regions With Increased Functional Connectivity 
to the Hypothalamus After Glucose and Fructose Ingestion 
Statistical threshold of p<0.05, 2-sided, whole brain corrected. MNI coordinates were used to define brain 
regions. Talairach coordinates are shown for each brain region. L - left, R - right, B - bilateral 

Glucose Ingestion       
       

Brain Region Hemisphere  Coordinates  Volume Peak Z 
scores

  x y Z (mm3)  
       
Thalamus B -3 -18 4 7817 5.30 
       
Caudate R 14 3 5 2267 4.69 
       
Caudate L -13 15 5 2544 4.96 
       
Putamen R 28 -3 -1 166 2.68 
       
Putamen L -30 -10 -5 135 2.81 
       
       
Fructose Ingestion       
       

Brain Region Hemisphere  Coordinates  Volume  
  x y Z (mm3)  

Thalamus B 2 -20 9 1602 3.68 
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                  eFigure. Rat Microdialysis and Hypothalamus mRNA Expression Data 
 
   A      B 

 
 
 
A (top), Average fructose concentrations in plasma samples under baseline conditions (white bars) and 
during peripheral saline or 20% fructose infusion (black bars). Data are presented as mean ± 95% C.I.  
*P<0.01. A (bottom), Average fructose concentrations in VMH microdialysate samples at baseline (white 
bars) and during peripheral saline or 20% fructose infusion (black bars). Data are presented as mean ± 95% 
C.I.  ** P<0.02. B (top left), Glut5 mRNA is present in whole hypothalamus (H1,H2), liver (L) and kidney 
(K) but not in negative control (C) lacking template RNA. B (top right), Ketohexokinase mRNA is present 
in whole hypothalamus (H1, H2), liver (L) and kidney (K). B (bottom center), Beta-actin is present in all 
samples. H1, H2 represent hypothalamic tissue from two rats, L and K represent liver and kidney positive 
control tissue from the same rats, and C represents negative control lacking template RNA. 
 
 


