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Abstract: Glucose metabolism serves as the central source of energy for the human brain. Little is
known about the effects of blood glucose level (BGL) on higher-order cognitive functions within a
physiological range (e.g., after overnight fasting). In this randomized, placebo-controlled, double blind
study, we assessed the impact of overnight fasting (14h) on brain activation during a working memory
task. We sought to mimic BGLs that occur naturally in healthy humans after overnight fasting. After
standardized periods of food restriction, 40 (20 male) healthy participants were randomly assigned to
receive either glucagon to balance the BGL or placebo (NaCl). A parametric fMRI paradigm, including
2-back and 0-back tasks, was used. Subclinically low BGL following overnight fasting was found to be
linked to reduced involvement of the bilateral dorsal midline thalamus and the bilateral basal ganglia,
suggesting high sensitivity of those regions to minimal changes in BGLs. Our results indicate that
overnight fasting leads to physiologically low levels of glucose, impacting brain activation during
working memory tasks even when there are no differences in cognitive performance. Hum Brain Mapp
36:839-851, 2015. © 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Glucose is the human brain’s most important energy
source, as the brain is unable to metabolize nutrients
like proteins or fatty acids to the extent necessary
to meet its metabolic needs [e.g., Siesjo, 1978; Weiss,
1986]. In vivo studies using labeled 2-deoxyglucose or
2-fluorodeoxyglucose have demonstrated a correlation
between brain function and brain metabolism [Sokoloff
et al., 1977], showing that the proper functioning of all
mental processes directly depends on an adequate supply
of glucose. The fact that the brain regions that are more
active have higher glucose needs, reducing its availability
for less active brain regions [McNay et al., 2001], suggests
that the amount of available glucose is limited. In the
strength model, Gailliot and Baumeister [2007] concluded
that self-control relies on blood glucose as an important
but finite source of energy. According to this model, every
act of self-regulation takes up glucose. With increased glu-
cose consumption, self-regulation becomes more difficult
(ego depletion), until it finally fails. Thus, an individual’s
ability to self-regulate can diminish with low levels of
blood glucose, or, indirectly, through glucose-consuming
processes like demanding cognitive activity [Gailliot and
Baumeister, 2007].

Throughout a 24-h period, blood plasma glucose levels
are generally maintained between 72 and 144 mg/dl
[Cornblath et al., 2000]. However, each healthy individual
has a unique set of responses to main meals, meaning that
even stronger fluctuation of blood glucose level (BGL) is
physiological. For example, BGLs can vary from about 60—
170 mg/dl during the day, in many cases remaining above
120 mg/dl after 2 h following a large meal [Christiansen,
2006]. The level of 60 or 70 mg/dl is commonly cited as
the lower limit of normal glucose. At the BGL of 50-
55 mg/dl, the first symptoms of hypoglycemia (tremor,
palpitations, sweating, hunger, cognitive impairment,
behavioral changes, and psychomotor abnormalities) are
likely to occur [Cryer, 1997].

Given that neuronal activity of the human brain almost
exclusively relies on glucose metabolism [e.g., Siesjo, 1978;
Weiss, 1986], an association between BOLD signal and
BGL is plausible. Purnell et al. [2011] observed an increase
in BOLD signal intensity due to i.v. infusion of glucose in
contrast to the infusion of fructose; intensity of BOLD sig-
nal was reduced by up to 30% due to hypoglycemia
(50 mg/dl) as compared to euglycemia [Anderson et al.,
2006; Purnell et al., 2011].

Behavioral and neuroimaging data from studies involv-
ing healthy volunteers as well as patients with type 1 and
type 2 diabetes show that hyperglycemia and hypoglyce-
mia affect attention control and working memory perform-
ance [Bolo et al., 2011; Gailliot and Baumeister, 2007;
Sommerfield et al., 2003]. For instance, the study by Som-
merfield et al. [Sommerfield et al., 2003] demonstrates that
all memory systems (immediate and delayed verbal mem-
ory, and immediate and delayed visual memory) are

impaired during acute hypoglycemia (~45 mg/dl), with
working memory - a basic cognitive function regulating
the ability to remember and manipulate information over
a brief period of time [Wager and Smith, 2003]—being par-
ticularly susceptible.

Recent research has shown increase of regional blood
flow (rCBF) in the thalamus, the medial prefrontal cortex
and the globus pallidus in response to hypoglycemia
(53 mg/dl) [Arbeldez et al., 2013]. Regional brain activa-
tion during hypoglycemia (50 mg/dl) has also been seen
in the hypothalamus, the brainstem, the anterior cingulate
cortex, the uncus, the putamen [Musen, 2008], the thala-
mus [Mangia, 2012], and the medial prefrontal cortex
[Teves et al., 2004]. In the study done by Rosenthal et al.
[2001], slower finger tapping during hypoglycemia
(45 mg/dl) was associated with decreased BOLD activa-
tion in the right premotor cortex, the supplementary motor
area (SMA) and the left hippocampus, and with increased
BOLD activation in the left cerebellum and the right fron-
tal pole. In the same study, the behavioral deterioration in
four-choice reaction time (4CRT) was associated with
reduction in BOLD activation in the motor and visual sys-
tems but with increased BOLD signal in a large area of the
left parietal association cortex. Case reports of severe
hypoglycemia (20 mg/dl) have revealed regions of
restricted diffusion in the temporal and occipital lobes as
well as the basal ganglia [Chan et al., 2003]. The findings
suggest that some regions respond already to the lower
level of hypoglycemia, with other regions being triggered
with the increasing severity of the hypoglycemic condition.
It can be safely assumed, therefore, that depending on the
severity of hypoglycemia and the nature of the applied
task, different regions are likely to be involved in response
to hypoglycemic conditions. That being said, it is still not
easy to define a network involved in hypoglycemia.

There is even less evidence in relation to the effects of
more subtle changes in BGL within a physiological range,
although this may constitute a major methodological factor
affecting results of fMRI studies.

In our prospective, placebo-controlled, cross-over fMRI
study, we involved a large sample (40 volunteers; 20 male
and 20 female) to ensure that the results were adequately
representative and that any potential gender effects could
be detected. We aimed to examine the effects of physiolog-
ically low BGL on working memory performance and
associated neural networks, which include larger regions
of the prefrontal and posterior parietal cortices, the insula,
the ventral visual cortex as well as those of the thalamus
and basal ganglia, and the cerebellum [Owen et al., 2005,
Rottschy et al.,, 2012]. The potential effect of physiologi-
cally low BGL on the prefrontal cortex, as working mem-
ory has mostly been associated with the prefrontal cortex
[Gangadhar et al., 2007, Rottschy et al., 2012], which has
also been shown to be affected by hypoglycemic condi-
tions [Arbeldez et al., 2013; Musen, 2008; Rosenthal et al.,
2001; Teves et al., 2004], was particularly noteworthy. We
also aimed to study the effects of physiologically low
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TABLE I. Demographic Data

Test Female Male
n 20 20
Age 25.2 (3.01)

BMI 22.0 23.2
Education 12 (10.8%)—13 (89.2%)
MWT-B (IQ) 107.3 (14.55)

TMT-A 18.9 (5.13)

TMT-B 34.3 (11.12)

WMS-R 16.5 (2.89)

RWT (K) 14.8 (3.82)

RWT (GR) 14.8 (3.03)

Age in years; BMI in kg/m? education in years; MWT-B in IQ-
points; TMT in s; WMS-R in point score; RWT in number of men-
tioned words; The table shows mean values and the standard
deviation in brackets. They were no differences between women
and men concerning test results exist, except the BMI (P < 0.05).

glucose levels in other brain regions (parietal and visual
cortices, basal ganglia and thalamus) also belonging to the
“core” working memory network triggered by the n-back
task [Arbeldez et al., 2012, 2013; Mangia, 2012; Musen,
2008; Rosenthal et al., 2001; Rottschy et al., 2012; Teves
et al., 2004]. Given that neuroimaging studies related to
working memory functions do not necessarily control for
BGLs under physiological conditions, our aim was to rule
out a possible “metabolic bias” and demonstrate that con-
trol of BGL in screening protocols may increase sensitivity
of the experimental design.

METHODS AND MATERIALS
Participants

Forty healthy (20 male), right-handed [Oldfield, 1971]
participants, all of whom were native speakers of German,
took part in the study. Participants were between 20 and
32 years of age (mean=24.5, SD=23.4) with body mass
index (BMI) ranging from 20 to 24.6 (mean =22, SD =1.4).
Nine of the female participants reported using hormonal
contraceptives. Demographic variables are summarized in
Table 1.

The exclusion criteria included medical history of psy-
chiatric disorders (including first-degree relatives), a body
mass index (BMI) <20 or >25 kg/mz, left-handedness,
MRI disqualification (metal implants, tattoos, etc.), preg-
nancy, any type of medication (except hormonal contra-
ceptives), physical impairment or a history of metabolic,
cardiovascular, neurological, or psychiatric disorders,
abuse of psychoactive substances (alcohol, drugs, smoking,
and medication), head trauma or allergies, or pathologi-
cally altered lab results for insulin, glucose, adrenaline,
and noradrenaline (see below in text).

Participants were recruited via flyers posted on campus
and screened on the phone. Suitable participants were

invited for further screening tests, which included three
major steps. The first step involved evaluation of medical
history and physical examination by experienced medical
professionals (S.0., N.C., S.V., and A.W.) in the Depart-
ment of Psychiatry, Psychotherapy and Psychosomatics. In
the second phase, neuropsychological tests were carried
out by either a psychologist or a specifically trained person
(see for results Table I) to characterize cognitive perform-
ance (CPT). The SKIDPIT light was applied [Demal, 1999]
to exclude participants with history (or current episode) of
psychiatric conditions. In the final step, a blood sample
(5 ml) was taken to check for blood levels of insulin, glu-
cose, adrenaline and noradrenaline. The blood tests were
intended to rule out pheochromocytoma and insulinoma,
as administration of glucagon could lead to a critical
increase of arterial blood pressure in case of pheochromo-
cytoma or to a critical decrease in BGL in case of
insulinoma.

All participants gave written informed consent prior to
participation in the study and were monetarily compen-
sated for their participation. The study protocol was in
concordance with the Declaration of Helsinki and
approved by the Institutional Review Board of the Medical
Faculty, RWTH Aachen University.

Procedure

Before measurements, all subjects had been fasting for at
least 14 h (i.e., not consuming food or any beverages that
might contain carbohydrates, fat, protein, alcohol, or artifi-
cial sweeteners). Participants were not allowed to consume
caffeine after 9 A.m. on the day of the scan. The partici-
pants were instructed to refrain from physical exercise on
the day before the study. All 40 participants were meas-
ured twice, with 4 weeks between measurements to
account for cyclic hormonal effects. Both fMRI scans were
conducted at noon starting between 12 and 1 pm and
lasted about 60 min. All measurements were conducted
under double blind conditions with one half of the partici-
pants randomly assigned to be administered glucagon
during the first session and NaCl during the second ses-
sion and the other half in the opposite order.

Following overnight fasting, the subjects were scanned
with their BGL having been elevated through glucagon
administration and also in a low normal BGL state
induced through sodium chloride. Thus, in one instance it
was “overnight fasting condition modulated by glucagon”
and, in the other, it was “unmodulated overnight fasting
condition”. As the modulated fasting condition was also
associated with elevated blood glucose condition, we call
this condition “elevated glucose condition” (EGC), and the
unmodulated fasting condition is referred to “fasting glu-
cose condition” (FGC).

Glycogen and clamp study are two approaches to con-
trast glucose levels to the hypoglycemic conditions. The
administration of glucagon to control BGL as compared
to insulin-clamp or oral/intravenous administration of
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Figure I.
Blood glucose level. BGL and SD under EGC are displayed in
red, BGL and SD in prolonged FGC in blue. BGL are sampled
approximately every 15 min. Pre (t), t;(~15min), t;(~30min.),
t3(~45min.) and post (t;) (~60min.).

glucose was chosen for several reasons. The BGL achieved
through glucagon administration reflects naturally occur-
ring postprandial BGL. Insulin clamps conversely create a
highly artificial metabolic state, which is stable only in
relation to glucose and may strongly interfere with other
hormonal systems.

In the elevated BGL Condition (EGC), we applied a
1 mg bolus injection + 0.5 mg/h. of glucagon (GlucaGen®
Hypokit, powder, Novo Nordisk, Mainz, in 50 ml
Ampuwa®, Fresenius Kabi, Bad Homburg), which resulted
in ~1.5 mg glucagon in EGC. The same total volume of
50ml sodium chloride (NaCl, Ampuwa®, Fresenius Kabi,
Bad Homburg) was administered in the physiologically
low BGL condition after overnight fasting (FGC).

FMRI measurements started after the bolus injection (of
placebo or glucagon) with a 6 min resting state measure-
ment, followed in counterbalanced order by two major
tasks: CPT [Rosvold et al., 1956] and a the mood induction
paradigm (Emolnd, [Schneider et al., 1994]). The method
for mood induction consists of happy or sad facial expres-
sions presented to participants who are asked to simulta-
neously view the pictures and alter their mood according
to the facial expression [Habel et al., 2005, Kohn et al.,

TABLE Il. Blood glucose level

Time of

measurement NaCl Glucagon N P-value
to 72.0 (6.98) 74.2 (9.83) 37 0.251

f 76.7 (9.29) 1121 (15.88) 34  <0.001***
th 79.3 (8.97) 136.0 (24.24) 36 <0.001***
ts 76.9 (10.43) 126.4 (22.69) 36 <0.001***
ta 69.8 (8.70) 99.7 (22.67) 35  <0.001***

**Difference is significant (P 0.001). Mentioned are the mean val-
ues of the BZ at the corresponding time of measurement in mg/
dl, the standard deviation is stated in brackets. The number of
values is indicated in column “N.”

2013;Schneider et al.,, 1994]. Happy or sad pictures were
shown in seven sequentially presented blocks of 30 s dura-
tion per emotion; each block was followed by three
5-point Likert-type scales (shown for 5 s each). Participants
were asked to rate how happy, how sad, and how aroused
they felt at that time. The three ratings were followed by a
fixation cross (low level baseline) lasting 15 s. In total, the
mood induction lasted about 14 min (with prescans).

The paradigms were followed by a basal visual stimula-
tion, after which the infusion was terminated. The fMRI
session ended with a final resting state measurement, fol-
lowed by an anatomical scan. Given that this study
focuses only on the CPT, the other paradigms are not
described further.

Twenty participants were first required to complete a
CPT, before starting on the mood induction (Emolnd), the
other twenty participants started with mood induction.

On arrival and then subsequently in intervals of 15 min
in between fMRI runs, BGLs were measured from capil-
lary blood by finger stick via plasma-calibrated “Contour”
blood glucose meter and test strips (Bayer Vital GmbH,
Leverkusen, Germany) according to the manufacturer’s
recommendations. With 99.3% accuracy, the Contour
meter meets International Organization for Standardization
accuracy requirements (ISO15197:2003).

Altogether, five samples were taken from all participants
for blood glucose tests during the first and the second day
of the experiment. The first samples were taken 10 min
before fMRI measurements (ty), the second (t;) before the
first major tasks (the sequence of the two main tasks,
Emolnd and CPT, varied), the third (t,) between the main
tasks, the fourth (f3) after the second main task (Emolnd
or CPT), and the last (t;) at the end of the study schedule
(Fig. 1, Table II).

Infusions were administered by intravenous catheter
and perfusion pump (MRI-Caddy, Medfusion, Duluth,
GA) through the left brachial vein. Other blood samples
were taken via the i.v. line in the left elbow crease at time
points t, and t, to check for blood levels of insulin,

Figure 2.

Working memory task. For both CPT conditions, single letters
were presented one after another for 1,000 ms. In the 2-back
conditions, participants were instructed to press the button
when a letter appearing on the screen was identical to the next
to last letter. In the 0-back control condition, participants had
to respond to a cue stimulus (every “X” appearing on the
screen).
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TABLE Ill. Blood insulin, noradrenalin and adrenalin levels

Time of measurement of insulin NaCl Glucagon N P-value

to 4,67 (3,18) mU/1 42,06 (21,96) mU/1 37 <0.001***

tr 3,25 (1,39) mU/1 46,45 (30,11) mU/1 40 <0.0017***

Time of measurement NaCl Glucagon N P-value
of noradrenalin

to 1,37 (0,70) pmol/1 1,96 (2,99) pmol/1 37 n.s.

th 1,27 (0,57) pmol/1 2,18 (2,80) pmol/1 40 <0.01**

Time of measurement NaCl Glucagon N P-value
of adrenalin

to 194,12(142,40) nmol/1 194,76 (101,27) nmol/1 37 ns

) 159,85 (89,68) nmol/1 235,17 (144,36) nmol/1 40 <0.001***

The standard deviation is stated in brackets. The number of values is indicated in column “N”.

adrenaline and noradrenaline (Table III). We had lost
some blood samples on account of technical difficulties
(please refer to the Table II and to the Table III), but none
of the participants was excluded from the experiment.

fMRI Paradigm

A parametric fMRI paradigm including 2-back and 0-back
tasks were used (Fig. 2). As the 0-back control condition does
not require manipulation of information within working
memory, it was used as a control task. For working memory
and control conditions, single letters were presented one after
another for 1,000 ms in the middle of a screen via video gog-
gles (VisuaStim XGA, Resonance Technology, Los Angeles).
Participants gave responses via LUMItouch response system
(http:/ /ucdirc.ucdavis.edu / techsupport/ Lumitouch_broc
hure.pdf) whenever a prespecified stimulus was presented.
In the two back conditions, participants were instructed to
press the button when a letter appearing on the screen
was identical to the next to last letter. In the 0-back control
condition, participants had to respond to a cue stimulus
(every “X” appearing on the screen measures selective
attention). The presentation of the letters in control and
working memory conditions was randomized with a
target probability of .37 (35 targets, 60 distractors). Study
volunteers had to perform the paradigm twice, with each
run consisting of 9 baseline periods (18 s) and 10 activa-
tion periods (30 s). The baseline and activation periods
appeared alternately.

Analysis of BGL, Demographic,
and Behavioral Data

Two-sample t-tests were applied to compare BGL
between the EGC (glucagon) and FGC (placebo) conditions
(to—ts), demographic variables and the neuropsychological
tests.

Reaction times (RTs) and the number of correct hits
(accuracy calculation) were collected during the fMRI

experiment. For accuracy calculations, all types of errors
(wrong answers and omissions) were considered.

To test the effect of BGL on CPT, we performed a 2-way
analysis of variance (ANOVA) of the RT and accuracy
with the following two factors: CPT (two levels: zero- or
two-back) and BGL (two levels: FGC or EGC). To control
for order effects, we conducted on further 2 X2 repeated
measures ANOVAs with CPT and FG/EG conditions as
within-subjects variables and paradigm order as between-
subjects factors. To control for order and gender effects,
we conducted two further 2 X2 X2 repeated measures
ANOVAs with CPT and FG/EG conditions as within-
subjects variables, and paradigm order and gender as
between-subjects factors.

All analyses were tested for significance at a threshold
of P =0.05 and SPSS (20) was used for analyses.

ANALYSIS OF FMRI DATA
FMRI data acquisition

Imaging data were acquired in a 3T Trio Tim MRT
(Siemens, Erlangen, Germany) using EPI (echo planar
imaging), with TR = 2s, TE = 30 ms, 36 slices, ST = 3.3 mm.
IG=035 mm, MS=64X64 FOV=240X240 mm,
FA =77. Analyses of functional images were performed
with SPMS8 (Statistical Parametric Mapping, Wellcome
Departement of Cognitive Neurology, London, UK),
implemented in Matlab 7.7 (The MathWorks). The images
of the time series were realigned with a two-pass proce-
dure, where the first image (first pass) and the mean
image (second pass) were used as reference. Each anatomi-
cal scan was used to determine spatial normalization
parameters by means of the unified segmentation
approach [Ashburner and Friston, 2005]. These normaliza-
tion parameters were applied to the functional scans,
transforming the time series into the standard space
defined by the Montreal Neurological Institute (MNI).

During normalization, all images were resampled to a
voxel size of 2X2X2 mm’ and images were later
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smoothed with an isotropic Gaussian kernel of 8 mm full
width at half maximum. Individual time series were ana-
lyzed (first level) within the framework of the general lin-
ear model (GLM). Box car functions (each of the two CPT
conditions under two different BGL conditions) were con-
volved with the canonical hemodynamic response function
(HRF) and then used as predictors in the GLM.

The mean across time in each voxel was modeled by a
constant term and low-frequency drifts were removed
using a high-pass filter with a cutoff period of 128 s. Tem-
poral correlations were modeled by a first-order regression
process in the usual way. The resulting images containing
parameter estimates of the both CPT tasks of each subject
under glucagon (EGC) and placebo (FGC) were entered
into repeated measures ANOVA with mixed effects. The
factor “subject” was used for random effects and the two
CPT tasks and both EG- and FG conditions served as lev-
els of the fixed effects factor.

Main Effects of Working Memory

To demonstrate the effect of working memory, we calcu-
lated the t-contrasts comparing two-back task against the
zero-back (2-back>zero-back and zero-back>2-back tasks)
for EG and FG conditions, respectively. To demonstrate
the regions associated with working memory independ-
ently of the BGL, we included the following two t-con-
trasts (2-back >0-back under placebo conditions and 2-
back >0-back under glucagon administration) into con-
junction analysis.

Effects of EGC and FGC

For glucagon (EGC) and placebo (FGC), two directional
t-contrasts comparing two-back tasks against the
baseline were defined. The FGC < EGC and FGC >EGC
contrasts were calculated for the zero- and n-back tasks,
respectively.

Order and Gender Effects in the Two-Back Task

To analyze order effects, we entered the images of the
two BGL conditions (two levels: FGC or EGC) of each sub-
ject into repeated measures ANOVA with mixed effects,
and paradigm order (two levels: premood or postmood
induction) as an additional between-subjects factor. Parame-
ter estimates were extracted from entire clusters of activation
and were analyzed with SPSS 20. In addition, to test the
interaction between paradigm order (premood or postmood
induction) and BGL conditions (FGC vs EGC), we per-
formed a two-way analysis of variance (ANOVA) with the
following two factors: order effects (two levels: premood or
postmood induction) and BGL (two levels: FGC or EGC
conditions) for parameter estimates of each chosen region.

To analyze gender effects, we entered the images of the
two BGL conditions (two levels: FGC or EGC) of each sub-
ject into repeated measures ANOVA with mixed effects,

and gender (two levels: male and female participants) as
an additional between-subjects factor. We contrasted the
groups (20 male participants vs. 20 female participants in
each condition) under FG and EG conditions in a 2 X2
repeated measures ANOVA.

Unless otherwise stated, the significance level for all
main effects of the imaging data with regard to CPT was
set to P<0.05 after whole-brain correction (family-wise
error or FWE).

The significance level for each single contrast in the con-
junction was also set to P <0.05 after whole-brain correc-
tion (family-wise error, or FWE). The clusters of activation
in the conjunction were displayed only when they con-
tained >60 contiguous voxels.

For the CPT contrasts in EGC versus FGC, we deter-
mined a cluster extent threshold by Monte Carlo simula-
tions (3DClustSim implemented in AFNI). For a threshold
at the voxel level of P=0.001 and spatial properties as
presented in this study, 10,000 simulations resulted in an
extent threshold of 72 resampled voxels. This procedure
guards against a false positive rate above 5% due to multi-
ple testing.

For anatomical localization of functional data, we referred
to probabilistic cytoarchitectonic maps [Eickhoff et al., 2005].
The data are reported in MNI (MNI space) coordinates.

RESULTS
Analysis of BGLs

Following the experiment, subjects were asked what they
thought was administered at the first and second measure-
ments and answers were below chance level. BGL meas-
ured by finger prick from all participants 10 min before
fMRI measurements (ty) did not show significant differences
between EGC and FGC. In each participant, the BGL was
lower than 80 mg/dl at the beginning of the measurements.
In both conditions, the highest level of blood glucose was
registered during the time point £,. In both conditions, the
increase of BGL was significant at the time point t, as com-
pared to the time point f, (NaCl: #(36) = —4.99; P <0.001;
glucagon: +(36) = —15.10; P < 0.001). During the experiment,
EGC and FGC differed significantly at all further time
points (t—t4) (Fig. 1, Table II).

In FGC, BGLs remained at a physiologically low level,
whereas an increase in blood glucose to physiologically
normal or high levels was found after glucagon infusion
in EGC (Table II). At this physiologically low BGL no
symptoms of hypoglycemia were expected or detected.

Hormonal Analyses

For adrenalin levels in EGC, FGC and at screening, the
repeated measures ANOVA was significant (mean screen-
ing=25893 pmol/l, SD=181.07, mean FGC =178.68
pmol/l, SD=112.65; mean EGC=23530 pmol/],
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TABLE IV. Main effects of working memory task
(Conjunction analysis)

Peak voxel

Anatomical region Side k T x y z

Superior frontal gyrus R 29279 18.98 30 4 60
Middle frontal gyrus L 1827 -26 -2 56
Insula R 1698 32 24 4
Supplemental motor L 16.87 —36 20 44
area
Inferior frontal gyrus L 16.75 46 24 -6
Middle frontal gyrus R 15.88 44 46 32
Thalamus L 1381 -10 -—14 12
Precentral gyrus L 13.79 —46 4 32
Middle cingulate cortex R 13.74 8 28 30
Inferior parietal lobule L 13305 21.69 —36 —48 42
Superior parietal lobule R 17.98 14 -72 54
Inferior parietal lobule R 17.31 42 —44 40
Superior parietal lobule L 16.77 —26 —68 46
Angular gyrus R 14.21 32 —56 42
Middle occipital gyrus L 13.66 —-30 -—74 28
Superior occipital gyrus R 13.41 28 —76 38
Cerebellum R 6612 16.01 32 —62 —32
Cerebellum L 1558 —-36 —60 —34
Inferior occipital gyrus L 894 —54 —-62 -—14
Inferior temporal gyrus R 340 6.60 64 —-52 -—-22
Superior temporal gyrus L 284 708 —56 —42 12

The significance level for each single contrast in the conjunction
was also set to P < 0.05 (family-wise error or FWE).

SD =120.94; F,3,=9.09, P <0.001). Noradrenalin levels in
FGC, EGC and at screening also differed significantly
(mean screening = 2.37 nmol/1, SD = 0.96; mean FGC =1.32
nmol/l, SD=0.62;, mean EGC =210 nmol/l, SD=3.0;
F,37,=2831, P<0.001). In post hoc analysis, we saw that
the effects were driven by FGC (NaCl condition) as no sig-
nificant differences were seen between screening and EGC
(glucagon condition) in adrenalin and noradrenalin levels.

Insulin levels also differed significantly between screen-
ing, the elevated BGL (EGC) and BGL after overnight fast-
ing (FGC) (screening insulin mean=12.18 mU/],
SD =11.43; FGC insulin mean =3.99 mU/L, SD =2.0; EGC
insulin mean=4525 mU/l, SD=238; P<0.001;
Fr38=49.75, P <0.001). In post hoc analysis, we saw again
that the effect was mostly driven by FGC (NaCl condi-
tion). There was, however, significant effect (P <0.001) in
the level of insulin between the screening and the elevated
glucose condition (EGC). However, the values for insulin
in both conditions were physiological after normal meal.
Thus, the effect of glucagon on the hormones was compa-
rable with the physiological effects of the meal.

Behavioral Data

The 2-way CPT X BGL condition (FGC/EGC) analysis of
variance (ANOVA) on RT data revealed a significant main

effect of CPT (F; 35 =165.33, P <0.001) as RTs in O-back as
compared to 2-back task were faster. No other effects were
significant.

The 2-way CPT Xcondition analysis of variance
(ANOVA) on accuracy data revealed a significant main
effect of CPT (F;35=149.02, P <0.001) as the number of
correct hits in 0-back as compared to 2-back task was
higher. There were no other significant interaction effects.

No significant effect of the factor gender or the factor
paradigm order was detected in further analyses.

FMRI RESULTS
Main Effects of Working Memory

To demonstrate the regions associated with working
memory independently of the BGL, we included two t-
contrasts (2-back > 0-back under placebo conditions and 2-
back > 0-back under glucagon conditions) into conjunction
analysis. The conjunction analysis showed several cortical
regions associated with working memory function: (1)
bilateral and medial posterior parietal cortex, including the
precuneus, the inferior and superior parietal lobules (BA
7, 40); (2) bilateral premotor cortex (BA 6,8); (3) dorsal cin-
gulate/medial premotor cortex, including the SMA (BA
32,6); (4) the bilateral rostral prefrontal cortex or frontal
pole (BA10); (5) the bilateral dorsolateral prefrontal cortex
(BA 9,46); (6) the bilateral midventrolateral prefrontal cor-
tex (BA 44,45,47), or frontal operculum extending to bilat-
eral insula, and (7) the bilateral occipitotemporal visual
cortex, including the bilateral fusiform gyri. Additionally,
there was activation in bilateral cerebellum, basal ganglia
(right caudate nucleus and left putamen) and bilateral
thalamus (Table IV, Fig. 3).

Comparison between Placebo and Glucagon
Conditions in Two-Back Task

Performing the two-back task, subjects under physiologi-
cally low blood glucose (BG) conditions showed reduced
recruitment of the bilateral thalamus, the bilateral basal
ganglia, the posterior cingulate cortex and the rostral pre-
frontal cortex (Table V, Fig. 4). In both right and left thal-
ami, activations were mainly located in the medial dorsal
nucleus. Parameter estimates extracted from entire clusters
of activation in the bilateral thalamus, the bilateral basal
ganglia and the rostral prefrontal cortex did not reveal any
significant correlation with adrenalin or insulin level.

Order Effect and the Effect of Gender in the
Two-Back Task

The paradigm order X BGL condition interaction indi-
cated a significant effect in the bilateral thalamus, the right
caudate nucleus and the rostral prefrontal cortex (Table
VI). Parameter estimates extracted from the bilateral
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TABLE V. Comparison between placebo and glucagon
conditions in two-back task

TABLE VL. Effect of paradigm order (interaction
between BGL and paradigm order)

Peak voxel Peak voxel

Anatomical region Side k T x v z  Anatomical region  Side k F x Y z
Middle cingulate cortex L 179  4.07 -6 —30 34  Thalamus R 477 14.87 4 -8 10
Paracentral lobule L 3.30 -6 —-32 52 Thalamus L 11.71 -16 —28 0
Caudate nucleus R 171 435 14 16 6  Mid. orbital gyrus L 87 13.22 -8 64 -8
Putamen L 148 421 18 14 4  Caudate nucleus R 77 9.84 14 16 6
Thalamus L 124  4.28 -4 -16 2

Thalamus R 3.71 10 -20 4

Thalamus L 116 420 -16 —28 0 following mood induction. The post hoc analysis of
Mid orbital gyurs L 95 450 -6 64 —8 parameter estimates revealed that a cognitive effort during

thalamus revealed a significant mean effect of BGL (F;,
18 = 6.603; P =10.019 and F; /13 = 5.859; P = 0.026 for the left
and the right thalami, respectively), indicating a weaker
involvement of the bilateral thalamus after overnight fast-
ing. The significant interaction between the factors para-
digm order (premood or postmood induction) and
conditions (FGC/EGC) in the right (F; /15 = 5.281; P =0.034)
and the left (Fy /13 =4.726; P =0.043) thalami, respectively
demonstrated that the differences between the subjects
under EGC (as compared to FGC) were driven mostly by
the group of participants who had to perform CPT tasks

a previous task (mood induction) induced stronger differ-
ences in the right thalamus (t;5; P=0.005) and the left
thalamus (t;5; P = 0.008) between FG and EG conditions in
the working memory task (see Fig. 5a,b).

The analysis of parameter estimates in the rACC (when
we observed task-induced deactivation) revealed a signifi-
cant effect of the main factor “condition” (F;,15=5.859;
P =0.026), showing stronger deactivation of the rACC dur-
ing FGC.

Parameter estimates extracted from the bilateral basal
ganglia also revealed a significant mean effect of BGL (F;,
18 =9,285; P =0.007 and F;,153=19,254; P <0,001 for the
left and the right caudate nucleus, respectively), indicating

Figure 3.
Main effects of working memory task (Conjunction analysis). Regions involved in working mem-
ory task independently of the BGL (conjunction analysis). Significance level for each of the two
single contrasts in the conjunction was set to an FWE-corrected threshold of P < 0.05, k = 60.

Figure 4.
Comparison between placebo and glucagon conditions in two-back task (glucagon > placebo).
Differences of brain activation in the bilateral thalamus, the basal ganglia and the rACC (Monte-
Carlo corrected at P=0.001, k = 72) between FGC and EGC (FGC > EGC).
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Figure 5.

Effect of paradigm order on bilateral thalamus. CPT was adminis-
tered before mood induction (condition | and 2) or CPT was
conducted after mood induction (condition 3 and 4). The
involvement of bilateral thalamus is affected by paradigm order
with the group performing the CPT after mood induction (con-
dition 3 and 4) showing the weakest thalamic involvement in
response to overnight fasting (condition 4). Parameter estimates
also indicated a weaker involvement of the region after over-
night fasting (condition 2 and 4). (a) Parametes estimates in the
right thalamus. (b) Parameter estimates in the left thalamus.

a weaker involvement of the region after overnight fasting
(Fig. 6a,b). In the right caudate nucleus, they was also a
trend toward significant BGL x order effect interaction (F;,
18 =3,455; P=0,079). No significant effect of the factor
gender was detected in the analyses.

DISCUSSION

In healthy volunteers, we investigated the effects of
physiologically low (after overnight fasting) compared to
elevated (after the administration of glucagon) BGLs on a
neural network associated to working memory processes.
In both conditions, the working memory task strongly acti-
vated the bilateral frontal and parietal cortices, the insula,
the thalamus, the basal ganglia and the cerebellum. Cogni-

tive performance was not affected by modulation of the
BGL, while, neuronally, the fasting condition was associ-
ated with weaker involvement of the dorsal midline thala-
mus, a region with the highest glucose uptake among the
thalamic nuclei [Cho et al., 2011], and the bilateral basal
ganglia. As far as we know, this is the first evidence that
in healthy humans the bilateral dorsal midline thalamus
and basal ganglia are highly sensitive to increase of BGL
within a physiological range (e.g., as a response to over-
night fasting) during working memory processes, even
when there are no differences in behavioral performance.

Glucose-Mediated Differences in the Bilateral
Dorsal Midline Thalamus in Working Memory

There is some evidence of the involvement of the dorsal
midline thalamus in the regulation of BGL and hypoglyce-
mia [Arbeldez et al.,, 2008, 2012; Teves et al., 2004], and
also the effects of hypoglycemia on the thalamus during
working memory tasks [Bolo et al.,, 2011]. The analysis of
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Figure 6.

CPT was administered before mood induction (condition | and
2) or CPT was conducted after mood induction (condition 3
and 4). Parameter estimates extracted from the bilateral caudate
nucleous indicated a weaker involvement of the region after
overnight fasting (condition 2 and 4). (a) Parametes estimates in
the right caudate nucleus. (b) Parameter estimates in left cau-
date nucleus.
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resting regional cerebral blood flow (CBF) differences
identified neuronal activation during hypoglycemia
(<55 mg/dl) in bilateral medial prefrontal cortex (MPFC)
[Teves et al., 2004] and bilateral thalamus [Arbeldez et al.,
2008; Teves et al., 2004]. Slightly subphysiological plasma
glucose concentrations of 656mg/dl, compared to euglyce-
mic conditions (90 mg/dl), increased activity only in the
dorsal midline thalamus [Arbelaez et al., 2012]. In
response to working memory tasks during acute hypogly-
cemia (50mg/dl), activation in the bilateral frontal and
parietal cortices, the insula, the thalamus, and the cerebel-
lum decreased [Bolo et al., 2011]. In line with the observa-
tion by Bolo et al [Bolo et al, 2011], the behavioral
performance in our study did not differ between the glyce-
mic conditions. However, unlike us, Bolo et al., observed
neuronal differences between conditions in the bilateral
insula, and the bilateral frontal and parietal cortices. Col-
lectively, these studies indicate a hierarchy among brain
responses to falling plasma glucose concentrations, with
the dorsal midline thalamus being particularly susceptible
to changes in plasma glucose concentrations, and the ini-
tial changes (as seen in our study) being registered soon
after overnight fasting. Previous research and also results
of our study suggest a decrease of thalamic involvement
[a part of the default-mode functional network; Greicius
et al,, 2007] in cognitive tasks during hypoglycemia and
overnight fasting and an increase in resting condition.

In both BGL conditions, we also observed task-induced
deactivation in rACC, a region with high metabolic activ-
ity during rest, which is suppressed during cognitively
demanding tasks [Greicius et al., 2007]. However, after
overnight fasting, lesser rACC deactivation was seen, sug-
gesting that fluctuations of the resting state network might
be affected by BGL.

The effects of overnight fasting were also evident in the
left putamen and the right caudate nucleus, in addition to
the thalamus and the rACC. The putamen, the thalamus
and the caudate belong to subcortical regions that show
significantly greater activation in the hungry state com-
pared to the satiated state [Tataranni et al., 1999], consti-
tuting the key brain regions involved in craving [Hommer,
1999] and in the pathophysiology of eating disorder [Delv-
enne et al., 1999; Van der Stelt and Di Marzo, 2003). Con-
versely, a distinct bilateral rCBF increase (without any
significant effect on the BGL) after central insulin adminis-
tration has been seen in the putamen and the caudate
nucleus [Schilling et al.,, 2013], suggesting that these
regions are targets for insulin signaling in the CNS. We
did not find any significant association between the insulin
or adrenalin levels and brain activation; however, as these
effects are strongly interconnected, they cannot be com-
pletely ruled out or separated from the effects of BGL [for
review see Filippi et al., 2013].

In the overnight fasting condition, thalamic involvement
was affected by the paradigm order, as the previous task
(the emotion induction task) induced stronger differences
in the thalamus. The group performing the working mem-

ory task after mood induction showed the weakest tha-
lamic involvement in response to unmodulated fasting
state glucose levels. In response to an activated condition
(through administration of glucagon), thalamic involve-
ment increased with the working memory task perform-
ance following mood induction. Laboratory studies have
found that after participants complete an initial self-
control task, they perform worse on a second self-control
task compared to participants whose initial task did not
require self-control [for review see Gailliot and Baumeis-
ter, 2007]. The model of Gailliot and Baumeister [2007]
suggests that the first act of self-control consumes or
depletes some resource, thereby impairing self-regulation
on the subsequent task. Based on this model, we propose
that the duration of exposure to physiologically low glu-
cose levels and the previous effort (in the form of mood
induction task) may compromise resources [Gailliot and
Baumeister, 2007], leading to further decline in thalamic
involvement.

Replication of a Robust Network Underlying
Working Memory Performance

In response to N-back, we saw a widely distributed net-
work underlying the active maintenance of perceptual rep-
resentation. In particular, we observed simultaneous
involvement of larger regions of the prefrontal and posterior
parietal cortices, insula, ventral visual cortex as well as
those of the thalamus and basal ganglia, and the cerebellum.
Involvement of those regions in working memory processes
is confirmed by quantitative meta-analysis of functional
neuroimaging data [Owen et al., 2005, Rottschy et al., 2012].

Although working memory has mostly been associated
with the prefrontal cortex [Gangadhar et al., 2007], recent
findings increasingly suggest that subcortical structures
(basal ganglia, thalamus) also play a crucial role in work-
ing memory processes. A study by McNab and Klingberg
[2008] identified the basal ganglia (as part of the basal
ganglia—thalamo-cortical circuit [Alexander et al., 1986] as
the regulator of information entering into working mem-
ory. The microstructure of the medial dorsal nucleus, a
region strongly linked to the orbito-frontal cortex [Bruyn,
1989], was shown to be a predictor of working memory
performance quality [Piras et al., 2010]. Clinical trials dem-
onstrated the impairments in working memory [Dagen-
bach and Kubat-Silman, 2001, Kubat-Silman et al., 2002]
and executive functions (Van der Werf et al., 2003) follow-
ing lesions in the medial dorsal nucleus.

LIMITATIONS AND SUGGESTIONS FOR
FURTHER RESEARCH

We did not directly measure BGL in the brain, as would
have been possible with positron emission tomography, or
look at CBF. Thus, the possibility that modulation of BGL
may differentially interfere with the HRF in our conditions
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cannot be ruled out. That being said, we would argue that
such modulation is unlikely as blood glucose in the brain
is highly regulated and differences in peripheral blood
glucose may not have such a strong impact on the brain.
Additionally, such modulation would most likely lead to a
systematic effect, which would produce strong one-sided
differences, which is not the case in our sample.

We did not compare different experimental settings
for the administration of glucose to rule out possible
side effects of glucagon administration. Further experi-
mental conditions would have led to a more complex
design and logistical difficulties. Furthermore, we tried
to control metabolic side effects of glucagon by meas-
uring a large array of hormones associated with gluca-
gon functioning, and, also, performing correlations
between the adrenalin and insulin and brain activation.
However, the previously demonstrated effects (even in
the absence of a significant effect on the BGL) on brain
activation following central insulin administration [Schil-
ling et al., 2013] suggest that the hormonal effect (both
of glucagon and insulin) on our results cannot be com-
pletely ruled out. Further research will be required to
dissect insulin and glucagon signaling in the CNS.
Another limitation of our study is the lack of a non-
food-deprived control group, owing to which the effects
of fasting and those of plasma glucose concentration
cannot be completely separated. It was, however,
beyond the scope of our current study given its within-
subject double-blind design. The inclusion of a non-
food-deprived control group might have interesting
implications for future research.

We also believe that the level of difficulties might have
played a role in the lack of effects seen in behavioral per-
formance during the working memory task. The study
included only young, healthy and cognitively fit partici-
pants, all students from the university in Aachen. For
these participants, the 2n-back task might not have been
difficult enough. Alternatively, increasing the task diffi-
culty level (e.g., performing of a 3n-back) could demon-
strate differences in working memory. Thus, task difficulty
should be taken into account when studying the effects of
low BGL or hypoglycemia on working memory.

Another pertinent question is, why cognitively demand-
ing tasks are associated with relatively weak involvement of
the regions forming working memory network while at rest
those regions are more strongly involved? And whether
resting state network is affected by changes in BGL? Never-
theless, as this study is the first to use glucagon in this con-
text, it may pave the way for more elaborate use of
glucagon in the modulation of glucose metabolism.

CONCLUSION

The results of our study, replicate a robust network
underlying working memory functions, emphasizing a
powerful contribution of the thalamus and basal ganglia to

working memory processes within this network. Physio-
logically low BGL after overnight fasting was linked to
weaker involvement of the bilateral dorsal midline thala-
mus and bilateral basal ganglia, indicating the high sensi-
tivity of these regions to changes in BGLs. These findings
are in line with previous research suggesting the contribu-
tion of basal ganglia and thalamus to the regulation of
hypoglycemic states [Arbeldez et al, 2012] and hunger
[Tataranni et al., 1999]. No differences were found with
respect to the involvement of the prefrontal and parietal
regions, nor did behavioral performance differ between
the conditions. Collectively, the findings suggest that the
dorsal midline thalamus is one of the first regions to
respond to increase of BGL even within a physiological
range. This assumption is strongly supported by the fact
that initial synaptic activation was seen only in the dorsal
midline thalamus as plasma glucose concentrations
dropped just below physiological levels (65 mg/dl;
Arbelaez et al., 2012]. The differences in the prefrontal and
parietal regions, as observed in the studies of Bolo et al.,
[2011] and Teves et al., [2004], are likely to be seen first
during hypoglycemic conditions, when the first differences
in CPT are also expected to appear [Sommerfield et al.,
2003].

Our results suggest that the effects of physiologically
low levels of blood glucose (e.g., after overnight fasting)
on brain activation have to be taken into account along
with paradigm order as a possible confounder even when
behavioral outcomes are similar between physiologically
low and normal glucose levels.

Basal ganglia and thalamus are involved in a wide
range of pathological conditions, for example, eating disor-
der, obsessive-compulsive disorder, addiction or schizo-
phrenia [Delvenne et al, 1999; Klingner et al., 2014;
Tataranni et al.,, 1999; Van der Stelt and Di Marzo, 2003;
Welter et al., 2011]. The thalamus is recognized as an
essential node in a range of higher-order cognitive circuits
despite the common perception of it being a mere sensory
information relay center [Alcauter et al., 2014]. Perception
and experience of emotions are affected by disorders of
the basal ganglia [Paradiso et al., 2013; Pell and Leonard,
2003]. Given the importance of these regions, we believe
that the effects of physiologically low levels of blood glu-
cose (e.g., after overnight fasting) on brain activation ought
to be taken into account as a possible confounder even
when behavioral outcomes are similar between low and
normal glucose levels. Based on our results, we propose
that a concrete cut off of 80 mg/dl BGL needs to be sug-
gested to exclude the passable effects.

The effect of gender, conversely, did not seem to play a
significant role, as we did not see any differences between
female and male participants either on the level of brain
activation or behavioral performance.
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