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cognitive activity in a lipid infusion model of insulin

resistance
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Introduction

Abstract

Neuronal glucose uptake was thought to be independent of insulin, being facili-
tated by glucose transporters GLUT1 and GLUT3, which do not require insulin
signaling. However, it is now known that components of the insulin-mediated
glucose uptake pathway, including neuronal insulin synthesis and the insulin-
dependent glucose transporter GLUT4, are present in brain tissue, particularly
in the hippocampus. There is considerable recent evidence that insulin signaling
is crucial to optimal hippocampal function. The physiological basis, however, is
not clear. We propose that while noninsulin-dependent GLUT1 and GLUT3
transport is adequate for resting needs, the surge in energy use during sustained
cognitive activity requires the additional induction of insulin-signaled GLUT4
transport. We studied hippocampal high-energy phosphate metabolism in eight
healthy volunteers, using a lipid infusion protocol to inhibit insulin signaling.
Contrary to conventional wisdom, it is now known that free fatty acids do cross
the blood-brain barrier in significant amounts. Energy metabolism within the
hippocampus was assessed during standardized cognitive activity. >'Phosphorus
magnetic resonance spectroscopy was used to determine the phosphocreatine
(PCr)-to-adenosine triphosphate (ATP) ratio. This ratio reflects cellular energy
production in relation to concurrent cellular energy expenditure. With lipid
infusion, the ratio was significantly reduced during cognitive activity (PCr/ATP
1.0 £ 0.4 compared with 1.4 + 0.4 before infusion, P = 0.01). Without lipid
infusion, there was no reduction in the ratio during cognitive activity (PCr/
ATP 1.5 £ 0.3 compared with 1.4 £ 0.4, P = 0.57). This provides supporting
evidence for a physiological role for insulin signaling in facilitating increased
neuronal glucose uptake during sustained cognitive activity. Loss of this
response, as may occur in type 2 diabetes, would lead to insufficient neuronal
energy availability during cognitive activity.

insulin-stimulated translocation of GLUT4 to the plasma
membrane in hippocampal tissue (Reagan 2005; Grillo

The presence of insulin receptors (IRs) in the brain was
demonstrated by Havrankova et al. (1978). One of the
major actions of insulin is to promote glucose uptake.
Insulin-mediated glucose uptake occurs primarily via the
glucose uptake transporter GLUT4 (Mueckler 1994).
Animal studies have identified the presence of GLUT4 in
the brain colocalizing with the distribution of the IR
(Leloup et al. 1996). Subsequent work has demonstrated

et al. 2009). The brain is largely dependent on glucose for
energy and, unlike peripheral tissue, has a continuous
requirement for glucose. Thus, it cannot rely on intermit-
tent postprandial pulses of insulin to stimulate cellular
glucose uptake.

IRs and GLUTH4 are clearly present in the brain and in
vivo human studies using positron emission tomography
(PET) have now established that brain glucose uptake is

134 © 2013 The Authors. Published by Wiley Periodicals, Inc. This is an open access article under the terms of the Creative
Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.



Y. Emmanuel et al.

partially sensitive to insulin. Initial work in human
healthy volunteers using a hyperinsulinemic euglycemic
clamp found no increase in brain glucose uptake during
hyperinsulinemia (Hasselbalch et al. 1999). Bingham et al.
(2002) subsequently studied the effect of insulin following
suppression of basal insulin using somatostatin and found
partial increase in glucose metabolism following insulin.
Baker et al. (2011) found that in subjects with insulin
resistance, there was regional reduction in glucose metab-
olism and more recently Hirvonen et al. (2011) showed
reduced cerebral glucose metabolism in subjects with
insulin resistance with improvement following insulin
injection. Although insulin is not the major determinant
of brain glucose uptake, there is now clear evidence for
partial insulin dependence. The precise physiological
niche of the insulin-mediated component of brain glucose
uptake, however, is not yet clear.

The hippocampus is a vital structure for learning and
memory, and IRs have been found in increased density in
this region (Havrankova et al. 1978; Unger et al. 1991).
There is now growing evidence to support links between
neuronal insulin signaling and cognitive function, particu-
larly hippocampal function (McNay and Recknagel 2011;
Duarte et al. 2012; Ghasemi et al. 2013). Animal studies
have demonstrated increased hippocampal expression of
insulin signaling cascade proteins in response to cognitive
activity (Zhao et al. 1999; Dou et al. 2005; McNay et al.
2010).

Synaptic neural transmission and molecular changes at
the postsynaptic density form the basis for cognitive activ-
ity and information storage. Studies in vitro have demon-
strated the presence of both IRs and intracellular IR
substrate proteins at the postsynaptic density (Abbott et al.
1999). Hori et al. (2005) showed that stimulation of these
cells with excitatory neurotransmitters induced rapid accu-
mulation of the IR substrate at postsynaptic sites within
minutes. In addition, there is now evidence of de novo syn-
thesis of neuronal insulin (Devaskar et al. 1994). Recently,
gene expression for insulin synthesis has been demon-
strated in hippocampal neurones and several transcription
factors and signaling pathways involved in the development
of the pancreas are also active during the formation of the
hippocampus (Kuwabara et al. 2011). Furthermore, in
vitro studies have also demonstrated local insulin release
from synaptosomal preparations in response to local rises
in glucose concentration (Santos et al. 1999) and in
response to depolarization (Clarke et al. 1986). Considered
together, the demonstration of localized neuronal insulin
synthesis and excitatory neurotransmitter-induced changes
in neuronal insulin signaling capacity (Hori et al. 2005)
suggests a close link between neuronal activity, as occurs
with cognitive activity, and insulin-signaling-mediated
effects on neuronal processes.

© 2013 The Authors. Published by Wiley Periodicals, Inc.

Insulin Resistance and Hippocampal Energetics

As evident in recent published reviews, the effects of
insulin in the brain are complex and wide ranging and
the possible mechanisms through which insulin may
affect memory are multiple (McNay and Recknagel 2011;
Duarte et al. 2012; Ghasemi et al. 2013). There is exten-
sive evidence for a metabolic role (indicated by the pres-
ence of GLUT4) but also, as these reviews summarize in
more detail, evidence for nonmetabolic neuromodulatory
effects on synaptic function, neurotransmission, and neu-
rite development, which do not seem to be ostensibly
related to any metabolic effects. However, insulin is best
known for its role in regulating whole-body metabolism
and in the stimulation of glucose uptake in peripheral
tissue following postprandial rises in circulating glucose
levels. The question therefore arises as to why a hormone
that controls metabolic function should also have a role
in signaling processes related to cognitive activity. Cogni-
tive function entails an acute increase in energy require-
ment so intuitively a role for insulin signaling connecting
glucose uptake to cognitive function would seem the most
parsimonious explanation for the observed links. The
basis for the connection is most likely to lie in the specific
kinetics of insulin-mediated glucose uptake.

In the brain, glucose uptake occurs primarily via
GLUT1 and GLUT3, which are independent of insulin
(Mueckler 1994). GLUT1 facilitates a continual basal level
of glucose uptake (Vannucci 1994). Following initial
uptake across the blood-brain barrier, subsequent uptake
from the interstitium into neurones occurs via GLUT3
(Mueckler 1994; Simpson et al. 2007). Compared with
plasma glucose concentrations, the interstitial glucose con-
centration in the brain is relatively low, around 2 mmol/L
(Silver and Erecinska 1994). GLUT3 has a low Michaelis
constant (K,), for glucose uptake, around 1.4 mmol/L
(Gould et al. 1991; Simpson et al. 2007), so is readily satu-
rated at low glucose concentrations. The GLUT3 trans-
porter therefore operates at near maximal capacity even at
low ambient glucose concentrations (Gould et al. 1991).
While this allows a steady supply of glucose to the brain,
the scope for rapid increase in transport during increased
cognitive activity via GLUT3 is limited.

Sustained cognitive activity hugely increases the
requirement for glucose and studies in humans confirm
increased glucose uptake in association with cognitive
activity (Fox et al. 1988; Chen et al. 1993). Invasive ani-
mal studies using microdialysis techniques also demon-
strate rapid decreases in interstitial glucose concentrations
during cognitive activity (McNay et al. 2000). Further-
more, McNay et al. (2010) has also demonstrated that
hippocampally mediated spatial memory tasks in rats are
limited by glucose availability. Neuronal glucose uptake
from the interstitium is primarily mediated via GLUT3
and as outlined earlier, because of the specific kinetics,
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glucose transporter mechanisms at this step are not
believed to be rate limiting. The low K,,, however, sug-
gests that the transporter is readily saturated, so GLUT3
transport may not be rate limiting under resting condi-
tions, but the scope for increasing glucose uptake further
may be limited. Increased GLUT3 expression may meet
this demand, as has been demonstrated in response to
chronic increases in neuronal glucose requirements (Van-
nucci 1994). However, Choeiri et al. (2005) found that
acutely increased demand associated with cognitive activ-
ity and training tasks was associated with increased hip-
pocampal GLUT1 expression, thus allowing increased
glucose uptake from the circulation to the interstitial
fluid. GLUT3, however, did not increase. Therefore, addi-
tional transport mechanisms may need to be inducted to
meet acute increases in neuronal glucose requirement
during cognitive activity.

Insulin-mediated glucose uptake occurs by promoting
rapid and substantial translocation of GLUT4 from
sequestered intracytoplasmic pools to the plasma mem-
brane (Mueckler 1994) within minutes of insulin binding
to the receptor. Insulin signaling therefore provides a
mechanism able to rapidly stimulate high-affinity addi-
tional glucose uptake. These kinetic characteristics would
fit with a role for neuronal insulin signaling in facilitating
rapid stimulated glucose uptake according to neuronal
activity. This is also consistent with Hori’s demonstration
of excitatory neurotransmitter-induced insulin signaling
cascade protein expression in the postsynaptic density
(Hori et al. 2005). We propose that this insulin-stimu-
lated transport may provide a mechanism for meeting the
increase in glucose requirement during cognitive activity.

To investigate this link between cognitive impairment
and insulin resistance, we applied a lipid infusion model of
insulin resistance (Dresner et al. 1999; Roden et al. 1999) to
study hippocampal tissue energetics in healthy volunteers.

Tissue energetics were investigated by assessing high-
energy phosphate levels using phosphorus magnetic reso-
nance spectroscopy (*'P MRS). Intracellular energy is
produced and transported in the form of adenosine tri-
phosphate (ATP). A reduction in glucose supply would
result in reduced ATP production. The ATP molecule is
readily converted to phosphocreatine (PCr) to provide an
intracellular buffer store, which can be readily hydrolyzed
to produce ATP. The PCr/ATP ratio therefore provides
an index of cellular energy availability, and a reduction in
the PCr/ATP ratio reflects reduced ATP production rela-
tive to concurrent energy consumption.

Aim

Inhibition of the insulin signaling mechanisms that puta-
tively facilitate increased glucose uptake during cognitive

136

Y. Emmanuel et al.

activity would lead to relative insufficiency of neuronal
energy substrate. This energy deficit would be reflected as
a reduction in the hippocampal PCr/ATP ratio. The aim
of this study was to determine whether hippocampal
energetics during cognitive activity were impaired in a
human experimental model of insulin resistance.

Methods

Subjects

Twelve healthy volunteers with no history of cardiovascu-
lar, endocrine, neurological, or psychiatric disease and
normal fasting blood glucose levels were recruited from
the University of Oxford. All studies were performed at
the Oxford Centre for Clinical Magnetic Resonance
Research (OCMR). The study was approved by the Mil-
ton Keynes Research Ethics Committee and conducted in
accordance with the Declaration of Helsinki with written
informed consent obtained from all subjects.

Study design

All subjects were screened prior to entry into the study
and were confirmed to have normal fasting glucose levels
(<6.0 mmol/L). Subjects were studied over the course of
two 1-day visits at least 4 days apart. Subjects arrived in
the morning after an overnight fast. A cannula was
inserted for blood sampling and for subsequent lipid
infusions. Baseline brain energetics during cognitive activ-
ity were determined using *'P MRS. To stimulate cogni-
tive activity, subjects were asked to perform a set of
neuropsychological tests, including two verbal memory tests
performed just prior to the scan with the verbal memory
delayed recall tasks performed during the scan. Following
the baseline assessments, the lipid infusion was commenced
for 4 h, after which the tests were repeated. As a control
arm, subjects underwent the same assessments, but without
the infusions, and instead nicotinic acid tablets were given
to prevent the physiological rise in plasma free fatty acid
(FFAs) levels that accompany fasting. The order in which
the studies were performed was alternated so that half the
subjects underwent infusion studies first, and half the sub-
jects had the control arm performed first. Further blood
samples were taken at 3 and 4 h after the start of either the
infusion or the first dose of nicotinic acid (Fig. 1).

Samples were taken into cold tubes and centrifuged
immediately at 2500 rpm at 4°C for 10 min. Plasma was
stored at —80°C until analysis. Lipoprotein lipase inhibi-
tor in the form of tetrahydrolipstatin (Xenical, Roche,
Welwyn Garden City, U.K.) was added to samples taken
for FFA analysis prior to storage to prevent further tri-
glyceride breakdown.

© 2013 The Authors. Published by Wiley Periodicals, Inc.
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Figure 1. Timeline to show sequence and timing of blood sampling, cognitive testing, and scanning during each study visit.

In order to assess whether the lipid infusion itself was
associated with changes in resting energetics, a further
four subjects were studied using the same protocol, but
without cognitive testing. Again, the order of the studies
was alternated between subjects.

Interventions

The lipid infusion protocol to inhibit insulin-mediated
glucose uptake was based on published reports showing
reduced skeletal muscle cellular glucose uptake and
impairment of the insulin signaling cascade (Dresner
et al. 1999; Belfort et al. 2005). A triglyceride infusion
(20% Intralipid™, Fresenius Kabi, U.K.) was given at
60 mL/h. In order to increase triglyceride breakdown,
unfractionated heparin (Monoparin, CP Pharmaceuticals,
U.K.) was coadministered at a rate of 0.4 U/kg per min
to activate circulating lipoprotein lipase.

To prevent the physiological rise in plasma FFA levels
that accompany fasting in the control arm, nicotinic acid
(NA) was given as Acipimox 250-mg tablets (Olbetam,
Pharmacia, U.K.) (Chen et al. 1999); one dose following
the baseline scan, and a further dose 2 h later.

Cognitive tests

Executive function, cognitive speed and attention were
tested using the Trail making A+B test, the dual tasks test
(Baddeley et al. 1997), including the Wechsler Adult
Intelligence Scale — Revised (WAIS-R) digit span forwards
and backwards (Wechsler 1981), Stroop color word and
interference test (Trenerry et al. 1989), and the pattern
and letter comparison speed test (Salthouse and Babcock
1991). Visual recall was tested using the Doors B test
from the Doors and People test (Thames Valley Testing
Company). Verbal recall was tested using the Hopkins
Verbal Learning Test — Revised (forms 1, 3, 4, and 6)
with delayed recall (Brandt 1991) and the Paragraph
Recall Test (Rivermead Behavioral test, Versions A, B, C,
and D) (Wilson et al. 1985). The delayed recall parts for
both verbal recall tests were performed while the subjects
were in the scanner.

© 2013 The Authors. Published by Wiley Periodicals, Inc.

Standardized meal

To prevent the influence of postprandial pulses of insulin,
subjects were required to fast for the duration of the visit.
In order to limit the physiological responses to prolonged
fasting including lipolysis and mild ketosis, a small stan-
dardized meal was given following the baseline MRS scan.
This was to provide enough carbohydrate to stimulate a
small pulse of circulating insulin to prevent ketosis. This
small amount of insulin would have dissipated within
2 h, and therefore not interfere with assessments 4 h
later. Based on data from Juntunen et al. (2002) in
healthy volunteers, a 50-g carbohydrate load, in the form
of a slice of bread, stimulated a rise in plasma insulin that
returned to fasting levels within 3 h. For this study, a
smaller carbohydrate load was given. Subjects were given
a waffle, a low-fat yogurt, and a low-sugar fruit juice
drink (total carbohydrate 16.3 g, fat 7.3 g, protein 6.2 g).
Following this meal, the intervention was started and sub-
jects were kept fasting for the remainder of the study, but
were allowed to drink water freely.

Energetics

The neuropsychological tasks used in this study stimulate
hippocampal activation so *'P MRS data were acquired to
assess hippocampal energetics. Scans were performed
using a 3 Tesla system (Siemens Trio, Erlangen, Germany)
using a dedicated dual tuned 'H/’'P quadrature birdcage
head coil (Rapid Biomedical GmbH, Germany). Proton
images for localization and anatomical structural images
were obtained using a standard Magnetization Prepared-
Rapid Gradient Echo (MP-RAGE) sequence. Spectral data
were acquired using a multivoxel acquisition-weighted
chemical shift imaging (3D AW-CSI) sequence (Pohmann
and von Kienlin 2001). Nuclear overhauser enhancement
was employed on all acquisitions to increase signal
strength (Li et al. 1996). Automated shimming was per-
formed using the in-built standard Siemens algorithms.
Data were acquired from 1024 points, FOV (field of view)
300 mm, TR (repetition time)/TE (echo time) 500/
2.3 msec, flip angle 40°, bandwidth 4000 Hz, six averages.
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In order to maintain signal-to-noise ratio (SNR) and to
limit scan time, data were acquired using a 13 x 13 x 13
scan acquisition matrix and data were interpolated for
analysis to a 16 x 16 x 16 matrix, giving a nominal voxel
size of 6.6 cm® in an acquisition time of 46 min 17 sec.
The center of the acquisition grid was positioned at the
center of the skull. Data were reconstructed using the Sie-
mens spectroscopy software (Syngo VB13°, Siemens,
Erlangen, Germany), with a single voxel placed over each
hippocampus according to anatomical borders, and
summed for each individual. Postprocessing and spectral
peak fitting were performed using the AMARES (Vanhamme
et al. 1997) algorithm within the jJMRUI software package
(Naressi et al. 2001) (Version 2.2). Data were corrected
for the effects of saturation using the flip angle and T, val-
ues (2.39 sec for PCr and 0.79 sec for ATP). Results were
confirmed by independent blinded data analysis.

Although a range of stimulation tasks have been devel-
oped to be performed while in an magnetic resonance
imaging (MRI) scanner, these tasks require the subject to
be able to see a projection screen by using MR-compati-
ble mirrors placed over the coils. The design and dimen-
sions of the spectroscopy head coil precluded placement
of these mirrors and hence it was not possible to perform
these tasks during spectroscopy. To stimulate continued
cognitive activity during the spectroscopy acquisition, the
delayed recall parts of the verbal recall tasks were per-
formed during the scan. These tasks were performed at
the beginning of the CSI acquisition in order to minimize
noise in the acquisition from the muscle movements
during speech.

Statistical analysis for significance was performed using
the two-tailed Student’s t-test for paired samples with sig-
nificance taken at P < 0.05. The baseline PCr/ATP ratio
prior to intervention was averaged for each subject and
this averaged value was used as their baseline PCr/ATP
ratio for comparison with PCr/ATP ratios after both lipid
infusion and NA.

Table 2. Blood results.

Y. Emmanuel et al.

Table 1. Subject characteristics.

Cognitive activity (n = 8) Resting studies (n = 4)

Age (years) 25+ 8 20+ 0
Gender (M:F) 6:2 2:2
BMI (kg/m?) 2343 2142

Data expressed as mean + SD. M, male; F, female; BMI, body mass
index.

Results

Eight subjects underwent studies with cognitive activity,
but one subject was only able to complete the lipid infu-
sion arm of the cognitive activity studies. Subject charac-
teristics at baseline (Table 1) were the same for those
undergoing cognitive testing and those undergoing only
resting studies (four subjects).

Blood tests

For all subjects, baseline fasting insulin, glucose, FFA, and
p-hydroxybutyrate were normal (Table 2). The lipid
infusion elevated FFA levels from 0.3 £ 0.2 mmol/L
at baseline to 1.3 4+ 0.3 mmol/L after 3 h and
1.2 £ 0.4 mmol/L after 4 h. During the noninfusion arm,
circulating FFA levels decreased. Glucose levels were
unchanged over the course of both arms of the study.
There was no significant change in insulin levels before
and after the lipid infusion. Without infusion, insulin lev-
els after 3 and 4 h were significantly lower than at base-
line, 0.23 4 0.07 mU/L versus 0.17 £ 0.09 mU/L at 3 h,
and 0.15 £ 0.09 mU/L at 4 h. B-hydroxybutyrate (B-
OHB) values increased with the lipid infusion,
0.39 + 0.03 mmol/L versus 0.64 + 0.11 mmol/L at 3 h,
and 0.70 £+ 0.15 mmol/L at 4 h, but were unchanged over
the course of the noninfusion arm (Table 2).

Lipid infusion Without lipid infusion

Glucose Insulin FFA B-OHB Glucose Insulin FFA B-OHB

(mmol/L) (muU/L) (mmol/L) (mmol/L) (mmol/L) (mU/L) (mmol/L) (mmol/L)
Baseline 36+ 04 0.21 £ 0.08 0.3+0.2 0.39 +£ 0.03 3.5+ 0.3 0.23 £ 0.07 0.3+ 0.1 0.38 + 0.03
3h 35+0.2 0.23 £ 0.1 1.3 + 0.3*%* 0.64 + 0.11** 3.4+ 0.3 0.17 £ 0.09* 0.1 £ 0.1 0.37 +£ 0.02
4 h 3.3+0.3 0.21 + 0.09 1.2 £ 0.4%* 0.70 £+ 0.15** 3.4+ 0.3 0.15 £ 0.09** 0.05 + 0.05** 0.36 4+ 0.01

Data expressed as mean =+ SD. Blood results for studies performed both with cognitive testing and resting studies, n = 11. B-OHB = B-hydroxybu-

tyrate.

*P < 0.001 versus baseline; **P < 0.0001 versus baseline.
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Cognitive tests

Overall performance on cognitive tests was unchanged
over both arms of the experiment (Table 3).

31p Magnetic resonance spectroscopy

Data from one subject undergoing studies with lipid infu-
sion and cognitive activity showed significant movement
artifact and was therefore excluded from the analysis. The
baseline PCr/ATP ratios were the same (1.5 £ 0.6 pre-
FFA vs. 1.2 £ 0.4 pre-non-infusion, P = 0.8, averaged
baseline ratio 1.4 + 0.4, n=7). In studies performed
with cognitive activity and lipid infusion, there was a
marked drop in PCr/ATP ratio with cognitive activity fol-
lowing lipid infusion (1.4 £+ 0.4 vs. 1.0 & 0.4, P = 0.01,
n=7). In the control arm without lipid infusion, PCr/
ATP ratios with cognitive activity were unchanged
(14 £04 vs. 1.5+£03, P=0.57, n=7, Fig.2 and
Table 4).

In studies performed without cognitive activity in a fur-
ther four volunteers, the baseline PCr/ATP ratios were the
same (1.7 + 0.3 pre-FFA vs. 1.3 + 0.1 pre-non-infusion,
P = 0.1, averaged baseline value 1.5 = 0.3, n = 4). There
was no difference in PCr/ATP ratio either after lipid infu-
sion or following no lipid infusion (Table 4).

Discussion

Cognitive impairments are increasingly recognized in
patients with insulin resistance (Elias et al. 1997; Gregg
et al. 2000). Loss of this insulin-mediated mechanism for
matching glucose uptake to neuronal demand may
explain the observed cognitive deficits in tasks of
memory, attention, and speed, which all require intense
neuronal activity. To date, there have been no experimen-
tal studies in healthy human volunteers to determine the
dynamic in vivo effects of induced insulin resistance on
the brain.

Previous studies of glucose metabolism in the brain
have used methods such as '*Carbon MRS or PET scans.
C MRS allows assessment of glucose tracking and flux;
however, very few centers have the facilities and technical
expertise to perform '>C MRS in human brain and *'P
MRS is more widely available. As brain energy metabo-
lism is heavily dependent on glucose, alterations in glu-
cose supply are much more likely to alter overall brain
tissue energetics than in peripheral tissue where energy
production may be maintained by metabolism of alterna-
tive energy substrates. Therefore in the brain, investiga-
tion of tissue energetics has the potential to provide
sensitive assessment of changes in glucose metabolism
resulting from experimental intervention. PET is a

© 2013 The Authors. Published by Wiley Periodicals, Inc.

Table 3. Cognitive test scores.

Doors

Digit span backward

Digit span forward

HVLT DI

HVLT immediate (n = 36) HVLT delayed (n = 12)

(max score)

10+ 2
1M +1
10+2
1M +1

6+ 1
6+ 1
6+ 1
541
Trails B (sec)
42 + 21
32+8
55 + 22
45 + 26

8+ 1
7 £ 1
742
8 + 1
Trails A (sec)
20+ 7
16 + 3
23+ 10
18 + 6*

0+0
0+ 1
0+1
-1 +1

11 +1
8+ 4
10 +£2

9+ 2
Paragraph recall del (n = 2

30+ 4
29+ 4
28+ 4

29 +£2
Paragraph recall imm (n = 21)

Baseline without infusion
Post without infusion
Pre lipid infusion

Insulin Resistance and Hippocampal Energetics

Post lipid infusion

Trails B-A (sec)

22 + 14
16+5
34 + 21
27 + 21

Paragraph recall cued

1)

1+1
1T+1
1T+1
1+1
STROOP CW int (n = 112)

112 +£1

10 £2
12+4
9+3
8+ 3
STROOP CW (n = 112)
112 +£0
112+ 0

112 £ 1

13+ 2
13+ 3
12 £2
9+ 4
Dual tasks
33+1.7
25+ 1.7
26 +£23

Baseline without infusion
Post without infusion
Pre lipid infusion

Post lipid infusion

Letter comp
12 +£2
1M1 +2
10 +£2

Pattern comp
17 + 4
20 + 2%
17 +£3
18+ 4

Baseline without infusion
Post without infusion
Pre lipid infusion

111 £ 1
111 +£1

109 + 2

9+2

111 +£2

1.2+13

Post lipid infusion

Data are expressed as mean 4 SD, HVLT, Hopkins Verbal Learning Test; Imm, immediate recall; del, delayed recall; DI, discrimination index; CW, color word; Int, interference; Comp, comparison.

Pattern and letter comparison speed score = number correct in 20 seconds.

0.03 vs. baseline, n = 7.
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Figure 2. PCr/ATP (phosphocreatine-to-adenosine triphosphate) ratios
following cognitive activity. Baseline averaged ratio (1.39 + 0.40)
with drop in ratio after lipid infusion (0.98 + 0.38, P = 0.01 yellow
line) but no change following nicotinic acid control study
(1.48 + 0.27, P = 0.57, red line).

Table 4. PCr/ATP ratios with cognitive activity and at rest.

Post
Average Postlipid without
baseline infusion infusion
Cognitive 14 +04 1.0+ 04 1.5+03
activity (P=0.01) (P=0.57)
(n=7)
Resting 1.5+ 03 1.5+ 06 1.3+ 04
(n=4) (P =10.85) (P=0.16)

Data are expressed as mean + SD. PCr/ATP, phosphocreatine-to-
adenosine triphosphate.

well-established tool for studying brain glucose metabo-
lism. However, the radiation risks associated with PET
scans, although small, are of concern especially in young
healthy volunteers and when carried out repeatedly. *'P
MRS, unlike PET, does not involve exposure to ionizing
radiation and offers a safe and novel approach.

Upon binding of insulin to its receptor, signal trans-
duction begins with activation of the IR substrate
complex and subsequent activation of phosphoinositide-
3-kinase (PI3-K) (Okada et al. 1994). This leads to trans-
location of GLUT4 to the plasma membrane (Zierath
et al. 1996). McNay et al. (2010) has shown in animal
models that local delivery of insulin to the hippocampus
results in improved cognitive performance via PI3-
K-dependent mechanisms along with increased removal
of glucose from the interstitium. Blockade of endogenous
hippocampal insulin was found to impair insulin-medi-
ated improvements in cognitive function.

Patients with insulin resistance are known to have
increased circulating levels of plasma FFAs (Fraze et al.
1985) and have also been found to have increased brain
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fatty acid uptake (Karmi et al. 2010). Increases in plasma
FFAs using a lipid infusion model have been shown to
inhibit insulin signaling via PI3-K-dependent mechanisms
(Dresner et al. 1999) and reduce insulin-mediated glucose
uptake in skeletal muscle (Dresner et al. 1999; Roden
et al. 1999). Lipid infusions and high fat diets have been
extensively used to model insulin resistance. Furthermore,
contrary to previously held beliefs, there are several recent
reports showing that FFAs do in fact cross the blood—
brain barrier in significant amounts (Rapoport et al.
2001; Hamilton and Brunaldi 2007; Mitchell et al. 2011).
The validity of the model in brain studies is strengthened
by McNay et al. (2010) work in animal models demon-
strating that insulin resistance, induced using a high-fat
diet model, was associated with impaired hippocampal
function.

The duration and increase in FFA levels achieved in this
study are comparable with previous studies performed in
skeletal muscle in which FFA-induced alterations in insulin
signaling cascade protein expression were demonstrated on
biopsy tissue (Dresner et al. 1999; Roden et al. 1999). In
addition, these studies also demonstrated the consequent
reduction in whole-body insulin-mediated glucose uptake
using hyperinsulinemic—euglycemic clamp techniques,
showing reduced glucose infusion requirements following
lipid infusion. The standardized meal would have stimu-
lated a small release of peripheral insulin. In the control
arm, glucose values were unchanged, but insulin levels were
lower after 3 and 4 h compared with baseline values, as
may be expected after fasting. However, in the lipid infu-
sion arm, glucose values were no different, but insulin lev-
els did not fall over the course of the study visit. This is
consistent with a greater requirement for insulin to main-
tain euglycemia following the standardized meal, consistent
with peripheral insulin resistance. Formal assessment of
peripheral insulin resistance, using clamp techniques, was
not performed in this study as demonstration of peripheral
insulin resistance would not provide direct evidence for
neuronal insulin resistance (Dresner et al. 1999; Shulman
2000). It is not possible to obtain hippocampal interstitial
FFA levels or tissue biopsy samples from human healthy
volunteers to confirm alterations in neuronal insulin sig-
naling. Our experimental design, however, is based on pro-
ven models of peripheral insulin resistance (Dresner et al.
1999; Roden et al. 1999) taken together with recent evi-
dence for transport of FFAs across the blood—brain barrier
(Rapoport et al. 2001; Hamilton and Brunaldi 2007;
Mitchell et al. 2011). The findings are consistent with pub-
lished work by Karmi et al. (2010) demonstrating increased
brain fatty acid uptake in humans with insulin resistance
and with McNay et al. (2010) work in animal models
demonstrating increases in hippocampal glycolytic rates
in response to insulin, and demonstration of impaired
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cognition in a model of insulin resistance induced by a
high-fat diet (McNay et al. 2010).

The cognitive test battery provided stimulation of the
cognitive domains in which insulin resistance-associated
deficits have been identified and is comparable in task
difficulty with the test battery used by Baker et al. (2011).
Impairment of the energy supply to sustain this activity
would lead to depletion of the intracellular energy stores.
The primary purpose of the cognitive testing in this study
was to stimulate neuronal activity, and hence the hypoth-
esized stimulated neuronal glucose uptake via insulin sig-
naling. The findings in this study of a reduction in PCr/
ATP ratio with cognitive stimulation following lipid infu-
sion to inhibit insulin signaling, and lack of change in the
absence of lipid infusion to induce insulin resistance, sup-
ports a role for insulin in maintaining neuronal glucose
uptake and hence cellular energy production during
increased neuronal activity. Observed performance on
cognitive testing was not impaired following the lipid
infusion, despite the reduction in PCr/ATP ratio. The 20-
min cognitive test battery appears to have provided
enough stimulation to result in a depletion of intracellular
energy stores, and thus test the experimental hypothesis,
but the sensitivity of the tests for subtle changes in per-
formance after a brief intervention is limited. Also, it is
possible that the PCr energy reserves in these healthy
young adult volunteers, although depleted following the
lipid infusion, were enough to preserve gross cognitive
function during the brief testing period. It is theoretically
possible that the reduction in the observed ratio reflects
increased ATP consumption in response to lipid infusion,
rather than reduced production. The lack of change in
PCr/ATP ratio with lipid infusion in the resting studies
would suggest that the reduction observed with cognitive
activity is more likely to be due to insufficient production
relative to demand.

Acetylcholine is an important neurotransmitter and
activation of the nicotinic form of the receptor is associ-
ated with modulation of neural transmission and benefi-
cial effects on higher brain functions including memory
processes (Girod et al. 2000). It is therefore possible that
nicotinic acid used in the control arm of the study may
have been associated with effects on neuronal processing.
However, any putative effects on membrane potentials
and transmission processes would require energy and
therefore an increased requirement for ATP. If ATP pro-
duction were unable to meet the extra demand, it would
be reflected in a reduced PCr/ATP ratio. However, in the
control studies performed before and after nicotinic acid,
no differences were seen in PCr/ATP ratios, suggesting
that neuronal energy production was sufficient. Nicotinic
acid also serves as a precursor for the formation of NAD*
(Ross 1998), and hence this may also help to offset any
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increased energy requirement as a consequence of nico-
tinic acetylcholine receptor stimulation. The PCr/ATP
ratios were unaffected by lipid infusion or nicotinic acid
administration in the absence of cognitive activity, imply-
ing that resting energetics were unaffected and therefore
that resting energy uptake is not affected by insulin. In
combination with the observed energetic impairment dur-
ing cognitive stress, these findings are consistent with the
hypothesis that rapid increases in glucose uptake during
neuronal activation occur through insulin-mediated
mechanisms.

The Randle cycle provides an alternative explanation
for lipid-induced reduction in glucose oxidation, whereby
increased lipid oxidation results in feedback inhibition of
enzymes involved in glycolysis (Randle et al. 1963). This
model, however, relates to studies performed in skeletal
muscle, which has inherent metabolic flexibility and
therefore is capable of using both lipid and glucose. While
it is possible that a Randle cycle mechanism may exist in
the brain, the metabolic inflexibility of neuronal tissue
would suggest that the findings in this study are more
likely to be due to changes in insulin-mediated glucose
uptake than substrate competition.

In addition to insulin, there is increasing recognition
that the hormone leptin may also play an important part
in neuronal signaling and cognitive function (Paz-Filho
et al. 2010), as well as having a role in homeostasis. Some
of these effects are mediated through PI3-K signaling (Do-
nato et al. 2010). It is possible that leptin resistance may
contribute to the findings observed in this work; however,
a leptin-mediated hypothesis would not explain the pres-
ence of the insulin signaling pathway in neuronal tissues
and their activation in response to cognitive activity.

Insulin resistance is extremely common and this work
demonstrates the impact of short-term insulin resistance
on hippocampal energetics in response to mild cognitive
activity in healthy volunteers. The application of this
model of insulin resistance in the study of brain energet-
ics proposes important new metabolic concepts that may
explain the recognized links between insulin resistance
and cognitive impairment. The concepts and supporting
data demonstrated in this work provide the basis for fur-
ther work in animal and human models to confirm the
precise mechanisms linking cognitive activity with insu-
lin-mediated glucose uptake in the brain.

Conclusion

It is generally accepted that the belief that the brain is
insensitive to insulin is no longer tenable, but the widely
held belief that fats do not cross the blood—brain barrier
have persisted. Consequently, there have been extremely
few studies in the brain that utilize manipulation of fat
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levels. This study presents a novel application of lipid
infusion as a tool to investigate dynamic metabolic mech-
anisms in the human brain and demonstrates a valuable
new in vivo experimental model to investigate insulin
resistance in the human brain. Furthermore, this is the
first mechanistic study to demonstrate the potential meta-
bolic consequences of experimental insulin resistance in
the normal human brain. The findings in this study sug-
gest that insulin signaling plays an important role in
matching cognitive activity with the required dynamic
increases in glucose uptake in the brain.
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