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Abstract Glucose Metabolism and the Brain

Introduction Animal studies have shown that central dopamine signalling is
involved in the regulation of endogenous glucose production (EGP). As a first step
to test this hypothesis in an experimental setting in humans, we studied whether
deep brain stimulation (DBS) of the subthalamic nucleus (STN), which causes
striatal dopamine to increase, results in a change in basal EGP or hepatic insulin
sensitivity in patients with Parkinson’s disease.

Methods We studied 7 patients with Parkinson’s disease treated with DBS STN,
both in the basal state and during a hyperinsulinemic euglycemic clamp using
stable isotopes, in the stimulated and unstimulated condition. We measured EGP
and hepatic insulin sensitivity as well as resting energy expenditure (REE),
glucoregulatory hormones and the Unified Parkinson’s Disease Rating Scale
(UPDRS).

ResultsWe included 7 male patients (age 60 [44 65] years and BMI 28.2 [22.6 33.1]
kg/m2). Basal plasma glucose and EGP (after 15 hrs of fasting) did not differ
between the stimulated and unstimulated condition (EGP on 8.32 ± 0.73 and off
8.22 ± 1.09 mol/kg min, p=0.68). Hepatic insulin sensitivity did not significantly
change (EGP on 3.15 ± 1.07 and off 2.8 ± 0.91 mol/kg min, p=0.36). There were no
significant differences in plasma glucoregulatory hormones in either state. UPDRS
was significantly higher in the unstimulated condition. Basal resting energy
expenditure (REE) differed on the 2 study days, but no specific effect was seen with
DBS. During hyperinsulinemia REE was significantly decreased in the stimulated
condition.

Conclusion Deep brain stimulation of the subthalamic nucleus in patients with
Parkinson’s disease does not influence basal EGP or hepatic insulin sensitivity. DBS
STN decreases REE during hyperinsulinemia, which can not be explained by
improvement of Parkinson symptoms, pointing to an effect on homeostatic control
centers.
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Introduction

There is ample evidence that the central nervous system (CNS) regulates glucose
homeostasis. In different neural pathways within the CNS, several neuropeptides
and neurotransmitters have been identified that influence insulin sensitivity (1 3).
Dysregulation of these neural pathways could result in decreased insulin sensitivity,
and eventually type II diabetes (T2D). One of the neurotransmitters involved in
glucose metabolism is dopamine. From clinical studies it is known that dopamine
antagonists induce insulin resistance while dopamine agonists improve glucose
intolerance (4,5).
The role of dopamine in specific regions of the brain is clearer from the effects of
dopamine on feeding behaviour and body weight regulation. For example,
dopamine signalling in the hypothalamus regulates food intake, via leptin receptors
on these dopamine neurons (6,7). Also, dopamine neurotransmission in the
striatum, especially in the nucleus accumbens and the caudate nucleus, is known to
influence food intake. Depressed dopamine release in this system leads to reward
seeking behaviour, such as feeding (6 8) and thereby causes dietary obesity in
animals. In obese humans, the availability of striatal dopamine D2 receptor is
decreased in proportion to their BMI (9) and BMI in healthy subjects correlates
with striatal dopamine transporter availability (10). Obesity is tightly linked with
the risk of developing insulin resistance and T2D (11,12). The direct role of central
dopamine in the regulation of glucose metabolism and insulin sensitivity, however,
has been poorly studied in humans.
We designed a study to determine whether striatal dopamine influences glucose
metabolism and insulin sensitivity. Striatal dopamine concentrations can be altered
by the use of deep brain stimulation (DBS) of the subthalamic nucleus (STN). DBS of
the STN is successful in the treatment of Parkinson’s disease (PD) (15). Several
studies in rats show that DBS of the STN increases striatal dopamine concentration
and enhances striatal dopamine metabolism (16,17). We hypothesized that
increasing striatal dopamine concentrations would increase insulin sensitivity by
enhancing dopaminergic neurotransmission.
We measured basal glucose metabolism and hepatic insulin sensitivity, using a
hyperinsulinemic euglycemic clamp with stable isotopes, in patients with PD and
DBS of the STN in the stimulated and in the unstimulated situation.
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Methods

Patients
We included 7 male patients with stable Parkinson’s disease and bilateral deep
brain stimulation of the subthalamic nucleus. Patients were recruited from the
outpatient clinic of the department of Neurology of the Academic Medical Center,
Amsterdam, the Netherlands. Exclusion criteria were: age below 18 years, other
functional stereotactic neurosurgical interventions (e.g. pallidotomy), unstable
weight, psychosis, depression, alcoholism, dyslipidemia (primary or secondary
form), use of lipid lowering drugs, use of medication influencing glucose
metabolism, (except dopamine agonists), presence of type II diabetes mellitus, first
degree family member with type II DM, active smoking, renal insufficiency
(creatinine > 150 umol/L) or elevated liver enzymes.
Written informed consent was obtained from the patients after explanation of
purposes, nature and potential risks of the study. The study was approved by the
Medical Ethical Committee of the Academic Medical Center of the University of
Amsterdam.

Isotope studies and hyperinsulinemic euglycemic clamp
[6,6 ²H2]glucose (>99% enriched; Cambridge Isotopes, Andover, USA) was used to
measure endogenous glucose production (EGP) based on the principle of the
isotope dilution technique.
After an overnight fast the patients were admitted at the Metabolic Unit at 0830 h.
A catheter was inserted into an antecubital vein for infusion of stable isotope
tracers, insulin and glucose. Another catheter was inserted retrogradely into a
contralateral hand vein and kept into a thermo regulated (60ºC) plexiglas box for
sampling of arterialized venous blood. Saline was infused as NaCl 0,9% at a rate of
50 ml/h to keep the catheter patent. At T = 0 (0900 h) blood samples were drawn
for determination of the background enrichment. Then a primed continuous
infusion of the glucose isotope was started: [6,6 ²H2]glucose at a rate of 0.11
mol/kg min, with a priming dose of 8.8 umol/kg and continued until the end of

the study. After an equilibration time of 2 hours, 3 blood samples were taken for
isotope enrichments and 1 for glucoregulatory hormones and FFA. Thereafter, the
stimulator of the DBS STN remained either in the on situation or was turned off.
This was done in a single blinded way in random assignment by the treating
neurologist. The researcher performing the clamp was not aware of the on or off
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situation. For the next 3.5 hours, blood samples were taken every 30 minutes for
isotope enrichments and glucoregulatory hormones.
Then a hyperinsulinemic euglycemic clamp was started. A continuous infusion of
insulin (Actrapid 100U/ml, Novo Nordisk Farma B.V., Alphen aan den Rijn, the
Netherlands) was started for 2 hours and 10 minutes at a rate of 20 mU/m² body
surface area min. Plasma glucose levels were measured every 5 minutes at
bedside. Glucose 20% was infused at a variable rate to maintain a plasma glucose
of 5.0 mmol/l. [6,6 ²H2]glucose was added to the 20% glucose solution to achieve
glucose enrichments of 1% to approximate the values for enrichment reached in
plasma and thereby minimizing changes in isotopic enrichment due to changes in
the infusion rate of exogenous glucose (18). During the last 25 minutes of the
hyperinsulinemic period, 5 blood samples were drawn at 5 minute intervals for
determination of isotope enrichments, glucoregulatory hormones and FFA. During
the study, the patients were allowed to drink water only.
Within one month we performed the same study day with the DBS electrodes
either switched on or off.

Body composition and indirect calorimetry
Body composition was measured at the beginning of both study days using
bioelectrical impedance analysis (Maltron BF906; Maltron, Rayleigh, UK).
Oxygen consumption (VO2) and CO2 production (VCO2) were measured
continuously during 20 minutes of every hour of the first 3 hours and during the
final 20 minutes of the hyperinsulinemic euglycemic clamp by indirect calorimetry
using a ventilated hood system (Sensormedics model 2900; Sensormedics,
Anaheim, CA). The mean values of VO2 and VCO2 were used for the calculation of
glucose and fat oxidation.
All the patients took their dopaminergic medication at exactly the same time on
both study days.

Unified Parkinson’s disease Rating Scale
Every hour, Parkinson symptoms were measured using the Unified Parkinon’s
disease Rating Scale (UPDRS) motor section (19). The UPDRS is widely used for the
clinical evaluation of PD. A higher score denotes more severe PD symptoms. The
motor examination section concerns PD symptoms evaluation. The best score is 0
and the worst score 108.
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Analytical procedures
Plasma glucose concentrations were measured with the glucose oxidase method
using a Biosen C line plus glucose analyser (EKF Diagnostics, Barbleben/Magdeburg,
Germany). [6,6 2H2]Glucose enrichment was measured as described earlier (20).
[6,6 2H2]Glucose enrichment (tracer/tracee ratio) intraassay variation was 0.5–1%
with an interassay variation of 1% and detection limit of 0.04%. Plasma
concentrations of insulin and cortisol were determined on an Immulite 2000
system (Diagnostic Products Corp., Los Angeles, CA). Insulin concentrations were
measured with a chemiluminescent immunometric assay with intraassay variation
of 3–6%, interassay variation of 4–6%, and detection limit of 15 pmol/l. Cortisol
concentrations were measured with a chemiluminescent immunoassay with
intraassay variation of 7–8%, interassay variation of 7–8% and detection limit of 50
nmol/l. Plasma glucagon concentrations were determined with the Linco 125I RIA
(Linco Research, St. Charles, MO) with an intraassay variation of 9–10%, interassay
variation of 5–7%, and detection limit of 15 ng/l. Plasma concentrations of
epinephrine and norepinephrine were measured with an in house HPLC method.
Intraassay variation for norepinephrine: 2%; epinephrine 9%; interassay variation
norepinephrine was 10% and for epinephrine was 14–18%; detection limit was 0.05
nmol/l. Plasma FFA concentrations were determined with an enzymatic
colorimetric method (NEFA C test kit; Wako Chemicals GmbH, Neuss, Germany)
with intraassay variation of 1%, interassay variation of 4–15%, and detection limit
of 0.02 mmol/l.

Calculations and statistics
EGP was calculated using the modified forms of the Steele Equations as described
previously (18,21) and expressed as umol/kgFFM/min.
Resting energy expenditure (REE) and glucose and fat oxidation rates were
calculated from O2 consumption and CO2 production as reported previously (22).
SPSS version 18.0 (SPSS, Chicago, IL, USA) was used for statistical analysis. If
measured values were below limit of detection, for the calculations half of the limit
of detection value was used.
To investigate the influence of DBS on basal levels of EGP, glucose, glucoregulatory
hormones and REE, linear mixed effect models were used to analyze group
differences during the first 3,5 hours after start of the intervention. Baseline values
as confounding factor were included in the model as covariates. The dependency of
the measurements within the same subject was accounted for by including subject
specific variables. Different covariance structures were explored, and the model
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with the best fit was used. Interaction terms between groups and group and time
points were used to examine group related differences between the stimulated
and unstimulated condition. For each of the models, the residuals were normally
distributed (Wilk Shapiro’s W > 0.90) and showed constant variance.
Comparison of the clamp data within subjects, between the stimulated and
unstimulated condition, were done using the Wilcoxon signs rank test.
A p value of < 0.05 was considered statistically significant and a p value of < 0.1
was considered as a trend. Data are presented as median (minimum–maximum).

Results
Patient characteristics
We included 7 male patients who were diagnosed with Parkinson’s disease and
treated with bilateral DBS in the STN. Their baseline characteristics are summarized
in Table 1. 1 patient only completed the first study day due to medical problems
not related to this study.

Table 1. Patient characteristics

N 7
Age (yr) 59 [44 65]
Height (cm) 183.5 [173 189]
Weight (kg) 88.5 [67.9 118.6]
BMI (kg/m²) 26.45 [22.7 33.2]
Fat mass (%) 31.65 [21.0 39.0]
Lean mass (%) 68.35 [53.7 71.8]
Data are presented as median [min max].

Basal glucose metabolism
During the first 3.5 hours, plasma glucose and plasma insulin levels were
comparable between the two study days (Figure 1). Basal EGP during the first 3.5
hours did not differ between the stimulated and unstimulated condition (Figure 2).
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Figure 1. Basal plasma glucose and glucoregulatory hormones. DBS switched on ( )
and switched off ( ). Data are expressed as median ± SEM.

Figure 2. Basal endogenous glucose production. DBS switched on ( ) and switched
off ( ).Data are expressed as median ± SEM.

Hepatic insulin sensitivity
There were no significant differences in plasma concentrations of glucose or insulin
during the hyperinsulinemic euglycemic clamps on both study days (Table 2).
Insulin mediated suppression of EGP, expressed as the percentage of basal EGP
was similar in both conditions, stimulated 78 [68 97] % vs. unstimulated 76 [71 97]
%, P = 0.735 (Fig 2a).
.
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Table 2. Clamp measurements
on off P

Gluccose (mmol/L) 5.09 [4.8 5.21] 5.01 [4.92 5.13] 0.753
EGP (umol/kg.min) 2.22 [0.39 3.63] 2.07 [0.34 3.53] 0.735
Insulin (mmol/L) 191 [149 283] 191 [167 244] 0.176
Glucagon (umol/L) 40 [20 54] 37 [29 62] 0.127
Cortisol (umol/L) 213 [121 306] 281 [141 342] 0.398
REE (kcal/day) 1718 (1292 1887) 1850 (1352 2030) 0.043

Table 2. Measurements during the hyperinsulinemic euglycemic clamp. Data are
expressed as median [min max].

 
Figure 2a. Hepatic insulin sensitivity. DBS switched on ( ) and switched off ( ), p = 0.735

UPDRS and indirect calorimetry
As expected, Parkinson symptoms measured using the UPDRS, were significantly
higher when the DBS was switched off during the entire study day DBS group
interaction, measured with repeated measurements, was significant, p = 0.022.
(Figure 3).
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Figure 1. Basal plasma glucose and glucoregulatory hormones. DBS switched on ( )
and switched off ( ). Data are expressed as median ± SEM.

Figure 2. Basal endogenous glucose production. DBS switched on ( ) and switched
off ( ).Data are expressed as median ± SEM.
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was similar in both conditions, stimulated 78 [68 97] % vs. unstimulated 76 [71 97]
%, P = 0.735 (Fig 2a).
.
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Table 2. Clamp measurements
on off P

Gluccose (mmol/L) 5.09 [4.8 5.21] 5.01 [4.92 5.13] 0.753
EGP (umol/kg.min) 2.22 [0.39 3.63] 2.07 [0.34 3.53] 0.735
Insulin (mmol/L) 191 [149 283] 191 [167 244] 0.176
Glucagon (umol/L) 40 [20 54] 37 [29 62] 0.127
Cortisol (umol/L) 213 [121 306] 281 [141 342] 0.398
REE (kcal/day) 1718 (1292 1887) 1850 (1352 2030) 0.043

Table 2. Measurements during the hyperinsulinemic euglycemic clamp. Data are
expressed as median [min max].

 
Figure 2a. Hepatic insulin sensitivity. DBS switched on ( ) and switched off ( ), p = 0.735

UPDRS and indirect calorimetry
As expected, Parkinson symptoms measured using the UPDRS, were significantly
higher when the DBS was switched off during the entire study day DBS group
interaction, measured with repeated measurements, was significant, p = 0.022.
(Figure 3).
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Figure 3. Severity of PD symptoms, measured by the Unified Parkinson’s Disease Rating
Scale. DBS switched on ( ) and switched off ( ). Data are expressed as median ± SEM.
P = 0.022, DBS effect with repeated measurements.

Figure 4. Basal resting energy expenditure. DBS switched on ( ) and switched off ( ).
Data are expressed as median ± SEM. P = 0.018, DBS*time interaction with repeated
measurements.

There were significant differences in resting energy expenditure (REE) during the
first 3 hours between the stimulated and unstimulated condition. DBS*time
interaction, measured with repeated measurements, significantly differed between
the 2 groups, p = 0.018 (Fig 4). DBS group interaction was not significant.
During the hyperinsulinemic euglycemic clamp, REE was significantly higher in the
unstimulated condition (REE on 1718 [1292 1887] vs. off 1850 [1352 2030 kcal/24
hrs], P = 0.043) (Table 2). No differences were found in respiratory quotient (RQ),
glucose and fat oxidation rates, in the basal state or in the hyperinsulemic state
(data not shown).
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Glucoregulatory hormones
There were no differences in glucoregulatory hormones in the basal state or during
the hyperinsulinemic euglycemic clamp, between the stimulated and the
unstimulated condition (Figure 1, table 2).

Discussion
We aimed to determine whether an alteration of striatal dopamine would affect
basal glucose metabolism and/or hepatic insulin sensitivity in humans. It has been
shown that central dopamine has an effect on glucose metabolism and insulin
sensitivity in animals, via the autonomic nervous system (ANS) (11). To our
knowledge, the influence of striatal dopamine on insulin sensitivity in humans has
never been studied before.
We here show that deep brain stimulation of the subthalamic nucleus in patients
with Parkinson’s disease, which causes striatal dopamine concentration to increase
(16,17), does not have an acute effect on basal plasma concentrations of glucose
and insulin, basal endogenous glucose production nor on hepatic insulin sensitivity.
Furthermore, DBS STN does not have an effect on other glucoregulatory hormones.
We hypothesized that an increase in striatal dopamine would have an effect on
glucose metabolism and/or insulin sensitivity, possibly with involvement of
hypothalamic control centres, via current spread or via increased dopaminergic
activity caused by DBS, through fibre bundles crossing the STN. The hypothalamus
is an important mediator in the regulation of glucose metabolism. Not only through
innervation of the liver, where it regulates endogenous glucose production and
hepatic insulin sensitivity (23,24), recent findings have shown that the
hypothalamus is also involved in regulating glucose uptake in skeletal muscle
(25,26). However, our data show that DBS STN does not have an acute effect on
glucose metabolism and hepatic insulin sensitivity. It still has to be determined
whether DBS STN would have long term effects on glucose metabolism and insulin
sensitivity. The prevalence of type II diabetes in patients with DBS of the STN is not
known and difficult to interpret, because most of these patients with Parkinson’s
disease gain weight after placement of the DBS, which might disguise any
favourable effect of the DBS itself. Furthermore, most patients also decrease their
levodopa medication after DBS placement. It has been shown that dopamine
agonists improve glycaemic control and insulin action (5).
Even on the long term, involvement of the hypothalamus in DBS STN might
contribute to the effects.
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Figure 3. Severity of PD symptoms, measured by the Unified Parkinson’s Disease Rating
Scale. DBS switched on ( ) and switched off ( ). Data are expressed as median ± SEM.
P = 0.022, DBS effect with repeated measurements.
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measurements.
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Hypothalamic control centres also regulate resting energy expenditure (REE). REE
has been found to be decreased after placement of DBS (28). In our study, basal
REE significantly differed between the stimulated and the unstimulated condition,
measured with repeated measurements. However, no specific effect on basal REE
was observed with DBS. During stimulation REE slightly increased with respect to
the unstimulated condition. During hyperinsulinemia, however, REE was
significantly lower with DBS. The lower rate of REE when applying DBS is in line
with other studies on DBS STN and could explain the weight gain often observed
after DBS placement. It has been postulated that this is a consequence of the
decrease in energy expenditure resulting from correction of the PD symptoms and
the attendant excessive energy expenditure (29). However, our findings in the
acute situation do not fully support this theory. In our study it is unlikely that the
decrease in REE is solely explained by an increase in UPDRS scores because the
Parkinson symptoms increased immediately after switching off the DBS electrodes
during the basal state and remained stable or even decreased during the study
days. Furthermore, we found no correlation between PD symptoms and resting
energy expenditure (data not shown).
The significant decrease in REE during hyperinsulinemia suggests an additional PD
symptoms independent mechanism. Also, recent studies have demonstrated that
the body weight gain after DBS placement exceeds the normalisation of body
weight loss related to motor impairment, pointing to an effect on the homeostatic
control centres (30,31).
Hyperinsulinemic REE, or postprandial energy expenditure, depends on nutrient
intake content and diet induced thermogenesis. Diet induced thermogenesis is
estimated about 10 % of the total caloric intake and is determined by substrate
oxidation rates. Studies on DBS STN in humans have shown an acute reduction in
lipid and protein oxidation rates during stimulation (28). We did not find a
significant difference in lipid and glucose oxidation rates, not in the basal state nor
during hyperinsulinemia, however, we did not measure protein oxidation rates.
REE and diet induced thermogenesis are under control of the hypothalamus via the
sympathetic nervous system (32). Dopamine mediates this regulation by
modulating the release of norepinephrine from the sympathetic terminals and the
epinephrine secretion from the adrenal medulla. Sympathetic nervous activity is
increased when dopamine D2 receptors are inhibited (33). It has already been
shown that by blocking these D2 receptors with dopamine antagonists, a
hyperactivity of the sympathetic nervous system occurs (34). In contrast,
bromocriptine, a D2 dopamine agonist, is known to decrease sympathetic nervous
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system activity. According to several human and animal studies bromocriptine
augments the dopamine concentration in the hypothalamus (5,35) and regulates
ANS activity. Involvement of hypothalamic control centres seems unlikely
however, while we did not observe an effect of DBS STN on glucose metabolism.
Not only the hypothalamus, but also the prefrontal cortex (PFC) influences
thermogenesis through the ANS (36). The PFC plays an important part in DBS STN.
For instance, it has been shown that DBS STN induces activation of the PFC (37).
Also, DBS STN inhibits serotonin release in the PFC during stimulation (38).
Experimental studies show direct connections between the STN and the PFC.
(39,40). Our data imply that not the hypothalamus, but the PFC might be involved
in DBS STN and that modulation of dopamine concentrations due to electric
stimulation or direct activation of nearby brain areas due to current spread, could
influence thermogenesis through the sympathetic nervous system. Involvement of
the PFC in DBS STN might also explain the frontal behavioural dyscontrol and
impulse control disorders often seen in patients with Parkinson’s disease treated
with DBS STN (41,42).

Conclusion
Deep brain stimulation of the subthalamic nucleus does not have an acute effect on
basal glucose metabolism or hepatic insulin sensitivity. It decreases REE during
hyperinsulinemia, which might explain the increase in weight often seen in patients
with Parkinson’s disease after DBS placement. Future studies are needed to
determine the long term effects of DBS of the STN on these parameters.
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