SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
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INTRODUCTION

Insulin resistance is the pathophysiological hallmark of obesity, nonalcoholic fatty liver disease, and type 2 diabetes (1, 2). Whereas genetics, lifestyle, and cellular defects in adipocytes, hepatocytes, and
skeletal myocytes have been the focus of study for many years (3), the
brain has also emerged as an important regulator of systemic glucose
and energy metabolism (4, 5). The role of the hypothalamus in maintaining glucose homeostasis and energy balance is now well established (6, 7), and other brain areas may be involved as well (8, 9). In
this regard, the ventral striatum, an area involved in motivated behavior
and in human obesity (10), is of particular interest and may play a role
in obesity-related changes in glucose control. However, precisely how
this region is involved in systemic glucose control is unknown.
The nucleus accumbens (NAc), a region in the ventral striatum
with dense projections to the hypothalamus (11), is involved in motivation, reward, and addiction (12–16). There is also increasing evidence that striatal dopamine plays a role in the regulation of energy
homeostasis. We, and others, have shown that striatal dopamine D2/3
receptor (D2/3R) availability is reduced in obese insulin-resistant humans (17, 18) and increases after long-term bariatric surgery–induced
weight loss (19). Neurons in the NAc can be activated or inhibited by
glucose (20), and sucrose administration to rodents stimulates dopamine release within the NAc (21, 22). Striatal dopamine activity may
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also be involved in systemic glucose control. Intracerebroventricular
administration of bromocriptine, a potent dopamine D2 receptor (D2R)
agonist, to obese hamsters improves glucose tolerance and insulin
sensitivity (23), and systemic bromocriptine administration to humans improves glucose metabolism in some (24, 25), but not in all,
trials (26); however, the sites and mechanisms of action are unknown.
Moreover, observational data on possible associations between striatal
dopamine receptor availability, measures of glucose metabolism, and
insulin action in humans have been inconsistent (27–30), and there
is a need for more direct evidence from translational studies.
The introduction of deep brain stimulation (DBS) in humans has
enabled specific modulation of one or more brain areas in vivo (31),
thereby providing a powerful tool for translational neuroscience. In
recent years, DBS has emerged as a safe and effective treatment option for pharmacoresistant obsessive-compulsive disorder (OCD)
(32, 33), with the most effective stimulation area located at the border of the NAc core and ventral anterior limb of the internal capsule
(vALIC) (34). We have recently shown that vALIC-DBS acutely reduces striatal D2/3R binding potential (BP) and chronically increases
plasma homovanillic acid concentrations in OCD patients (34), indicating that it increases occupancy of the D2/3R by enhancing endogenous dopamine release. Therefore, these patients offer a unique
in vivo model to study whether striatal dopamine release affects glucose metabolism in human subjects.
Here, we present the case of an obese patient with type 2 diabetes
who displayed strongly reduced insulin requirements after treatment
with bilateral vALIC-DBS for his concomitant OCD. We confirm that
vALIC-DBS, which induces striatal dopamine release (34), increased
insulin sensitivity in this patient and in nondiabetic patients. Conversely, systemic dopamine depletion, which effectively reduces striatal
dopamine concentrations (35), reduced insulin sensitivity in healthy
subjects. In rodents, optogenetic activation of dopamine D1 receptor
(D1R)–expressing cells in the NAc increased glucose tolerance and
insulin sensitivity. Together, these data show that striatal neuronal
activity is involved in whole-body glucose homeostasis.
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The brain is emerging as an important regulator of systemic glucose metabolism. Accumulating data from animal and observational human studies suggest that striatal dopamine signaling plays a role in glucose regulation, but direct evidence in humans is currently lacking. We present a series of experiments supporting the
regulation of peripheral glucose metabolism by striatal dopamine signaling. First, we present the case of a diabetes patient who displayed strongly reduced insulin requirements after treatment with bilateral deep brain
stimulation (DBS) targeting the anterior limb of the internal capsule. Next, we show that DBS in this striatal
area, which induced dopamine release, increased hepatic and peripheral insulin sensitivity in 14 nondiabetic
patients with obsessive-compulsive disorder. Conversely, systemic dopamine depletion reduced peripheral insulin sensitivity in healthy subjects. Supporting these human data, we demonstrate that optogenetic activation
of dopamine D1 receptor–expressing neurons in the nucleus accumbens increased glucose tolerance and insulin sensitivity in mice. Together, these findings support the hypothesis that striatal neuronal activity regulates
systemic glucose metabolism.
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RESULTS

Targeting the striatum with vALIC-DBS increases hepatic
and muscle insulin sensitivity
To test whether DBS treatment directly affects glucose metabolism, we
recruited 14 OCD patients with bilateral vALIC-DBS (Table 2). We
determined basal and insulin-mediated glucose fluxes on two occasions:
once while the DBS was switched off for 17 hours (unstimulated state)
and once while the DBS was switched on for 17 hours (stimulated state).
vALIC-DBS lowered fasting plasma insulin concentrations (table
S1) without affecting basal EGP (Fig. 1A). As a consequence, the product of fasting insulin and basal EGP, an index of hepatic insulin resistance (38), was reduced by vALIC-DBS [964 ± 206 pM (mol kgFFM−1
min−1) versus 555 ± 141 pM (mol kgFFM−1 min−1); P = 0.016],
suggesting that basal hepatic insulin sensitivity was increased by DBS.
During a two-step hyperinsulinemic-euglycemic clamp protocol
(see Materials and Methods), insulin-mediated suppression of EGP
during low-dose insulin infusion (step 1) increased upon stimulation
(Fig. 1B). During high-dose insulin infusion (step 2), the insulin-
stimulated Rd of glucose was also higher when the DBS was
switched on (Fig. 1C). In addition, DBS induced a reduction in plasma
FFA concentrations (table S1), suggesting an increase in adipose tissue
insulin sensitivity (39), and a shift from fat to carbohydrate oxidation
during hyperinsulinemic conditions, consistent with increased glucose disposal. Stimulation also decreased plasma glucagon concentrations during hyperinsulinemia, whereas plasma concentrations of
insulin, cortisol, epinephrine, and norepinephrine were not moduter Horst et al., Sci. Transl. Med. 10, eaar3752 (2018)
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Table 1. Metabolic parameters of a 55-year-old diabetes patient with
vALIC-DBS. Indicators of improved insulin sensitivity are highlighted in bold.
Unstimulated
(DBS off)

Stimulated (DBS on)

Height (cm)

171

Weight (kg)

123

2

BMI (kg/m )

42

Body fat content (%)
Glucose (mM)*

41
6.9

6.9

Insulin (pM)*

265

206

FFAs (mM)*

0.47

0.38

9.84

9.96

EGP (mol kg−1 min−1)*
†

Glucose (mM)

5.3

5.0

Insulin (pM)†

340

378

Glucagon (ng/liter)†

96

99

Suppression of
EGP (%)†

37

47

Suppression of
FFAs (%)†

11

18

Glucose Rd
(mol kg−1 min−1)†

6.8

7.3

Glucose (mM)‡

4.8

5.0

Insulin (pM)‡

540

529

Glucagon (ng/liter)‡

90

90

Suppression of
EGP (%)‡

68

75

Suppression of
FFAs (%)‡

55

66

Glucose Rd
(mol kg−1 min−1)‡

9.1

10.9

2258

2418

Resting energy
expenditure
(kcal/day)

*In the basal state, after an overnight fast.   †During step 1 of the clamp
‡
During step 2 of the clamp
(insulin infusion dose, 20 mIU m−2 min−1).   
(insulin infusion dose, 40 mIU m−2 min−1).

lated. These results support the hypothesis that vALIC-DBS increases hepatic, adipose tissue, and muscle insulin sensitivity in nondiabetic OCD patients.
Psychiatric evaluation showed that DBS decreased signs of anxiety,
depression, obsessions, and compulsions (table S2); however, we did
not observe any correlation between insulin sensitivity and psychiatric
responses to DBS treatment.
Long-term obesity is associated with changes in the striatal dopamine
system (17, 18). Therefore, we assessed whether the effects of vALIC-
DBS on glucose metabolism are dependent on body weight status.
Seven of 14 patients were lean [body mass index (BMI) <25 kg/m2],
and 7 patients were overweight/obese (BMI ≥25 kg/m2) (Table 2). DBS
reduced striatal D2/3R availability in lean, but not in overweight/obese,
subjects (Fig. 1D), suggesting that the treatment induced significantly
more striatal dopamine release in lean subjects (P = 0.018 for  D2/3R
BP in lean versus overweight/obese subjects). In agreement, DBS exerted a more pronounced effect on peripheral insulin sensitivity in lean
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Insulin sensitivity is increased in a diabetes patient
after vALIC-DBS
A 55-year-old man with severe OCD symptoms since childhood was
treated with bilateral DBS at 53 years of age. He was diagnosed with
insulin-dependent type 2 diabetes 5 years before DBS placement. Before DBS treatment, his diabetes was managed with metformin and
insulin (total daily dose of 226 IU), whereas his total daily insulin dose
was reduced by 46 IU after the start of DBS treatment. This led to the
intriguing hypothesis that vALIC-DBS improves insulin sensitivity.
The patient did not lose weight after DBS treatment but did stop taking
quetiapine, an atypical antipsychotic that is known to be associated
with increased diabetes risk (36). To test whether DBS directly affected
glucose metabolism in this patient, we determined basal and insulin-
mediated glucose fluxes (assessed by a two-step hyperinsulinemic-
euglycemic clamp using [6,6-2H2]glucose as tracer) on two occasions:
once while the DBS was switched off for 17 hours (unstimulated state)
and once while the DBS was switched on for 17 hours (stimulated state).
The patient was instructed to stop his usual medication, including insulin, 1 day before each of the two study days, which were scheduled
1 month apart. His clinical characteristics and clamp results are presented in Table 1. The fasting plasma glucose concentration and basal
rate of endogenous glucose production (EGP) did not differ between
unstimulated and stimulated conditions. In contrast, fasting plasma
insulin was lower during DBS, suggesting higher insulin sensitivity
(37). Accordingly, DBS was associated with increased suppression of
EGP, suppression of free fatty acids (FFAs), and glucose disposal [rate
of disappearance (Rd)], indicating that, in this patient, electric stimulation along the vALIC is associated with increased hepatic, adipose
tissue, and muscle insulin sensitivity, respectively. Steady-state plasma
concentrations of glucose, insulin, and glucagon were similar between
both clamp days. Overall, this case suggested that striatal DBS may improve insulin action on multiple target tissues.

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
Table 2. Characteristics of OCD patients with vALIC-DBS. Data are count, means ± SD, or median (interquartile range), depending on type and distribution.
Overweight/obesity was defined as BMI ≥25 kg/m2. HDL, high-density lipoprotein; LDL, low-density lipoprotein; AST, aspartate aminotransferase; ALT, alanine
aminotransferase.
Men/women

Overall (n = 14)

Lean (n = 7)

Overweight/obese (n = 7)

P*

8/6

4/3

4/3

1.000

Age (years)

45 (40–51)

43 (38–49)

45 (41–53)

0.535

Length (cm)

175 ± 10

175 ± 8

175 ± 13

1.000

Weight (kg)

82 ± 17

73 (67–78)

93 (82–102)

0.011

BMI (kg/m )

27.0 ± 5.4

24.0 (22.3–24.7)

30.4 (26.7–30.6)

0.001†

Body fat content (%)

30.8 ± 9.1

25.0 (21.5–28.3)

33.7 (32.7–35.8)

0.004

Glucose (mM)‡

4.9 ± 0.7

4.7 ± 0.7

5.2 ± 0.7

0.150
0.209

2

Insulin (pM)‡

45 (8–81)

79 (44–144)

1.2 (0.6–2.2)

0.9 (0.5–1.3)

2.2 (1.1–2.4)

0.053

Cholesterol (mM)‡

4.6 ± 1.1

5.0 ± 1.1

4.3 ± 1.1

0.271

HDL (mM)‡

1.2 ± 0.4

1.4 ± 0.4

1.0 ± 0.2

0.054

LDL (mM)‡

2.8 ± 1.1

3.2 ± 1.2

2.5 ± 0.9

0.275

AST (U/liter)

24 ± 8

25 ± 7

23 ± 10

0.687

ALT (U/liter)

23 (13–33)

24 (18–39)

18 (13–28)

0.456

*Lean versus overweight/obese.   †By study design.   ‡In the basal state, after an overnight fast.

Table 3. Characteristics of healthy men in dopamine depletion
experiments (n = 10). Data are means ± SD.
Age (years)

23 ± 3

Length (cm)

183 ± 5

Weight (kg)

74 ± 8

2

BMI (kg/m )

22.0 ± 1.9

Body fat content (%)

15.4 ± 4.3

subjects (Fig. 1E). We did not observe differential effects of DBS on
hepatic insulin sensitivity (Fig. 1F), suggesting that central control of EGP
may involve additional factors independent from dopamine release.
Dopamine depletion reduces insulin sensitivity
If striatal dopamine release increases hepatic and muscle insulin sensitivity, we would expect that reducing striatal dopamine concentration
reduces insulin sensitivity. To test this hypothesis, we recruited 10 healthy
lean men (Table 3) and determined basal and insulin-mediated glucose fluxes on two occasions in a randomized controlled crossover
design: once during conditions of systemic dopamine depletion and
once during control conditions. Acute systemic dopamine depletion
can be achieved by pharmacological inhibition of tyrosine hydroxylase,
the rate-limiting enzyme in endogenous dopamine synthesis (40), using
the inhibitor -methyl-para-tyrosine (AMPT). This method has been
shown to effectively increase striatal D2/3R availability and thus reduce
striatal dopamine concentrations in humans (35). Treatment with AMPT
reduced plasma homovanillic acid (Fig. 2A) and increased plasma
prolactin concentrations throughout the AMPT study day (Fig. 2B),
indicating that dopamine is successfully reduced (41).
AMPT did not affect basal EGP (Fig. 2C) or hepatic insulin sensitivity (Fig. 2D) but decreased the insulin-stimulated Rd of glucose
ter Horst et al., Sci. Transl. Med. 10, eaar3752 (2018)
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(Fig. 2E). The results indicate that acute systemic dopamine reduction decreases peripheral insulin–mediated glucose uptake, which
primarily reflects muscle insulin sensitivity (42), in healthy subjects.
The data are also consistent with the notion that central control of
EGP may involve additional factors.
Analysis of metabolic parameters showed that AMPT administration increased plasma insulin and decreased plasma catecholamines
during low-dose insulin infusion (table S3). Blood pressure, heart rate,
low-frequency (LF) variability, high-frequency (HF) variability, or
LF/HF ratio in either the supine or upright position was not modulated by AMPT (table S4).
Optogenetic activation of NAc D1R+ neurons improves
glucose tolerance in mice
The present human studies suggest that there is a link between striatal dopamine and glycemic control. To investigate the mechanism
mediating this effect, we evaluated whether direct optogenetic activation of D1R-expressing neurons affects glucose tolerance and insulin sensitivity in mice. To this end, we expressed the excitatory opsin
channelrhodopsin-2 (hChR2) in D1R-expressing neurons in the NAc
in vivo in adult mice (n = 9) to allow for specific light-mediated activation of D1R+ neurons (fig. S1, A to C). We chose to target the NAc
because DBS of this ventral striatal nucleus previously modulated glucose metabolism in rodents (43, 44).
Activation of D1R+ neurons in the NAc enhanced glucose clearance
during an intraperitoneal glucose tolerance test (IPGTT) (Fig. 3A).
All mice were tested under light-activated (laser on) and control (laser
off) conditions in a controlled crossover design (see Materials and Methods). Fasting glucose concentrations did not differ between these
conditions (9.2 ± 0.7 mM versus 10.0 ± 0.7 mM; P = 0.471). After glucose administration, all mice displayed a rapid rise in blood glucose at
15 min. At 30 and 60 min, light-induced stimulation of D1R-expressing
neurons reduced plasma glucose concentrations, indicating that
3 of 10

Downloaded from http://stm.sciencemag.org/ by guest on November 20, 2019

59 (31–86)

Triglycerides (mM)‡

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
tabolism. Using a unique human cohort
to study acute striatal dopamine release
in vivo (34), we show that hepatic and
peripheral insulin sensitivity are acutely
regulated by vALIC-DBS in nondiabetic
OCD patients, suggesting that striatal dopamine release enhances whole-body insulin sensitivity. Consistent with this finding,
we also show that AMPT-mediated dopamine reduction, which effectively reduces
intrasynaptic dopamine concentrations in
the striatum (35, 45), produced the opposite response, reducing peripheral insulin
sensitivity in healthy subjects. This effect was likely not mediated by peripheral
D
E
F
AMPT effects on glucoregulatory hormones or by effects on the cardiovascular
system as reflected by the lack of changes
in spectral heart rate variability (46, 47).
Finally, in support of our human data, we
observed increased glucose clearance when
we activated D1R-expressing neurons in
the rodent NAc, suggesting that activating this specific brain region is sufficient
to modulate whole-body glucose control.
Overall, these translational observations
support a mechanism by which striatal
dopamine signaling may physiologically
regulate systemic glucose metabolism.
Relationships between the central dopamine system, food intake, obesity, and
insulin sensitivity in humans have been
Fig. 1. Effect of vALIC-DBS on insulin sensitivity in nondiabetic OCD patients. (A to F) Bar graphs showing the
proposed before, but it has been difficult
effect of vALIC-DBS on basal rate of EGP assessed after an overnight fast (A), insulin-mediated suppression of basal
to establish the underlying mechanisms
EGP (B), insulin-stimulated Rd of glucose (C), striatal dopamine release in lean and overweight/obese subjects (P =
as well as their directionality. Although
0.018 for  D2/3R BP in lean versus overweight/obese subjects) (D), peripheral insulin sensitivity in lean and obese
subjects (E), and hepatic insulin sensitivity in lean and obese subjects (F). n = 13 to 14. Data are means ± SEM. *P < 0.05
obesity has been suggested to be a hypo
by two-sided paired t tests (A to C) or Wilcoxon signed-rank test (D and E); **P < 0.01 by two-sided paired t test.
dopaminergic state, where decreased
dopamine-mediated reward may drive excessive food intake (17), human association
activation of NAc D1R+ neurons increased glucose tolerance. The studies do not imply causality. Moreover, studies on the correlation
effects of laser stimulation on blood glucose were observed only in between BMI and striatal D2/3R or dopamine transporter availability
the context of glucose tolerance testing, because laser stimulation did produced mixed results, likely due to the presence of confounding
not lower blood glucose concentrations in saline-injected animals factors, including differences in obesity-related insulin sensitivity (27–29).
(n = 4) (Fig. 3A). Some mice were retested again under control con- Here, we used three different interventional settings to demonstrate
ditions to assess the potential contribution of the ordering of experi- how the modulation of striatal or dopaminergic systems affects glucose metabolism, independent of effects of obesity on dopamine and
mentation, and no differences were observed.
Plasma insulin concentrations at 30 min after glucose administra- independent of striatal/dopaminergic effects on the regulation of food
tion did not differ between stimulated and unstimulated conditions intake and body weight.
The central nervous system, in general, and dopamine, in partic(Fig. 3B), suggesting that enhanced glucose tolerance was likely due
to higher insulin sensitivity rather than increased insulin secretion. ular, have been shown to mediate brain output to control peripheral
This experiment suggests that activation of NAc D1R+ neurons acutely glucose metabolism in animals. Interventions that directly target the
increases glucose clearance by enhancing insulin sensitivity, further central dopamine system, including DBS of the NAc shell (43, 44),
supporting the link between striatal dopamine signaling and glycemic infusion of the selective dopamine reuptake inhibitor vanoxerine
into the NAc shell (48), and central bromocriptine administration
control.
(23), modulate peripheral metabolism in rodent models. Our human
data provide additional evidence in support of the central regulation
of glucose metabolism.
DISCUSSION
In this series of human and rodent experiments, we show that modThe observation that activation of D1R+ neurons in the rodent
ulating striatal and systemic dopamine affects whole-body glucose me- NAc was sufficient to improve glucose tolerance suggests a key role
A

B
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E

for striatal neuronal activity in the central regulation of metabolism.
Nevertheless, the extent to which the NAc and/or its surrounding regions mediate such effects in humans remains to be elucidated. We
highlight that DBS and AMPT are relatively crude translational interventions, and their effects on insulin sensitivity may involve the
direct modulation of NAc dopamine neurons as well as the activation or inhibition of brain regions that receive neuronal projections
from the NAc. In this regard, the hypothalamus is a likely candidate
that might be involved in these effects, because (i) it receives dense
projections from the NAc (11); (ii) we have previously shown that
DBS of NAc shell increases c-Fos, a marker for neuronal activity, in
the lateral hypothalamus in rats (43); and (iii) it has been shown to
control glucose metabolism via autonomic nervous projections to
peripheral tissues, including the liver, pancreas, adipose tissue, and
muscle (49–54). Together, our results support previous findings suggesting key roles for the striatum and hypothalamus in integrating
metabolic input (nutrient, hormone, and energy sensing) and output
(central regulation of systemic metabolism) (5).
We observed that vALIC-DBS improved peripheral insulin sensitivity in lean OCD patients, in association with striatal dopamine
release, whereas DBS did not significantly alter striatal D2/3R availability or insulin sensitivity in the overweight/obese subgroup.
Although these data may suggest that there is no effect of DBS on
striatal dopamine release in obese subjects, we acknowledge that single-
photon emission computed tomography (SPECT) may not be sensitive enough to detect smaller changes in dopamine release and
ter Horst et al., Sci. Transl. Med. 10, eaar3752 (2018)
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that, in overweight/obese subjects, DBS may have induced a slight
increase in extracellular dopamine below this threshold; however,
obese individuals also display reduced striatal dopamine release in
response to amphetamine (55) or food-related stimuli (56, 57). These
observations support the hypodopaminergic hypothesis of obesity
development, where decreased dopaminergic activity may contribute
to compensatory overconsumption (17). Our data suggest that decreased central dopamine signaling may also contribute, in part, to
obesity-related insulin resistance. A better understanding of the central glucose–controlling mechanisms may open up new avenues for
the prevention and treatment of insulin resistance and type 2 diabetes.
Some nuances and limitations with respect to our findings should
be discussed. First, the downstream neuronal circuits underlying the
observed effects remain to be elucidated, and other neurotransmitters
that may be affected by striatal DBS should be considered. In animals,
stimulation of the NAc shell increases concentrations of both dopamine
and serotonin (58, 59). It is currently unknown whether DBS in this
region induces serotonin release in humans, but evidence from multiple species supports a role for serotonin signaling in the control of
glucose metabolism (60–63). Other neurotransmitters, including glutamate and GABA (-aminobutyric acid) (64–66), are also affected
by DBS of the NAc area and may be involved in its glucoregulatory
effects. In light of this, facilitation of glutamatergic NMDA (N-methyl-
d-aspartate) receptor–mediated neurotransmission by pharmacological
increase of extracellular glycine, an essential co-agonist, has recently
been shown to improve glucose tolerance and energy homeostasis
(9). Here, (i) striatal dopamine release and peripheral insulin sensitivity
were differentially regulated by DBS in lean and obese patients,
whereas the DBS effect on hepatic insulin sensitivity was similar in
lean and obese patients; (ii) pharmacological dopamine reduction
with AMPT acutely reduced peripheral, but not hepatic, insulin
sensitivity; and (iii) D1R+ neuronal activation in mice enhanced glucose
clearance, but did not lower fasting blood glucose, which is primarily
determined by EGP. These findings suggest that central control of
EGP may involve additional factors.
A second limitation involves the debated effects of DBS at circuit
level. The vALIC contains descending glutamatergic fibers from the
ventromedial prefrontal cortex and the medial orbitofrontal cortex
(67, 68). Dorsal fibers within this ventral part of the internal capsule
5 of 10
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Fig. 2. Effect of dopamine reduction on insulin sensitivity in healthy subjects.
(A) Effect of AMPT administration on plasma homovanillic acid. (B) Effect of AMPT
administration on plasma prolactin. The arrows indicate the times of AMPT administration. (C to E) Bar graphs showing basal EGP (C), insulin-mediated suppression
of basal EGP (D), and insulin-stimulated Rd of glucose (E). n = 10. Data are means ±
SEM. *P < 0.05 by two-sided paired t test; **P < 0.01 by Wilcoxon signed-rank test;
***P < 0.001 by two-sided paired t tests.

Fig. 3. Effect of optogenetic activation of NAc D1R+ neurons on glucose tolerance in transgenic mice. (A) Effect of optical stimulation of NAc D1R+ neurons on
glucose concentrations during IPGTT. (B) Plasma insulin concentrations during IPGTT.
n = 9. Data are means ± SEM. *P < 0.01 for laser on versus laser off by two-way analysis of variance (ANOVA) (stimulation-time interaction F = 4.31, P = 0.004; main effect stimulation F = 14.42, P = 0.002).
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MATERIALS AND METHODS

Study design
We aimed to determine whether modulation of the striatal dopamine
system affects glucose metabolism in humans and mice.
ter Horst et al., Sci. Transl. Med. 10, eaar3752 (2018)
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DBS study
The study was prospectively registered in the Netherlands Trial Registry (www.trialregister.nl; NTR2000). We determined outcomes of
glucose metabolism and insulin sensitivity on two occasions: once
while the DBS was switched off (unstimulated state) and once while
the DBS was switched on (stimulated state). To this end, the DBS was
switched off at 3:00 p.m. on the day before the first study day. It then
remained off for 1 week and was switched back on at 3:00 p.m. on the
day before the second study day.
AMPT study
The study was prospectively registered (www.trialregister.nl; NTR1999).
We determined outcomes of glucose metabolism and insulin sensitivity
on two occasions in a randomized controlled crossover design: once
during conditions of systemic dopamine depletion and once during
control conditions. Acute dopamine depletion was induced by oral administration of AMPT, which temporarily inhibits tyrosine hydroxylase, the rate-limiting enzyme in endogenous dopamine synthesis (40).
The AMPT dose (40 mg/kg, up to 4 g) was selected to achieve effective
inhibition of tyrosine hydroxylase activity with minimal side effects (35)
and administered in four equal doses: at 6:00 p.m. and 10:00 p.m. on
the day before the clamp and at 7:00 a.m. and 10:00 a.m. on the day
of the clamp. Subjects were instructed to drink plenty of water to prevent the formation of AMPT crystals in the urine.
Participants
All procedures were approved by the Academic Medical Center medical ethics committee, and all subjects provided written informed consent in accordance with the Declaration of Helsinki.
DBS study
Patients were recruited from the psychiatric outpatient clinic of the Academic Medical Center. All patients were diagnosed with pharmacoresistant
primary OCD on the basis of DSM-IV (Diagnostic and Statistical Manual of Mental Disorders-IV) criteria. Between 2005 and 2008, bilateral
quadripolar DBS electrodes were implanted in the vALIC during stereotactic surgery as described (32). The patients were treated with mono
polar stimulation of the two dorsal contacts, thereby providing most
effective stimulation at the border of the vALIC and the NAc core. Patients were stimulated with an average of 4.8 V (range, 3.5 to 6.2); a
frequency of 130 Hz (n = 11) or 185 Hz (n = 4); and a pulse width of
90 s (n = 12), 130 s (n = 2), or 150 s (n = 1). They were instructed
to stop psychoactive drugs and/or other drugs that may influence
dopamine or glucose metabolism before the start of the study (n = 13),
or, if discontinuation was not possible, take the drug at the same
time during both study days (n = 1). The same patients participated
in a concurrent study that was designed to determine the effect of
DBS on striatal dopamine release (34).
AMPT study
Subjects were recruited from the general population through local advertisements. They were in good health, which was confirmed by medical history, physical examination, and routine blood tests. Eligibility
criteria included age 18 to 35 years, BMI of 20 to 25 kg/m2, Caucasian
ethnicity, and normal glucose tolerance in accordance with American
Diabetes Association criteria (72). Exclusion criteria were a history of
psychiatric disorders, a family history of diabetes, intense physical activity (three or more times per week), and the use of any medication.
Metabolic study protocol
Glucose kinetics and tissue-specific parameters of insulin sensitivity
were assessed during a two-step hyperinsulinemic-euglycemic clamp
6 of 10
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travel to the thalamus, whereas the ventral fibers descend to the
brainstem. Finally, the medial forebrain bundle traverses the vALIC
and connects to the NAc, whereas the inferomedial branch reaches
the lateral hypothalamus (69), both structures known to be involved
in central control of metabolism. Animal and three-dimensional
simulation models show that DBS targets in OCD hit fibers descending to the thalamus and brainstem (68). Previous observations
also indicate that DBS may excite efferent axons, thereby providing
stimulation to a target nucleus (70). Thus, one possible mechanism
of vALIC-DBS may be stimulation of dopaminergic axons to the
NAc. It should, however, be clear that the exact mechanism of action of DBS, as well as the underlying neural circuitry, remains to be
determined. In addition, electric stimulation may affect brain regions
other than those adjacent to the electrodes. We have previously shown
that bilateral DBS of the subthalamic nucleus, in contrast to the present stimulated area, does not affect basal glucose metabolism or insulin sensitivity in humans (71), but we cannot rule out that other
nuclei were activated or inhibited by vALIC-DBS and contributed
to the observed effects. However, the lack of significantly increased
insulin sensitivity, concomitant with lower or absent striatal dopamine release, upon DBS in the overweight/obese subgroup and the
direct effect of NAc D1R+ neuronal activation on glucose tolerance
suggest that striatal dopamine signaling is a major contributor to
central glucose regulation. Future studies should address aspects of
timing (acute versus chronic) and magnitude (physiological versus
supraphysiological) to determine whether dopamine-mediated regulation of metabolism is clinically relevant for chronic human diseases such as obesity and type 2 diabetes.
Finally, we acknowledge that the OCD patients who participated
in the DBS study were not randomly assigned to treatment order. In
our current nonrandomized controlled crossover design, we were able
to study the acute effects of DBS on glucose metabolism in humans,
yet minimizing the amount of time that these symptomatic patients
were exposed to unstimulated (untreated) conditions. Thus, we cannot
rule out that our DBS study findings were influenced by independent
order effects. For instance, stress levels may have changed during the
course of the study because of the study procedures or psychiatric
symptom severity. Although we did not observe differences in cortisol concentrations during hyperinsulinemia, we cannot rule out a
stress effect on insulin sensitivity.
To conclude, our results demonstrate that DBS targeting the vALIC
at the border of the NAc, which results in striatal dopamine release
(34), reduces insulin requirements in a diabetic patient and increases
hepatic and peripheral insulin sensitivity in OCD patients. We also
show that pharmacological inhibition of dopamine synthesis, which
reduces striatal dopamine concentrations (35), decreases peripheral
insulin sensitivity in healthy subjects. Supporting these human data,
we demonstrate that direct activation of D1R+ neurons in the rodent
NAc improves glucose tolerance and insulin sensitivity. We acknowledge that human models of striatal dopamine modulation (vALIC-
DBS and AMPT) have methodological limitations, but all of our results
point in the same direction, thereby supporting the hypothesis that
striatal neuronal activity regulates systemic glucose metabolism.
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Striatal D2/3R availability
DBS study—To determine the effect of DBS on acute striatal dopamine
release, striatal D2/3R availability was determined 1 week after DBS
discontinuation and 1 hour after switching it on, using SPECT as described (34). Briefly, a primed continuous infusion of the radiotracer
[123I]iodobenzamide [prime, 80 megabecquerel (MBq); continuous,
20 MBq/hour] was started and continued until the end of the experiment. Sustained binding equilibrium is achieved after 2 hours of radiotracer infusion (35, 79). Baseline SPECT images of the brain, as well
as SPECT images after the DBS was switched on, were acquired using
a brain-dedicated SPECT scanner as described (35, 79). Data were reconstructed and analyzed by an experienced, blinded investigator. Striatal
D2/3R availability was expressed as BP and calculated as (striatal radio
tracer binding − occipital binding)/occipital binding. The occipital corter Horst et al., Sci. Transl. Med. 10, eaar3752 (2018)

23 May 2018

tex does not express D2/3R and was used as reference tissue. Endogenous
dopamine release in the striatum was determined as described (35).
Psychiatric symptoms
DBS study—Psychiatric symptom scores were assessed using visual
analog scales to evaluate the effect of vALIC-DBS (stimulated versus
unstimulated) on anxiety, restlessness, depression, obsession, compulsion, and avoidance symptoms.
Animals and surgical procedures
Adult Drd1a-cre+ mice (GENSAT strain EY262) were used in this
study. Male (n = 6) and female (n = 3) mice underwent intracranial
surgery targeting the NAc [anterior-posterior, 1.2 mm (from bregma);
mediolateral, ±0.6 mm (from midline); dorsoventral, −4.5 mm (from
skull)]. Mice were anesthetized (ketamine, 10 mg/kg; xylazine, 1 mg/kg)
and placed in a stereotactic frame (Stoelting). After craniotomy, 0.5 l
of AAV-DIO-Ef1a-hChR2(H134R)-EYFP (UNC Vector Core) was delivered bilaterally over 5 min by a 32-gauge Hamilton syringe. Transduction efficiency of this commercially available adeno-associated virus
(AAV) construct has been demonstrated thoroughly (80). Immediately after infusion of the construct, fiber-optic cannulas (DFC_200/
240-0.22_5mm_GS1.2_FLT; Doric Lenses) were implanted and secured
to the skull using adhesive cement (C&B-METABOND S-380; Parkell).
Mice were single-housed under 12-hour light-dark cycles, provided
with standard chow and water ad libitum, and allowed to fully recover
for more than 2 weeks before subsequent testing. Cannula placement,
tissue integrity, and enhanced yellow fluorescent protein (EYFP) expression were confirmed at the time of sacrifice (fig. S1, A to C). All
procedures were conducted in accordance with the Institutional Animal Care and Use Committee.
Animal IPGTT protocol
After overnight fasting, mice were transported to a testing room and
individually tethered to an overhead fiber-optic cable via their indwelling optic fibers. They were allowed to move freely. Mice were
tested under laser-stimulated or control (tethered, but no laser activation) conditions. Experiments were scheduled several days apart. At
t = 0:00 hours, a glucose dose of 2 g/kg was injected intraperitoneally.
Immediately upon injection, the laser was turned on (a repeating profile of 3 min on, 3 min off at 10 Hz) for the duration of the test. Power
output at the fiber-optic cable was maintained between 20 and 22 mW
in all mice. Tail vein blood was collected at t = 0:00, t = 0:15, t = 0:30,
t = 1:00, and t = 2:00 hours. Glucose was determined at all time points
using a OneTouch Verio IQ glucose meter (LifeScan). Plasma insulin
was determined at t = 0:30 hours by radioimmunoassay performed
by the Yale Diabetes Research Core. After testing, mice were returned
to the animal facility, provided with chow and water ad libitum, and
allowed to recover for several days before additional experiments. Male
and female mice showed similar responses and were grouped together
in analyses.
Fiber-optic cannula targeting sites and ChR2-EYFP
expression
Mice were anesthetized and perfused with cold phosphate-buffered
saline (PBS) for 1 min, followed by cold 10% formalin for >5 min.
Cannulas were carefully removed to preserve targeting sites, and
brains were postfixed in 10% formalin overnight at 4°C. Brains were
then cryopreserved in 30% sucrose/PBS at 4°C until they sank. Coronal sections (35 m) were stored in 0.01% sodium azide/PBS until
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study as described (37). Briefly, subjects were admitted to the clinical
research unit after an overnight fast. At 8:00 a.m., a primed continuous
infusion of the stable isotope-labeled glucose tracer [6,6-2H2]glucose
(prime, 11 mol/kg; continuous, 0.11 mol kg−1 min−1; Cambridge
Isotope Laboratories) was started and continued until the end of the
experiment. At 10:00 a.m., infusion of insulin (Actrapid; Novo Nordisk
Farma) was started at a rate of 20 mU [m2 body surface area]−1 min−1
for step 1 of the clamp. During insulin infusion, plasma glucose was
measured every 10 min, and exogenous glucose (enriched with [6,62
H2]glucose to approximate plasma enrichment) was infused at a
variable rate to maintain plasma glucose at 5.0 mM. At 12:10 p.m.,
insulin infusion was increased to 60 mU m−2 min−1 for step 2 of the
clamp and continued for another 2 hours and 10 min. Plasma glucose enrichment, glucoregulatory hormones, and FFAs were determined at 9:50 a.m. to 10:00 a.m., 11:50 a.m. to 12:10 p.m., and 2:00 p.m.
to 2:20 p.m. for the calculation of basal, step 1, and step 2 glucose
fluxes, respectively.
Glucose, insulin, glucagon, cortisol, FFAs, and [6,62H2]glucose
enrichment (tracer-to-tracee ratio) were determined as described
(37, 73, 74). Epinephrine and norepinephrine were determined by high-
performance liquid chromatography with intra-assay variation of
9 and 2%, respectively, and inter-assay variation of 18 and 10%, respectively. Prolactin and homovanillic acid were determined as described (34, 35). Body composition was determined by bioelectrical
impedance analysis (BF906; Maltron International). Indirect calorimetry was performed using a ventilated hood system (Vmax Encore
29n; CareFusion). Cardiovascular tone was estimated from heart rate
variability (46), which was determined by power spectral analysis of
continuous blood pressure and heart rate measurements (Nexfin;
BMEYE) as described (75).
Glucose fluxes (EGP and Rd) were calculated using modified versions of the Steele equations for the steady state (basal) or non–steady
state (during insulin infusion) (76, 77). Hepatic insulin sensitivity was
expressed as insulin-mediated suppression of EGP during step 1 of
the clamp. Adipose tissue insulin sensitivity was expressed as insulin-
mediated suppression of circulating FFAs during step 1 of the clamp
(39). The insulin-stimulated Rd of glucose, assessed during step 2 of
the clamp, primarily reflects glucose disposal into muscle, but also
into adipose tissue (42). Resting energy expenditure, glucose oxidation, and fat oxidation were calculated as described (78). The experimental protocol for the patient presented in the case report was as
described above, except that the duration of step 1 (low-dose insulin) was 1 hour and 10 min and the rate of insulin infusion during
step 2 was 40 mU m−2 min−1.
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further evaluation. Sections were rinsed, blocked with donkey serum,
and incubated with the primary antibody (1:500; chicken anti–green
fluorescent protein) overnight at room temperature. Sections were
then rinsed, incubated with the secondary antibody (1:500; Alexa
Fluor 488–conjugated donkey anti-chicken), rinsed again, and dried
overnight. The following day, slides were rehydrated in PBS, followed
by dehydration in increasing solutions of ethanol (50, 75, 90, 100,
and 100%) and CitriSolv (2×, 3 min). Finally, slides were coverslipped
using DPX mounting media.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/10/442/eaar3752/DC1
Fig. S1. Summary of fiber-optic cannula targeting sites and ChR2-EYFP expression.
Table S1. Metabolic parameters in OCD patients with vALIC-DBS.
Table S2. Psychiatric symptom severity in OCD patients with vALIC-DBS.
Table S3. Metabolic parameters during control conditions or dopamine depletion.
Table S4. Blood pressure and heart rate variability during control conditions or dopamine
depletion.
Data file S1. Raw data for Fig.1.
Data file S2. Raw data for Fig.2.
Data file S3. Raw data for Fig.3.

REFERENCES AND NOTES

1. S. E. Kahn, R. L. Hull, K. M. Utzschneider, Mechanisms linking obesity to insulin resistance
and type 2 diabetes. Nature 444, 840–846 (2006).
2. R. A. DeFronzo, E. Ferrannini, L. Groop, R. R. Henry, W. H. Herman, J. J. Holst, F. B. Hu,
C. R. Kahn, I. Raz, G. I. Shulman, D. C. Simonson, M. A. Testa, R. Weiss, Type 2 diabetes
mellitus. Nat. Rev. Dis. Primers 1, 15019 (2015).
3. V. T. Samuel, G. I. Shulman, The pathogenesis of insulin resistance: Integrating signaling
pathways and substrate flux. J. Clin. Invest. 126, 12–22 (2016).
4. S. Kullmann, M. Heni, M. Hallschmid, A. Fritsche, H. Preissl, H.-U. Häring, Brain insulin
resistance at the crossroads of metabolic and cognitive disorders in humans. Physiol. Rev.
96, 1169–1209 (2016).
5. M. Carey, S. Kehlenbrink, M. Hawkins, Evidence for central regulation of glucose
metabolism. J. Biol. Chem. 288, 34981–34988 (2013).
6. M. O. Dietrich, T. L. Horvath, Hypothalamic control of energy balance: Insights into the
role of synaptic plasticity. Trends Neurosci. 36, 65–73 (2013).
7. A. P. Coll, G. S. H. Yeo, The hypothalamus and metabolism: Integrating signals to
control energy and glucose homeostasis. Curr. Opin. Pharmacol. 13, 970–976 (2013).
8. B. M. Filippi, C. S. Yang, C. Tang, T. K. Lam, Insulin activates Erk1/2 signaling in the dorsal
vagal complex to inhibit glucose production. Cell Metab. 16, 500–510 (2012).
9. J. T. Y. Yue, M. A. Abraham, P. V. Bauer, M. P. LaPierre, P. Wang, F. A. Duca, B. M. Filippi,
O. Chan, T. K. T. Lam, Inhibition of glycine transporter-1 in the dorsal vagal complex
improves metabolic homeostasis in diabetes and obesity. Nat. Commun. 7, 13501
(2016).
10. O. Contreras-Rodriguez, C. Martin-Pérez, R. Vilar-López, A. Verdejo-Garcia, Ventral and
dorsal striatum networks in obesity: Link to food craving and weight gain. Biol. Psychiatry
81, 789–796 (2017).
11. D. S. Zahm, J. S. Brog, On the significance of subterritories in the “accumbens” part of the
rat ventral striatum. Neuroscience 50, 751–767 (1992).
12. S. Ikemoto, J. Panksepp, The role of nucleus accumbens dopamine in motivated
behavior: A unifying interpretation with special reference to reward-seeking.
Brain Res. Rev. 31, 6–41 (1999).

ter Horst et al., Sci. Transl. Med. 10, eaar3752 (2018)

23 May 2018

8 of 10

Downloaded from http://stm.sciencemag.org/ by guest on November 20, 2019

Statistical analyses
Normally distributed parameters were evaluated by two-sided paired
t tests (within-subject differences) or independent sample t tests
(between-subject differences). Non-normally distributed parameters
were evaluated by Wilcoxon signed-rank tests (within-subject differences) or Mann-Whitney U tests (between-subject differences). Time
series data (animal experiments) were evaluated by two-way ANOVA
and Bonferroni’s post hoc tests. Findings were considered significant if P < 0.05. Analyses were performed using IBM SPSS Statistics
v23 and GraphPad Prism v7.

13. J. J. Day, R. M. Carelli, The nucleus accumbens and Pavlovian reward learning.
Neuroscientist 13, 148–159 (2007).
14. G. Di Chiara, V. Bassareo, S. Fenu, M. A. De Luca, L. Spina, C. Cadoni, E. Acquas, E. Carboni,
V. Valentini, D. Lecca, Dopamine and drug addiction: The nucleus accumbens shell
connection. Neuropharmacology 47 (suppl. 1), 227–241 (2004).
15. K. C. Berridge, M. L. Kringelbach, Pleasure systems in the brain. Neuron 86, 646–664
(2015).
16. N. D. Volkow, M. Morales, The brain on drugs: From reward to addiction. Cell 162,
712–725 (2015).
17. G. J. Wang, N. D. Volkow, J. Logan, N. R. Pappas, C. T. Wong, W. Zhu, N. Netusil, J. S. Fowler,
Brain dopamine and obesity. Lancet 357, 354–357 (2001).
18. B. A. de Weijer, E. van de Giessen, T. A. van Amelsvoort, E. Boot, B. Braak,
I. M. Janssen, A. van de Laar, E. Fliers, M. J. Serlie, J. Booij, Lower striatal dopamine
D2/3 receptor availability in obese compared with non-obese subjects. EJNMMI Res.
1, 37 (2011).
19. E. M. van der Zwaal, B. A. de Weijer, E. M. van de Giessen, I. Janssen, F. J. Berends,
A. van de Laar, M. T. Ackermans, E. Fliers, S. E. la Fleur, J. Booij, M. J. Serlie, Striatal
dopamine D2/3 receptor availability increases after long-term bariatric surgery-induced
weight loss. Eur. Neuropsychopharmacol. 26, 1190–1200 (2016).
20. S. Papp, B. Lukáts, G. Takács, C. Szalay, Z. Karádi, Glucose-monitoring neurons in the
nucleus accumbens. Neuroreport 18, 1561–1565 (2007).
21. A. Hajnal, G. P. Smith, R. Norgren, Oral sucrose stimulation increases accumbens
dopamine in the rat. Am. J. Physiol. Regul. Integr. Comp. Physiol. 286, R31–R37 (2004).
22. P. Rada, N. M. Avena, B. G. Hoebel, Daily bingeing on sugar repeatedly releases dopamine
in the accumbens shell. Neuroscience 134, 737–744 (2005).
23. S. Luo, Y. Liang, A. H. Cincotta, Intracerebroventricular administration of bromocriptine
ameliorates the insulin-resistant/glucose-intolerant state in hamsters.
Neuroendocrinology 69, 160–166 (1999).
24. L. Bahler, H. J. Verberne, E. Brakema, R. Tepaske, J. Booij, J. B. Hoekstra, F. Holleman,
Bromocriptine and insulin sensitivity in lean and obese subjects. Endocr. Connect. 5,
44–52 (2016).
25. A. H. Cincotta, A. H. Meier, Bromocriptine (Ergoset) reduces body weight and improves
glucose tolerance in obese subjects. Diabetes Care 19, 667–670 (1996).
26. L. Bahler, H. J. Verberne, M. R. Soeters, J. Booij, J. B. Hoekstra, F. Holleman, Dopaminergic
effects on brown adipose tissue (DEBAT): A prospective physiological study. Diabetes
Metab. 43, 172–175 (2017).
27. B. A. de Weijer, E. van de Giessen, I. Janssen, F. J. Berends, A. van de Laar, M. T. Ackermans,
E. Fliers, S. E. la Fleur, J. Booij, M. J. Serlie, Striatal dopamine receptor binding in morbidly
obese women before and after gastric bypass surgery and its relationship with insulin
sensitivity. Diabetologia 57, 1078–1080 (2014).
28. J. P. Dunn, R. L. Cowan, N. D. Volkow, I. D. Feurer, R. Li, D. B. Williams, R. M. Kessler,
N. N. Abumrad, Decreased dopamine type 2 receptor availability after bariatric surgery:
Preliminary findings. Brain Res. 1350, 123–130 (2010).
29. J. P. Dunn, R. M. Kessler, I. D. Feurer, N. D. Volkow, B. W. Patterson, M. S. Ansari, R. Li,
P. Marks-Shulman, N. N. Abumrad, Relationship of dopamine type 2 receptor binding
potential with fasting neuroendocrine hormones and insulin sensitivity in human
obesity. Diabetes Care 35, 1105–1111 (2012).
30. F. Caravaggio, C. Borlido, M. Hahn, Z. Feng, G. Fervaha, P. Gerretsen, S. Nakajima,
E. Plitman, J. K. Chung, Y. Iwata, A. Wilson, G. Remington, A. Graff-Guerrero, Reduced
insulin sensitivity is related to less endogenous dopamine at D2/3 receptors in the ventral
striatum of healthy nonobese humans. Int. J. Neuropsychopharmacol. 18, pyv014 (2015).
31. M. L. Kringelbach, N. Jenkinson, S. L. F. Owen, T. Z. Aziz, Translational principles of deep
brain stimulation. Nat. Rev. Neurosci. 8, 623–635 (2007).
32. D. Denys, M. Mantione, M. Figee, P. van den Munckhof, F. Koerselman, H. Westenberg,
A. Bosch, R. Schuurman, Deep brain stimulation of the nucleus accumbens for
treatment-refractory obsessive-compulsive disorder. Arch. Gen. Psychiatry 67, 1061–1068
(2010).
33. S. Kohl, D. M. Schönherr, J. Luigjes, D. Denys, U. J. Mueller, D. Lenartz, V. VisserVandewalle, J. Kuhn, Deep brain stimulation for treatment-refractory obsessive
compulsive disorder: A systematic review. BMC Psychiatry 14, 214 (2014).
34. M. Figee, P. de Koning, S. Klaassen, N. Vulink, M. Mantione, P. van den Munckhof,
R. Schuurman, G. van Wingen, T. van Amelsvoort, J. Booij, D. Denys, Deep brain
stimulation induces striatal dopamine release in obsessive-compulsive disorder. Biol.
Psychiatry 75, 647–652 (2014).
35. E. Boot, J. Booij, G. Hasler, J. R. Zinkstok, L. de Haan, D. H. Linszen, T. A. van Amelsvoort,
AMPT-induced monoamine depletion in humans: Evaluation of two alternative [123I]IBZM
SPECT procedures. Eur. J. Nucl. Med. Mol. Imaging 35, 1350–1356 (2008).
36. D. L. Foley, A. Mackinnon, V. A. Morgan, G. F. Watts, D. J. Castle, A. Waterreus,
C. A. Galletly, Effect of age, family history of diabetes, and antipsychotic drug treatment
on risk of diabetes in people with psychosis: A population-based cross-sectional study.
Lancet Psychiatry 2, 1092–1098 (2015).

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

ter Horst et al., Sci. Transl. Med. 10, eaar3752 (2018)

23 May 2018

60. C. Diepenbroek, M. Rijnsburger, L. Eggels, K. M. van Megen, M. T. Ackermans, E. Fliers,
A. Kalsbeek, M. J. Serlie, S. E. la Fleur, Infusion of fluoxetine, a serotonin reuptake
inhibitor, in the shell region of the nucleus accumbens increases blood glucose
concentrations in rats. Neurosci. Lett. 637, 85–90 (2017).
61. R. I. Versteeg, K. E. Koopman, J. Booij, M. T. Ackermans, U. A. Unmehopa, E. Fliers,
S. E. la Fleur, M. J. Serlie, Serotonin transporter binding in the diencephalon is reduced in
insulin resistant obese humans. Neuroendocrinology 105, 141–149 (2017).
62. E. D. Berglund, C. Liu, J.-W. Sohn, T. Liu, M. H. Kim, C. E. Lee, C. R. Vianna,
K. W. Williams, Y. Xu, J. K. Elmquist, Serotonin 2C receptors in pro-opiomelanocortin
neurons regulate energy and glucose homeostasis. J. Clin. Invest. 123, 5061–5070
(2013).
63. S. R. Smith, N. J. Weissman, C. M. Anderson, M. Sanchez, E. Chuang, S. Stubbe, H. Bays,
W. R. Shanahan; Behavioral Modification and Lorcaserin for Overweight and Obesity
Management (BLOOM) Study Group, Multicenter, placebo-controlled trial of lorcaserin
for weight management. N. Engl. J. Med. 363, 245–256 (2010).
64. F. M. Vassoler, S. L. White, T. J. Hopkins, L. A. Guercio, J. Espallergues, O. Berton,
H. D. Schmidt, R. C. Pierce, Deep brain stimulation of the nucleus accumbens shell
attenuates cocaine reinstatement through local and antidromic activation. J. Neurosci.
33, 14446–14454 (2013).
65. C. B. McCracken, A. A. Grace, High-frequency deep brain stimulation of the nucleus
accumbens region suppresses neuronal activity and selectively modulates afferent drive
in rat orbitofrontal cortex in vivo. J. Neurosci. 27, 12601–12610 (2007).
66. C. Nauczyciel, S. Robic, T. Dondaine, M. Verin, G. Robert, D. Drapier, F. Naudet, B. Millet,
The nucleus accumbens: A target for deep brain stimulation in resistant major depressive
disorder. J. Mol. Psychiatry 1, 17 (2013).
67. S. Jbabdi, J. F. Lehman, S. N. Haber, T. E. Behrens, Human and monkey ventral prefrontal
fibers use the same organizational principles to reach their targets: Tracing versus
tractography. J. Neurosci. 33, 3190–3201 (2013).
68. J. F. Lehman, B. D. Greenberg, C. C. McIntyre, S. A. Rasmussen, S. N. Haber, Rules ventral
prefrontal cortical axons use to reach their targets: Implications for diffusion tensor
imaging tractography and deep brain stimulation for psychiatric illness. J. Neurosci. 31,
10392–10402 (2011).
69. V. A. Coenen, J. Panksepp, T. A. Hurwitz, H. Urbach, B. Mädler, Human medial forebrain
bundle (MFB) and anterior thalamic radiation (ATR): Imaging of two major subcortical
pathways and the dynamic balance of opposite affects in understanding depression.
J. Neuropsychiatry Clin. Neurosci. 24, 223–236 (2012).
70. S. Chiken, A. Nambu, Mechanism of deep brain stimulation: Inhibition, excitation, or
disruption? Neuroscientist 22, 313–322 (2016).
71. N. M. Lammers, B. M. Sondermeijer, T. B. Twickler, R. M. de Bie, M. T. Ackermans, E. Fliers,
P. R. Schuurman, S. E. La Fleur, M. J. Serlie, Subthalamic nucleus stimulation does not
influence basal glucose metabolism or insulin sensitivity in patients with Parkinson’s
disease. Front. Neurosci. 8, 95 (2014).
72. American Diabetes Association, Standards of medical care in diabetes—2015. Diabetes
Care 38 (suppl. 1), S1–S93 (2015).
73. B. A. de Weijer, E. Aarts, I. M. C. Janssen, F. J. Berends, A. van de Laar, K. Kaasjager,
M. T. Ackermans, E. Fliers, M. J. Serlie, Hepatic and peripheral insulin sensitivity do not
improve 2 weeks after bariatric surgery. Obesity 21, 1143–1147 (2013).
74. M. T. Ackermans, A. M. Pereira Arias, P. H. Bisschop, E. Endert, H. P. Sauerwein,
J. A. Romijn, The quantification of gluconeogenesis in healthy men by 2H2O and [2-13C]
glycerol yields different results: Rates of gluconeogenesis in healthy men measured with
2
H2O are higher than those measured with [2-13C]glycerol. J. Clin. Endocrinol. Metab. 86,
2220–2226 (2001).
75. Y. Zhang, O. R. de Peuter, P. W. Kamphuisen, J. M. Karemaker, Search for HRV-parameters
that detect a sympathetic shift in heart failure patients on -blocker treatment.
Front. Physiol. 4, 81 (2013).
76. D. T. Finegood, R. N. Bergman, M. Vranic, Estimation of endogenous glucose production
during hyperinsulinemic-euglycemic glucose clamps: Comparison of unlabeled and
labeled exogenous glucose infusates. Diabetes 36, 914–924 (1987).
77. R. Steele, Influences of glucose loading and of injected insulin on hepatic glucose output.
Ann. N. Y. Acad. Sci. 82, 420–430 (1959).
78. K. N. Frayn, Calculation of substrate oxidation rates in vivo from gaseous exchange.
J. Appl. Physiol. Respir. Environ. Exercise Physiol. 55, 628–634 (1983).
79. J. Booij, P. Korn, D. H. Linszen, E. A. van Royen, Assessment of endogenous dopamine
release by methylphenidate challenge using iodine-123 iodobenzamide single-photon
emission tomography. Eur. J. Nucl. Med. 24, 674–677 (1997).
80. C. Soares-Cunha, B. Coimbra, A. David-Pereira, S. Borges, L. Pinto, P. Costa, N. Sousa,
A. J. Rodrigues, Activation of D2 dopamine receptor-expressing neurons in the nucleus
accumbens increases motivation. Nat. Commun. 7, 11829 (2016).
Funding: K.W.t.H. and M.J.S. are supported by the European Union (grant FP7-EU 305707).
M.J.S. wants to thank Mediq Tefa for an unrestricted research grant. Author contributions:

9 of 10

Downloaded from http://stm.sciencemag.org/ by guest on November 20, 2019

37. K. W. ter Horst, P. W. Gilijamse, K. E. Koopman, B. A. de Weijer, M. Brands, R. S. Kootte,
J. A. Romijn, M. T. Ackermans, M. Nieuwdorp, M. R. Soeters, M. J. Serlie, Insulin resistance
in obesity can be reliably identified from fasting plasma insulin. Int. J. Obes. 39,
1703–1709 (2015).
38. K. W. ter Horst, P. W. Gilijamse, R. I. Versteeg, M. T. Ackermans, A. J. Nederveen,
S. E. la Fleur, J. A. Romijn, M. Nieuwdorp, D. Zhang, V. T. Samuel, D. F. Vatner,
K. F. Petersen, G. I. Shulman, M. J. Serlie, Hepatic diacylglycerol-associated protein kinase
C translocation links hepatic steatosis to hepatic insulin resistance in humans. Cell Rep.
19, 1997–2004 (2017).
39. K. W. ter Horst, K. A. van Galen, P. W. Gilijamse, A. V. Hartstra, P. F. de Groot,
F. M. van der Valk, M. T. Ackermans, M. Nieuwdorp, J. A. Romijn, M. J. Serlie, Methods for
quantifying adipose tissue insulin resistance in overweight/obese humans. Int. J. Obes.
41, 1288–1294 (2017).
40. O. J. Bloemen, M. De Koning, E. Boot, J. Booij, T. van Amelsvoort, Challenge and
therapeutic studies using alpha-methyl-para-tyrosine (AMPT) in neuropsychiatric
disorders: A review. Cent. Nerv. Syst. Agents Med. Chem. 8, 249–256 (2008).
41. N. Ben-Jonathan, Dopamine: A prolactin-inhibiting hormone. Endocr. Rev. 6, 564–589
(1985).
42. P. Dadson, L. Landini, M. Helmiö, J. C. Hannukainen, H. Immonen, M. J. Honka, M. Bucci,
N. Savisto, M. Soinio, P. Salminen, R. Parkkola, J. Pihlajamaki, P. Iozzo, E. Ferrannini,
P. Nuutila, Effect of bariatric surgery on adipose tissue glucose metabolism in
different depots in patients with or without type 2 diabetes. Diabetes Care 39, 292–299
(2016).
43. C. Diepenbroek, G. van der Plasse, L. Eggels, M. Rijnsburger, M. G. Feenstra, A. Kalsbeek,
D. Denys, E. Fliers, M. J. Serlie, S. E. la Fleur, Alterations in blood glucose and plasma
glucagon concentrations during deep brain stimulation in the shell region of the nucleus
accumbens in rats. Front. Neurosci. 7, 226 (2013).
44. C. H. Halpern, A. Tekriwal, J. Santollo, J. G. Keating, J. A. Wolf, D. Daniels, T. L. Bale,
Amelioration of binge eating by nucleus accumbens shell deep brain stimulation in mice
involves D2 receptor modulation. J. Neurosci. 33, 7122–7129 (2013).
45. R. M. Kessler, Imaging of the Human Brain in Health and Disease (Academic Press, 2014),
pp. 289–339.
46. Task Force of the European Society of Cardiology and the North American
Society of Pacing and Electrophysiology. Heart rate variability: Standards of
measurement, physiological interpretation and clinical use. Circulation 93,
1043–1065 (1996).
47. P. K. Stein, M. S. Bosner, R. E. Kleiger, B. M. Conger, Heart rate variability: A measure of
cardiac autonomic tone. Am. Heart J. 127, 1376–1381 (1994).
48. C. Diepenbroek, thesis, University of Amsterdam (2017).
49. A. Kalsbeek, E. Bruinstroop, C. X. Yi, L. P. Klieverik, S. E. La Fleur, E. Fliers, Hypothalamic
control of energy metabolism via the autonomic nervous system. Ann. N. Y. Acad. Sci.
1212, 114–129 (2010).
50. A. Kalsbeek, S. La Fleur, C. Van Heijningen, R. M. Buijs, Suprachiasmatic GABAergic inputs
to the paraventricular nucleus control plasma glucose concentrations in the rat via
sympathetic innervation of the liver. J. Neurosci. 24, 7604–7613 (2004).
51. A. Kalsbeek, C.-X. Yi, S. E. La Fleur, E. Fliers, The hypothalamic clock and its control of
glucose homeostasis. Trends Endocrinol. Metab. 21, 402–410 (2010).
52. S. Obici, B. B. Zhang, G. Karkanias, L. Rossetti, Hypothalamic insulin signaling is required
for inhibition of glucose production. Nat. Med. 8, 1376–1382 (2002).
53. C. P. Coomans, N. R. Biermasz, J. J. Geerling, B. Guigas, P. C. N. Rensen, L. M. Havekes,
J. A. Romijn, Stimulatory effect of insulin on glucose uptake by muscle involves the
central nervous system in insulin-sensitive mice. Diabetes 60, 3132–3140 (2011).
54. C.-X. Yi, S. E. la Fleur, E. Fliers, A. Kalsbeek, The role of the autonomic nervous liver
innervation in the control of energy metabolism. Biochim. Biophys. Acta 1802, 416–431
(2010).
55. E. van de Giessen, F. Celik, D. H. Schweitzer, W. van den Brink, J. Booij, Dopamine D2/3
receptor availability and amphetamine-induced dopamine release in obesity.
J. Psychopharmacol. 28, 866–873 (2014).
56. G.-J. Wang, D. Tomasi, A. Convit, J. Logan, C. T. Wong, E. Shumay, J. S. Fowler,
N. D. Volkow, BMI modulates calorie-dependent dopamine changes in accumbens from
glucose intake. PLOS ONE 9, e101585 (2014).
57. G.-J. Wang, A. Geliebter, N. D. Volkow, F. W. Telang, J. Logan, M. C. Jayne, K. Galanti,
P. A. Selig, H. Han, W. Zhu, C. T. Wong, J. S. Fowler, Enhanced striatal dopamine
release during food stimulation in binge eating disorder. Obesity 19, 1601–1608
(2011).
58. T. Sesia, V. Bulthuis, S. Tan, L. W. Lim, R. Vlamings, A. Blokland, H. W. M. Steinbusch,
T. Sharp, V. Visser-Vandewalle, Y. Temel, Deep brain stimulation of the nucleus
accumbens shell increases impulsive behavior and tissue levels of dopamine and
serotonin. Exp. Neurol. 225, 302–309 (2010).
59. A. van Dijk, A. A. Klompmakers, M. G. P. Feenstra, D. Denys, Deep brain stimulation of the
accumbens increases dopamine, serotonin, and noradrenaline in the prefrontal cortex.
J. Neurochem. 123, 897–903 (2012).

SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE
M.J.S. designed the studies. K.W.t.H. contributed to metabolic data acquisition and performed
all analyses. N.M.L. performed clamp studies. M.F. contributed to SPECT and psychiatric
data acquisition. R.T., D.M.O., and R.J.D. designed and performed animal experiments.
M.T.A. was responsible for laboratory analyses. J.B. was responsible for molecular
neuroimaging. P.v.d.M. and P.R.S. performed neurosurgeries. K.W.t.H. drafted the manuscript.
All authors contributed to discussions about the results and critically revised the
manuscript. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All data will be provided upon request to the
corresponding author.

Submitted 14 November 2017
Accepted 3 May 2018
Published 23 May 2018
10.1126/scitranslmed.aar3752
Citation: K. W. ter Horst, N. M. Lammers, R. Trinko, D. M. Opland, M. Figee, M. T. Ackermans,
J. Booij, P. van den Munckhof, P. R. Schuurman, E. Fliers, D. Denys, R. J. DiLeone, S. E. la Fleur,
M. J. Serlie, Striatal dopamine regulates systemic glucose metabolism in humans and mice.
Sci. Transl. Med. 10, eaar3752 (2018).

Downloaded from http://stm.sciencemag.org/ by guest on November 20, 2019

ter Horst et al., Sci. Transl. Med. 10, eaar3752 (2018)

23 May 2018

10 of 10

Striatal dopamine regulates systemic glucose metabolism in humans and mice
Kasper W. ter Horst, Nicolette M. Lammers, Richard Trinko, Darren M. Opland, Martijn Figee, Mariette T. Ackermans,
Jan Booij, Pepijn van den Munckhof, P. Richard Schuurman, Eric Fliers, Damiaan Denys, Ralph J. DiLeone, Susanne E.
la Fleur and Mireille J. Serlie

Sci Transl Med 10, eaar3752.
DOI: 10.1126/scitranslmed.aar3752

ARTICLE TOOLS

http://stm.sciencemag.org/content/10/442/eaar3752

SUPPLEMENTARY
MATERIALS

http://stm.sciencemag.org/content/suppl/2018/05/21/10.442.eaar3752.DC1

RELATED
CONTENT

http://stm.sciencemag.org/content/scitransmed/9/394/eaah4477.full
http://stm.sciencemag.org/content/scitransmed/9/407/eaad4000.full
http://stm.sciencemag.org/content/scitransmed/7/319/319ra205.full
http://stm.sciencemag.org/content/scitransmed/10/447/eaao4953.full
http://science.sciencemag.org/content/sci/361/6397/76.full

REFERENCES

This article cites 78 articles, 14 of which you can access for free
http://stm.sciencemag.org/content/10/442/eaar3752#BIBL

PERMISSIONS

http://www.sciencemag.org/help/reprints-and-permissions

Use of this article is subject to the Terms of Service
Science Translational Medicine (ISSN 1946-6242) is published by the American Association for the Advancement of
Science, 1200 New York Avenue NW, Washington, DC 20005. The title Science Translational Medicine is a
registered trademark of AAAS.
Copyright © 2018 The Authors, some rights reserved; exclusive licensee American Association for the Advancement
of Science. No claim to original U.S. Government Works

Downloaded from http://stm.sciencemag.org/ by guest on November 20, 2019

A stimulating therapy for diabetes
Blood glucose concentration is controlled by the hormone insulin. In patients with type 2 diabetes, insulin
resistance leads to elevated blood glucose concentration and increased risk of developing cardiovascular
disorders. The brain has been shown to participate in glucose metabolism; however, whether and how modulation
of brain activity affects systemic blood concentrations of glucose is poorly understood. ter Horst et al. show that in
diabetic and nondiabetic patients, striatal dopamine release induced by deep brain electrical stimulation of the
ventral anterior limb of the internal capsule improved insulin sensitivity. Conversely, pharmacological systemic
dopamine depletion reduced the insulin-mediated blood glucose uptake. The findings open up a potential avenue
for treating pharmacoresistant type 2 diabetes.

