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Metabolic status impacts on the emotional brain to induce behavior that maintains
energy balance. While hunger suppresses the fear circuitry to promote explorative
food-seeking behavior, satiety or obesity may increase fear to prevent unnecessary risktaking. Here we aimed to unravel which metabolic factors, that transfer information
about the acute and the chronic metabolic status, are of primary importance
to regulate fear, and to identify their sites of action within fear-related brain
regions. We performed a de novo analysis of central and peripheral metabolic
factors that can penetrate the blood–brain barrier using genome-wide expression
data across the mouse brain from the Allen Brain Atlas (ABA). The central fear
circuitry, as defined by subnuclei of the amygdala, the afferent hippocampus, the
medial prefrontal cortex and the efferent periaqueductal gray, was enriched with
metabolic receptors. Some of their corresponding ligands were known to modulate
fear (e.g., estrogen and thyroid hormones) while others had not been associated
with fear before (e.g., glucagon, ACTH). Additionally, several of these enriched
metabolic receptors were coexpressed with well-described fear-modulating genes
(Crh, Crhr1, or Crhr2). Co-expression analysis of monoamine markers and metabolic
receptors suggested that monoaminergic nuclei have differential sensitivity to metabolic
alterations. Serotonergic neurons expressed a large number of metabolic receptors
(e.g., estrogen receptors, fatty acid receptors), suggesting a wide responsivity to
metabolic changes. The noradrenergic system seemed to be specifically sensitive to
hypocretin/orexin modulation. Taken together, we identified a number of novel metabolic
factors (glucagon, ACTH) that have the potential to modulate the fear response. We
additionally propose novel cerebral targets for metabolic factors (e.g., thyroid hormones)
that modulate fear, but of which the sites of action are (largely) unknown.
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amygdala itself, the hippocampus, the medial prefrontal cortex,
and the periaqueductal gray.

INTRODUCTION
Metabolic status affects the emotional brain to maintain energy
balance. To this end, hunger facilitates explorative and foodseeking behavior via suppression of the fear circuitry (Levy
et al., 2013; Burnett et al., 2016; Verma et al., 2016). Satiety
and obesity – as opposite metabolic states – may increase
fear levels to prevent unnecessary risk-taking, which could
potentially progress to anxiety. Indeed, prolonged high-fat diet
feeding in rodents enhanced fear-related behavior (Krishna et al.,
2016). In humans, obesity increases the odds for a co-morbid
anxiety disorder with 1.40 (CI 1.23–1.55) (Gariepy et al., 2010).
Conversely, weight loss induced by bariatric surgery reduces
anxiety scores, which is directly proportional to the amount of
weight loss (de Zwaan et al., 2011; Edwards-Hampton et al., 2014;
Kalarchian et al., 2015).
Mammals possess a wide range of signaling molecules, or
“metabolic factors,” that provide cues about energy stores and
impact on neurobiological processes to evoke an appropriate
response. For example, neuropeptide Y (NPY) and its receptors
play a key role in linking information from the gut (e.g., via
pancreatic polypeptide) to food intake, energy homeostasis,
anxiety and mood (Holzer et al., 2012; Verma et al., 2016).
Similarly, gut-derived glucagon-like peptide 1 (GLP-1) regulates
glucose homeostasis, food intake and anxiety behavior (Moller
et al., 2002; Skibicka and Dickson, 2013; Anderberg et al.,
2015).
Metabolic factors, such as NPY and GLP-1, can directly affect
the fear circuitry, as formed by the subnuclei of the amygdala
(the primary fear circuitry), the medial prefrontal cortex and
the hippocampus (two major brain afferents), and the efferent
periaqueductal gray (PAG, as a major output structure) (Kinzig
et al., 2003; Verma et al., 2016). In the context of a positive energy
balance, the monoaminergic nuclei are most often reported to
be involved in the elevation of fear. The dopaminergic reward
circuitry is often implicated in obesity for the reinforcing effects
of ‘palatable’ food and is known to influence fear (Wang et al.,
2001; Volkow et al., 2012; Abraham et al., 2014; Krishna et al.,
2015; Morris et al., 2015). Less is known about the involvement
of the noradrenalin (NE) system, but altered NE metabolism
in hippocampus and prefrontal cortex has been associated with
fear behavior in diet-induced obese mice (Krishna et al., 2015).
Central serotonin (5-HT) signaling is most often reported as
affected by obesity (Kimbrough and Weekley, 1984; Muldoon
et al., 2006; Herrera-Marquez et al., 2011; Kurhe and Mahesh,
2015; Kurhe et al., 2015). Interestingly, a long high-fat diet
intervention time of 36 weeks in mice, reflecting the human
situation, increased fear in association with altered metabolism
of 5-HT, but not of NE or dopamine (DA) (Krishna et al., 2016).
In this study, we aim to identify putative metabolic factors
that influence fear, and to define where known factors may
impinge on the fear circuitry. We performed a de novo analysis
by characterizing receptor expression of metabolic factors in
transcriptome data across the mouse brain as available through
the Allen Brain Atlas (ABA) (Lein et al., 2007). We focused
on mRNA expression of ‘metabolic receptors,’ i.e., receptors of
metabolic factors, in the monoaminergic nuclei, as well as in the

Frontiers in Neuroscience | www.frontiersin.org

MATERIALS AND METHODS
Selection of Candidate Metabolic
Factors
We generated an extensive list of candidate metabolic
factors that are involved in transferring information about
the acute and the chronic metabolic state (Table 1). The
evaluated central metabolic factors were the hypothalamic
peptides and opioids that are part of, or affect the feeding
regulation center (e.g., α-melanocyte stimulating hormone,
orexin). Peripheral metabolic factors belonged to one
of the following categories: (1) adipokines (e.g., leptin,
visfatin) (2) nutrients (e.g., fatty acids) (3) gastro-intestinal
hormones (GLP-1, ghrelin) (4) pancreatic hormones (glucagon,
insulin) (5) hormones being part of endocrine systems that
regulate
metabolism
[Hypothalamus-Pituitary-Adrenalaxis, Hypothalamus-Pituitary-Thymus (HPT-) axis, Growth
hormone/insulin-like growth factor-1 axis] and (6) sex hormones
(estrogens, androgens). The last category may be arguable, but
was included as metabolic state affects estrogen and androgen
levels to regulate physiology, reproductive status and related
behavioral reactivity.

Literature Research
We reviewed the literature on a direct causal relationship
between ligands of metabolic receptors that were overrepresented
in fear-related brain regions (Supplementary Tables S1–S4),
and fear responses, and their putative sites of interaction,
using PubMed as search engine (Supplementary Table S5).
If the first 200 results did not show any relevant papers, we
considered a causal relationship as ‘not found in literature.’
We solely included studies demonstrating a causal relationship
between metabolic factor and fear, as found by micro- or
intracerebroventricular injections or intranasal administration
of receptor (ant-)agonists, full or conditional knock-out rodent
models, overexpression models, or human polymorphisms, but
not peripherally administered compounds.

Selection of Fear-Related Brain Regions
The central fear circuitry consists, among others, of subnuclei
of the amygdala, the hippocampus, the medial prefrontal cortex,
and the PAG. According to LeDoux’s model, the lateral amygdala
(LA) forms the main input and the central amygdala (CEA)
the main output region of the amygdala (Figure 1A) (LeDoux,
2000; Rodrigues et al., 2009). Integration of unconditioned and
conditioned stimuli takes place in the LA. From there on, fear
signals are transferred via the basolateral amygdalar nucleus
(BLA), basomedial amygdalar nucleus (BMA), and intercalated
region (IA) to the CEA. Projections from the LA go to an
inhibitory subdivision of the IA to disinhibit the CEA (Pare
et al., 2004). Information about the context of a fearful situation
is transferred via hippocampal CA-regions and subiculum to
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TABLE 1 | Candidate metabolic factors and their receptors.
Metabolic factor (Abbreviation)

Penetrance BBB

Metabolic receptor

Gene symbol

ABA experiment number

Adrenocorticotropic hormone (ACTH)

Yes

Melanocortin receptor 2

Mc2r

69860839

Androgens

Yes

Androgen receptor

Ar

100142554

Estrogens

Yes

Estrogen receptor α

Esr1

79591677

Yes

Estrogen receptor β

Esr2

71670737

Yes

Free fatty acid receptor 1/Gpr40

Ffar1

69257564

Yes

N-formyl peptide receptor/ALX receptor

Fpr2

70724732

Yes

Liver X receptor β

Nr1h2

72182970

Yes

Liver X receptor α

Nr1h3

112205214

Yes

Free fatty acid receptor 4/Gpr120

O3far1

69838559

Yes

Peroxisome proliferator-activated receptor α

Ppara

77454629

Yes

Peroxisome proliferator-activated receptor δ

Ppard

77924442

Yes

Peroxisome proliferator-activated receptor γ

Pparg

2495

Yes

Protein kinase β

Prkcb

72129247

Yes

Protein kinase δ

Prkcd

69013272

Yes

Protein kinase ε

Prkce

69817312

Yes

Protein kinase ζ

Prkcq

77869867

Yes

Fibroblast growth factor receptor 1

Fgfr1

79588290

Yes

Fibroblast growth factor receptor 2

Fgfr2

100145368

Yes

Fibroblast growth factor receptor 3

Fgfr3

100146154

Yes

Fibroblast growth factor receptor 4

Fgfr4

1581

Ghrelin

Yes

Ghrelin receptor

Ghsr

69257319

Glucagon

Yes

Glucagon receptor

Gcgr

1613

Glucagon-like peptide-1 (GLP-1)

Yes

GLP-1 receptor

Glp1r

74511737

Glucocorticoids

Yes

Glucocorticoid receptor

Nr3c1

728

Yes

Mineralocorticoid receptor

Nr3c2

730

Growth hormones

Yes

Growth hormone receptor

Ghr

69838740

Insulin

Yes

Insulin receptor

Insr

69735484

Insulin and Leptin

Yes

Leptin Receptor Overlapping Transcript

Leprot

75774627

Insulin-like growth factor 1 (IGF-1)

Yes

IGF-1 receptor

Igf1r

69735263

Leptin

Yes

Leptin receptor

Lepr

70303707

Thyroid hormone

Yes

Thyroid hormone receptor α

Thra

79912542

Yes

Thyroid hormone receptor β

Thrb

69290674

Thyroid-stimulating hormone (TSH)

Yes

TSH receptor

Tshr

80471957

Agouti-related peptide (AgRP)

n.a.

Melanocortin receptor 1

Mc1r

69258124

n.a.

Melanocortin receptor 3

Mc3r

69258136

n.a.

Melanocortin receptor 4

Mc4r

81600578

n.a.

Melanocortin receptor 5

Mc5r

69258142

n.a.

Opioid receptor δ

Oprd1

112646675

n.a.

Opioid receptor κ

Oprk1

100145378

n.a.

Opioid receptor µ

Oprm1

80342234

n.a.

MCH-receptor

Mchr1

70593141

n.a.

MCH-receptor

Mchr2

Fatty acids

Fibroblast growth factor (FGF-21)

Opioids

Melanin-concentrating hormone (MCH)
Melanocyte-stimulating hormone (MSH)

Neuropeptide γ

Orexin/Hypocretin

n.a.

Melanocortin receptor 1

Mc1r

69258124

n.a.

Melanocortin receptor 3

Mc3r

69258136

n.a.

Melanocortin receptor 4

Mc4r

81600578

n.a.

Melanocortin receptor 5

Mc5r

69258142

n.a.

Neuropeptide γ receptor 1

Npy1r

72103807

n.a.

Neuropeptide γ receptor 2

Npy2r

69258196

n.a.

Neuropeptide γ receptor 5

Npy5r

69258202

n.a.

Neuropeptide γ receptor 6

Npy6r

69258208

n.a.

Orexin receptor/hypocretin receptor 1

Hcrtr1

1216

n.a.

Orexin receptor/hypocretin receptor 2

Hcrtr2

81790692
(Continued)
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TABLE 1 | Continued
Metabolic factor (Abbreviation)

Penetrance BBB

Metabolic receptor

Gene symbol

ABA experiment number

Oxytocin

n.a.

Oxytocin receptor

Oxtr

78153167

Thyrotropin-releasing hormone (TRH)

n.a.

TRH receptor 2

Trhr2

71488864

n.a.

TRH receptor 1

Trhr

79591633

Vaspin

Yes

Unknown

Resistin

Yes

Unknown

Visfatin

Yes

Unknown

Nesfatin-1

Yes

Unknown

Glucose

Yes

n.a.

Adiponectin

No

Triglycerides

No

Lipocalin–2

No

RBP4

No

BMP

No

Cathepsin

No

Apelin

No

Omentin

No

White: peripheral metabolic receptors. Light gray: central metabolic receptors. Light blue: metabolic factors without a cognate or known receptor. Light red: peripheral
metabolic receptors that could not pass the blood–brain barrier.
Candidate metabolic factors are involved in transferring information about the acute and the chronic metabolic state.

(Lein et al., 2007). Expression of the receptors of metabolic
factors (Table 1) was determined based on absolute and
normalized expression in the ABA. In short, we used the 3Dspatial expression volume of every gene in which expression
measurements from in situ hybridization (ISH) experiments
are summarized in isotropic voxels (200 µm), labeled with
their anatomical nomenclature according to the ABA reference
atlas. The absolute expression of each gene is represented by
the expression energy, which is a combined measure of both
expression level (the integrated amount of signal within each
voxel) and the expression density (the amount of expressing
cells within each voxel). We refer to the raw expression energy
as the absolute expression. To account for the variable levels of
expression between different genes, we calculated the normalized
expression as the average expression of each gene in a brain
region of interest divided by the average expression of that gene
in the whole brain. We used Pearson’s correlation to assess the
spatial co-expression relationships between pairs of genes based
on the similarity of their 3D-expression pattern within a given
region of the brain. To assess the strength of co-expression
between a given set of genes (e.g., metabolic receptors) and a
seed gene, we used a one-sided Wilcoxon rank-sum test [29].
The one-sided test means that we only focus on strong positive
correlations.

the BLA and to BMA and from thereon further to the CEA
(Figure 1B) (LeDoux, 2000). We additionally included the
dentate gyrus, as many sensory inputs travel via the dentate gyrus
before reaching the CA-regions. The ventromedial prefrontal
cortex (ILA) and the dorsomedial prefrontal cortex (PL) are
important in the top-down control of fear and exert opposing
effects (Figure 1C) (Vidal-Gonzalez et al., 2006; Adhikari et al.,
2015). Activation of the PL is anxiogenic via projections to
the BLA (Vertes, 2004; Vidal-Gonzalez et al., 2006; Giustino
and Maren, 2015), and, to a lesser extent, to the IA (Adhikari
et al., 2015). Conversely, ILA activation is anxiolytic mainly
via projections to inhibitory interneurons in the BMA and via
smaller projections to the IA and BLA (Vidal-Gonzalez et al.,
2006; Adhikari et al., 2015; Bloodgood et al., 2018). The PAG is
classically viewed as major output structure of the fear reaction,
driving fear-related defensive behavior. This is indeed the case
for the ventrolateral PAG, but recent evidence shows that the
dorsolateral PAG lies upstream of the amygdala. Stimulation of
the dorsolateral PAG serves as effective unconditioned stimulus
for fear conditioning, and projections to the BLA evoke motor
activity bursts that underlies fleeing behavior (Brandao et al.,
2008; Kim et al., 2013). The ventrolateral PAG receives inhibitory
projections from the CEA, which disinhibits excitatory PAG
neurons that project to motor nuclei to establish freezing
behavior (Figure 1D) (Rizvi et al., 1991; McDannald, 2010;
Tovote et al., 2016). The ventrolateral PAG additionally receives
input from the PL, and these neurons control contextual fear
discrimination (Rozeske et al., 2018).

RESULTS
Selection of Candidate Metabolic
Regulatory Factors

Determination of Gene Expression
Levels in the Allen Brain Atlas

A metabolic factor should possess two main characteristics in
order to influence fear behavior: first, it should reach the brain
and second, the fear-related brain region should be responsive
to the factor. Following this reasoning, we made a preselection

The Allen Mouse Brain Atlas (ABA) is a database of genome-wide
expression data obtained by in situ hybridization experiments
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FIGURE 1 | The central fear circuitry consists of subnuclei of the amygdala, the hippocampus, the medial prefrontal cortex and the efferent periaqueductal gray.
(A) The lateral amygdala (LA) forms the main input and the central amygdala (CEA) the main output region of the amygdala. Integration of unconditioned (US) and
conditioned (CS) stimuli takes place in the LA. From there on, fear signals are transferred via the basolateral amygdalar nucleus (BLA), basomedial amygdalar
nucleus (BMA) and intercalated region (IA) to the CEA. Projections from the LA go to an inhibitory subdivision of the IA to disinhibit the CEA. (B) Information about the
context of a fearful situation is transferred via hippocampal CA-regions and subiculum (SUB) to the BLA and to BMA and from thereon further to the CEA. The
dentate gyrus (DG) was additionally included, as many sensory inputs travel via the DG before reaching the CA-regions. (C) The ventromedial prefrontal cortex (ILA)
and the dorsomedial prefrontal cortex (PL) are important in the top-down control of fear and exert opposing effects. Activation of the PL leads to anxiogenesis via
projections to the BLA, and, to a lesser extent, to the IA. Conversely, ILA activation leads to anxiolysis mainly via projections to inhibitory interneurons in the BMA,
and via smaller projections to the IA and BLA. (D) The PAG is classically viewed as major output structure of the fear reaction, driving fear-related defensive behavior.
Stimulation of the dorsolateral PAG serves as effective unconditioned stimulus for fear conditioning, and projections to the BLA evoke motor activity bursts that
underlies fleeing behavior. The ventrolateral PAG receives inhibitory projections from the CEA, which disinhibits excitatory PAG neurons that project to motor nuclei to
establish freezing behavior. The ventrolateral PAG additionally receives input from the PL, and these neurons control contextual fear discrimination. Dashed arrows
indicate where stimuli enter or leave the fear circuitry. Solid black arrows reflect big excitatory while solid gray arrows reflect small excitatory projections. Solid red
arrows indicate inhibitory projections and red half-moons inhibitory cell populations within a given subnucleus.

of metabolic factors that had the potential to affect fear. We
initially included 28 peripheral and 8 central factors that transfer
information about the acute or the structural metabolic status
(Table 1). From this list, we excluded peripheral factors that do
not cross the blood–brain barrier (n = 8, Figure 2 and Table 1).
The ability of a brain region to respond to a specific factor
depends on whether the brain region expresses corresponding
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receptor(s). This led to the exclusion of all metabolic factors that
did not have a known or cognate receptor (n = 5, Figure 2 and
Table 1). We next evaluated whether it was possible to measure
expression of corresponding metabolic receptors. Metabolic
receptors that had not been measured in the ABA or of which
the experimental data were of insufficient quality were excluded
(n = 1, Figure 2 and Table 1). In this way a list of metabolic
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FIGURE 2 | Flowchart of selection process of metabolic factors and their receptors. BBB, blood–brain-barrier; ABA, Allen Brain Atlas. Names of all other brain
regions and metabolic receptors can be found in Tables 1, 2.
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(Crhr1, predominant anxiogenesis) and corticotropin releasing
hormone receptor 2 (Crhr2, anxiolysis) (Dedic et al., 2017).
Pearson’s correlation coefficient (r) was used to correlate the
spatial expression of metabolic receptor genes (Table 1) with seed
genes Crh, Crhr1, Crhr2. A high positive correlation value implies
that the expression profiles of the seed gene and the metabolic
receptor gene are highly comparable, indicating co-expression.
We assessed the spatial co-expression of metabolic receptor genes
(Table 1) with seed genes Crh, Crhr1, Crhr2 within each brain
region separately. Within our predefined areas, the metabolic
receptor gene set was significantly positively correlated with all
seed genes in the hippocampal formation and in the cortical
subplate (which comprises LA, BLA, BMA a.o, Figure 4). Of
note, the highest correlation of metabolic receptors with Crh was
found in the midbrain, where Crh is expressed in the superior
colliculus and the nucleus ruber, areas not often associated with
anxiety (Figure 4B). For the amygdaloid nuclei, the receptor
gene set was mainly correlated with Crh and Chr1 in the BMA
and CEA, whereas in LA and BLA, the receptor gene set mainly
correlated with Crhr2 (Figure 4A). In the ILA, the metabolic
receptor gene set was correlated with all seed genes; however, in
PL the metabolic receptor gene set only significantly correlated
with Crhr2. Throughout most hippocampal areas, the metabolic
receptors were significantly correlated with the seed genes. In the
PAG, the metabolic receptor set was significantly correlated with
Crhr1 and Crhr2, but not with Crh.
Next, we investigated for each individual metabolic receptor
gene how they were correlated with the Crh(R) seed genes
in 12 crude brain regions and the fear circuitry. HPT-axis
receptor genes (Thra, Thrb), known as potent regulators of
the fear response, were strongly positively correlated (r > 0.6)
with Crh, Crhr1, and Crhr2 in the ILA and Thrb also with
Crhr1 in the PL r = 0.84, Figures 5A–C. Furthermore, Thra
was strongly positively correlated (r > 0.6) with Crhr2 in
the whole hippocampus, while Thrb positively correlated with
Crhr2 (r > 0.6) in the LA (Figure 5C). Altogether, these data
point toward interactions between thyroid hormone and CRH
signaling, both via interactions via the afferent hippocampus, PL
and ILA, and via direct interactions with the amygdala.

receptors (50 receptors of 23 factors, Figure 2 and Table 1) was
generated that was used for further receptor gene expression
analysis.

Metabolic Receptor Expression in the
Amygdala and Higher Afferents
To investigate direct interactions of metabolic factors with the
central fear circuitry (Figure 1), we mapped the expression
of metabolic receptor genes in the subnuclei of the amygdala,
hippocampus, medial prefrontal cortex and the PAG. Almost all
metabolic receptors that were considered for expression analysis
were expressed in at least one of the fear-associated brain regions
(Supplementary Figure S1). Some receptors were in general
highly expressed across all regions (e.g., Prkb/c/e, Pparg), whereas
others showed a more selective expression pattern (e.g., Thrb,
Npy1r). To avoid dominance of highly expressed genes and to
allow detection of regional differences in expression energy of
weakly expressed genes, we mapped the normalized expression
of each gene with respect to the average expression of the gene in
the whole mouse brain (Figure 3).
We observed that low normalized expression levels were
not fully informative, as moderately expressed genes can have
biological significance. For example, in the amygdala the
glucocorticoid receptor (Nr3c1) is known to strongly affect
the fear response but it is relatively underrepresented in
the amygdala as compared to, e.g., hippocampus, cortex and
thalamus (Kolber et al., 2008; Mahfouz et al., 2016). To
select potential fear-modulating candidates, we therefore defined
‘expression hotspots’: regions where normalized expression
levels of metabolic receptors were particularly high [i.e.,
log2 (normalized expression) > 2 for amygdala, hippocampus
and PFC, >1 for PAG, which is less neuron dense]. While
regions with relatively low normalized expression may represent
false negatives, these hotspots likely reflect true positives: areas
that can be regulated by metabolic signals to a more than
average extent. Examples of genes in those expression hotspots
include opioid receptors (Oprm/k), estrogen receptors (Esr1/2)
and thyroid hormone receptors for the amygdala (Thra/b,
Figure 3B). For quality control, after the selection of all metabolic
receptors, the expression of all receptors within these expression
hotspots was visually inspected in the original ISH data from
the ABA. Due to experimental artifacts or annotation errors,
we adjusted the expression location for 3 out of 46 genebrain region combinations and excluded 8 out of 46 gene-brain
region combinations (Figure 2). This resulted in a final list
of 21 metabolic receptors for 16 factors that were expressed
in the central fear circuitry to a more than average extent
(Supplementary Tables S1, S2).

Putative Metabolic Interactors With the
Fear Circuitry
In a next step, we reviewed literature on whether metabolic
receptors within expression hotspots of the fear circuitry
(Supplementary Tables S1, S2) directly regulated fear and
whether the site of interaction within the fear circuitry had
previously been described (Figures 6A–C and Supplementary
Table S5). For the majority of metabolic factors, evidence was
found they modulated the fear response, but where interactions
took place was less often known. While thyroid hormones
are known fear controllers, only little is known about the
emotional effects of the upstream hormones of the HPT-axis.
Based on high normalized receptor expression levels of thyroid
stimulating hormone receptor (Tshr) and thyroid stimulating
hormone receptor (Trh), thyroid stimulating hormone and
thyroid releasing hormone are suggested to influence the

Co-expression of Metabolic Receptors
With Crh Reveals Potential Involvement
With Fear Circuitries
We further hypothesized that if a metabolic receptor is involved
in the fear response, it may be coexpressed with other known fear
modulators in the context of stress, i.e., corticotropin releasing
hormone (Crh), corticotropin releasing hormone receptor 1
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FIGURE 3 | Expression summary of metabolic receptor genes in fear-related brain regions. Clustered normalized expression energies across: (A) 12 crude brain
regions, (B) amygdala, (C) hippocampus and medial prefrontal cortex, and (D) periaqueductal gray. We calculated the normalized expression as the average
expression of each gene in a brain region of interest divided by the average expression of that gene in the whole brain.

‘+ve’). As expected, some brain nuclei that are targeted by
metabolic factors that are known to affect fear (like estrogens
and opioids) also express Crh, Crhr1, or Chrh2. Interestingly,
several receptors of metabolic factors that were not identified
as fear modulators [e.g., glucagon receptor (Gcgr) in the
BMA; thyroid stimulating hormone receptor (Tshr) in the PL]
also showed an expression pattern similar to Crh, Crhr1, or
Crhr2.

emotional brain via projections from the PL and ILA or directly
via the amygdala. Another remarkable finding is the particularly
high normalized expression of the glucagon receptor (Gcgr) in the
amygdala, while glucagon has never been described to influence
fear previously.
We next deduced from Figure 5 which of the overrepresented
metabolic receptors were positively correlated with Crh, Crhr1,
or Crhr2 in the fear circuitry (Figures 5, 6A–D, marked as
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FIGURE 4 | Co-expression of metabolic receptor genes with Crh, Crhr1, and Crhr2. (A) The strength of co-expression between the set of metabolic receptors and
each of the seed genes Crh, Crhr1, and Crhr2. Each bar corresponds to –log10 (p-value) (one-sided Wilcoxon rank-sum test) in 12 crude brain regions, amygdala,
medial prefrontal cortex and hippocampus. The horizontal dashed line indicates the significance level at p = 0.05, Bonferroni-corrected for the number of structures.
(B) Example sagittal sections from the Allen Brain Atlas (Image credit: Allen Institute), showing the reference atlas, the in situ hybridization of Crh (experiment number
292), Crhr1 (experiment number 297), and Crhr2 (experiment number 79907934) in the midbrain.

We additionally investigated which metabolic receptors were
negatively correlated with the seed genes (Figures 5, 6A–D,
marked as ‘−ve’). While a high positive correlation indicates coexpression, a high negative correlation value suggests that the
seed gene and the receptor gene are expressed in other cell
populations. Some receptors were found to be coexpressed with
one seed gene while being negatively correlated with the other
(e.g., Thrb with Crh and Crhr1, respectively, in the BMA). Of
note, receptors with (i.e., Oprm1) and without (i.e, Mc2r) a
proven causal relation to fear were negatively correlated with
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seed genes. A graphic summary of all overrepresented metabolic
receptors in the fear circuitry can be found in Figure 6E.

Co-expression Analysis Reveals That
Metabolic Factors Interact With
Serotonergic and Noradrenergic
Neurons
In addition to directly targeting the fear circuitry, we
hypothesized that metabolic factors may target monoaminergic
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FIGURE 5 | Co-expression of metabolic receptors with stress-associated genes Crh, Crhr1, and Crhr2. Pearson’s correlation coefficient was used to estimate the
similarity between the 3D spatial expression profile of each metabolic receptor and the seed genes (A) Crh, (B) Crhr1, and (C) Crhr2. The expression profiles of the
seed genes across the regions of interest are shown as bar plots above the co-expression heat maps, both absolute (Abs. exp.) (top) and normalized (Norm. exp.) to
the average expression across the whole brain (bottom).
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FIGURE 6 | Enriched metabolic receptors in the central fear circuitry. Depicted metabolic receptor genes were selected for their high normalized expression
[log2 (normalized expression) > 2 for amygdala, hippocampus and medial prefrontal cortex; >1 for periaqueductal gray, Figure 3] in (A) hippocampus (HPF) and
amygdala (CEA, LA, BLA, BMA, and IA), (B) medial prefrontal cortex (ILA, PL), and (C) periaqueductal gray (PAG). Color code indicates the findings of our literature
review. Red: the metabolic factor of the receptor was found to causally alter fear at the location as indicated in the figure. Orange: the metabolic factor of the
receptor was found to causally alter fear in the amygdala, but the responsible subnucleus is unknown. Blue: the metabolic factor of the receptor was found to
causally alter fear, but the site of action is unknown. Purple: the metabolic factor of the receptor was not found to causally alter fear. +ve and –ve: the metabolic
factor was highly positively or negatively correlated with Crh, Crhr1, or Crhr2. (D) Exact correlation values are indicated in the table. (E) Summary of all enriched
metabolic receptors in the central fear circuitry (black = enriched).
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projection areas to influence fear. Many monoaminergic brain
nuclei were too small (i.e., smaller than 25 voxels in the ABA,
Table 2) to evaluate receptor expression using a similar method
as described above. Instead, we investigated whether metabolic
receptors were coexpressed with markers for monoamine
producing neurons. The receptor gene set was correlated
with markers specific for DA producing cells (Slc6a3), 5-HT
producing cells (Slc6a4) and NE producing cells (Dbh). To
overcome the small size of the brain regions, correlations were
calculated within parent brain regions in which monoaminergic
nuclei were situated: the midbrain (MB) for ascending 5-HT/DA
neurons (raphe nuclei and substantia nigra/ventral tegmental
area, respectively), and for noradrenergic projections in the
pons (locus coereleus, nucleus parabrachialis) and medulla
(nucleus tractus solitarius). The metabolic receptor gene set was
significantly correlated with Slc6a3 and Slc6a4, but not with Dbh
(Figure 7A).
Next, we assessed whether the significant correlations between
the metabolic receptor gene set and the seed genes were
driven by few strongly correlated genes, or rather driven by
many moderately correlated genes. We plotted the ranks of the
metabolic receptor genes against their correlation coefficients and
determined the top 1,000- highest ranked (Figures 7B,C and
Supplementary Table S3). Slca4 was correlated with the largest
number of receptor genes (n = 7). This suggests that 5-HT is
broadly sensitive to metabolic alterations, in accordance with
literature. In contrast, Dbh correlated with only few receptor
genes, but very strongly with the hypocretin receptor (Hcrtr1,
Figure 7C). Indeed, Hcrtr1 is highly colocalized with Dbh in the
locus coeruleus, and to a lesser extent in the PB (Figure 7D) and
orexin/hypocretin is known to be involved in anxiety states and
arousal (Sears et al., 2013).

TABLE 2 | Brain regions included for de novo analysis.
Region acronym

Region name

Size (voxels)

CB

Cerebellum

CTXsp

Cortical subplate

406

HPF

Hippocampal formation

1985

HY

Hypothalamus

1038

Isocortex

Isocortex

5759

MB

Midbrain

2626

MY

Medulla

1930

OLF

Olfactory areas

2376

P

Pons

1351

PAL

Pallidum

604

STR

Striatum

2690

TH

Thalamus

1393

BLA

Basolateral amygdalar nucleus, total

103

BLAa

Basolateral amygdalar nucleus, anterior part

57

BLAp

Basolateral amygdalar nucleus, posterior part

34

BLAv

Basolateral amygdalar nucleus, ventral part∗

12

BMA

Basomedial nucleus, total

78

BMAa

Basomedial nucleus, anterior part∗

18

BMAp

Basomedial nucleus, posterior part

60

CEA

Central amygdalar nucleus, total

93

3406

CEAc

Central amygdalar nucleus, capsular part

38

CEAl

Central amygdalar nucleus, lateral part∗

16

CEAm

Central amygdalar nucleus, medial part

39

IA

Intercalated amygdalar nucleus∗

13

LA

Lateral amygdalar nucleus

36

ILA

Infralimbic cortex

131

PL

Prelimbic cortex

153

HIP

Hippocampal region

1234

CA

CA region total

817

CA1

CA1 region

443

CA2

CA2-region

43

CA3

CA3-region

331

DG

Dentate gyrus

405

DG-mo

Dentate gyrus, molecular layer

257

DG-po

Dentate gyrus, polymorph layer

47

DG-sg

Dentate gyrus, granule cell layer

101

SUB

Subiculum, total

293

SUBd

Subiculum, dorsal part

96

SUBv

Subiculum, ventral part

197

PAG

Periaqueductal Gray

432

LC

Locus Coereleus∗

3

NTS

Nucleus of the Solitary Tract

40

PB

Parabrachial Nucleus

68

Ramb

Midbrain raphe nuclei

66

IF

Interfascicular raphe nucleus∗

3

IPN

Interpeduncular nucleus∗

22

RL

Rostral linear raphe nucleus∗

8

CLI

Central linear raphe nucleus∗

12

DR

Dorsal raphe nucleus∗

21

SNc

Substantia nigra, compact part

30

SNl

Substantia nigra, lateral part∗

0

SNr

Substantia nigra, reticular part

94

VTA

Ventral tegmental area

52

∗ Brain

Putative Metabolic Interactors With
Monoamine Projection Regions
We next verified the ABA ISH data for the identified candidate
metabolic receptors in monoaminergic nuclei. This led to the
exclusion of Oprm1 expression in the SN and/or VTA (Figure 2
and Supplementary Tables S3, S4). We found that the majority
of the identified metabolic receptors in monoaminergic brain
regions appeared to be known controllers of the fear response
(Figure 8 and Supplementary Table S5). Some metabolic factors,
such as fatty acids and oxytocin, are known for their involvement
in fear, but their sites of action are unidentified. Here we show
that fatty acids might interact with the 5-HT system via receptor
peroxisome proliferator-activated receptor gamma (Pparγ) and
that oxytocin might affect NE producing neurons as its receptor
(Oxtr) is enriched in these regions. Of note, no direct relations to
fear have been demonstrated yet for insulin-like growth hormone
receptor (Igf1r) and the potential fatty acid binder Protein Kinase
ζ (Prkcq) that are overrepresented in PB/LC and RN, respectively.

DISCUSSION
This study aimed to unveil metabolic signals that influence
fear behavior and their cerebral targets. Expression data from

region too small for coexpression analysis (<25 voxels).
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FIGURE 7 | Co-expression of metabolic receptor genes with markers for neurons producing dopamine (Slc6a3), serotonin (Slc6a4), and noradrenalin (Dbh).
(A) All bars indicate the –log10 (p-value) of the one-sided Wilcoxon rank sum test used to assess the significance of the co-expression between the metabolic
receptor gene set and each of the seed genes Slc6a3, Sl6a4, Dbh in midbrain (MB), pons (P), and medulla (MY). The horizontal dashed line indicates the significance
level at p = 0.05, Bonferroni-corrected for the number of structures. (B) Correlation values of all genes included in ABA (including metabolic receptor genes) with
seed genes (Slc6a3, Sl6a4, and Dbh) in relevant regions were ranked. Depicted are the ranks of the metabolic receptor genes, set out against respective correlation
values. The genes left of the dashed line indicate the top 1,000 ranked metabolic receptor genes. (C) Correlation values of metabolic receptors among the top 1,000
ranked metabolic receptor genes. (D) Example sagittal sections from the Allen Brain Atlas, showing the reference atlas (top), the in situ hybridization of Dbh in
Pons/Locus Coeruleus/Nucleus Tractus Solitarius (P/LC/NTS, respectively) (experiment 79913340) (middle), and Hcrtr1 in P/LC/NTS (experiment 1216) (bottom)
(Image credit: Allen Institute).
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FIGURE 8 | Enriched metabolic receptors in monoaminergic brain regions. (A) Depicted metabolic receptor genes were among the top 1,000 genes (Figure 7C)
that are highly coexpressed with monoamine markers Slc6a3 (in midbrain), Slc6a4 (in midbrain), and Dbh (in pons and medulla). These monoamine markers are
expressed in monoamine producing nuclei, i.e., Slc6a3 in the ventral tegmental area (VTA) and the substantia nigra (SN), Slc6a4 in the raphe nuclei of the midbrain
(RN) and Dbh in the nucleus parabrachialis (PB), the locus coeruleus (LC), and the nucleus tractus solitarii (NTS). Color code indicates the findings of our literature
review. Red: the metabolic factor of the receptor was found to causally alter fear at the location as indicated in the figure. Blue: the metabolic factor of the receptor
was found to causally alter fear, but the site of action was unknown. Green: the metabolic factor of the receptor was not found to causally alter fear. (B) Absolute
expression summary of all enriched metabolic receptors in monoaminergic brain regions.

fear memories, especially because NA receptor stimulation
in the amygdala, for example, is crucial for the formation
of fear memories (Roozendaal et al., 2006). Hypothalamic
orexin neurons send dense projections to the locus coeruleus
(Sears et al., 2013). Via optogenetic stimulation, pharmacologic
inhibition and disruption of these fibers, orexin was shown
to promote fear memory consolidation via the LC. Transgenic
mouse models additionally showed that Hcrtr1, and not Hcrtr2
is important for the formation of threat memories (Soya
et al., 2013) -, which is in line with our findings. The
neurons in the LC that receive input from hypothalamic
orexin fibers project to the LA to regulate fear (Soya et al.,
2017). In the altered metabolic state of fasting, mice showed
increased fear behavior as well as LA activity, which could
be prevented by pharmacological inhibition of Hcrtr1 in
the LC.
Serotonergic neurons showed the broadest expression of
metabolic receptors. This is in line with the current findings
from literature, that report most frequently interactions between
metabolic state and serotonergic transmission. This includes data
from human studies (Muldoon et al., 2006) and findings after

the ABA showed that receptors of both known fear-associated
metabolic factors, (e.g., NPY, estrogen and thyroid hormones)
and potential new fear-related factors (e.g., glucagon) were
overrepresented in the central fear circuitry. We observed
no systematic enrichment for particular classes of metabolic
signaling factors, such as hypothalamic peptides or adipokines.
We additionally show that monoaminergic brain regions may
be differentially responsive to metabolic changes. Serotonergic
neurons seem broadly sensitive to metabolic signals, given the
high number of colocalized metabolic receptor genes. Although
dopamine is clearly linked to anticipation of, for example,
food rewards, dopaminergic midbrain areas had a relatively
low expression of metabolic receptors. The noradrenergic
system appears to be specifically sensitive to modulation by
hypocretin/orexin.

Findings in Monoaminergic Brain
Regions
The high hypocretin/orexin receptor 1 (Hcrtr1) expression in
the LC is interesting in the light of regulation of fear and
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inducing obesity in rodents (Krishna et al., 2016). Serotonin
can affect fear circuits either directly in the amygdala (Bocchio
et al., 2016), or via other components of the fear circuitry
(Burghardt and Bauer, 2013). The serotonin system is an example
of a system with a two-way interaction, as it is in turn able to
regulate feeding behavior and metabolic processes. Therefore the
metabolic sensing by the serotonin system may also be part of
metabolic feedback- or feedforward control loops (Xu et al., 2010;
Jean et al., 2017).

Findings in the Periaqueductal Gray
In the PAG, the opioid receptor mu (Oprm1) was found to
be highly expressed, which most likely is involved in fear and
analgesia. The systems for nociception and fear are closely
and bidirectionally connected. If a neutral stimulus predicts a
nociceptive stimulus, the neutral stimulus will acquire the ability
to activate the defensive system, and becomes a conditioned
stimulus (Fanselow, 1986). In reverse, the defensive system
activates analgesic processes which supports defensive behavior.
The periaqueductal gray is a major integration site of nociceptive
and fear stimuli and hence is an important driver of fear-induced
analgesia (Behbehani, 1995). Indeed, Oprm1 agonist morphine
injected into the PAG decrease fear and promotes analgesia,
while morphine withdrawal is associated with anxiogenesis (De
Ross et al., 2009; Halladay and Blair, 2012; Twardowschy and
Coimbra, 2015). In humans, obesity is associated with decreased
Oprm1 availability in the brain, which would support the notion
that obesity raises fear levels (Karlsson et al., 2015; Pitman and
Borgland, 2015).

Findings in the Amygdala
In the LA and BLA, we found the metabolic receptor set to be
significantly coexpressed with Crhr2. We and others found that
Crhr2 is modestly expressed in the BLA (Chalmers et al., 1995;
Van Pett et al., 2000). Here we identified the estrogen receptor
beta (Esr2) as one of the metabolic receptors that was highly
coexpressed with Crhr2 in the BLA. Estrogens are well known to
alter fear behavior, and receptor type largely determines whether
the effect is anxiogenic (Esr1) or anxiolytic (Esr2) (Borrow and
Handa, 2017). Our data suggest that in particular contexts ER
beta (Esr2) may also alter fear behavior by impacting on CRHR2
positive neurons, which are mainly involved in anxiolysis.
Estrogens were also shown to be permissive for CRHR2 receptor
expression in non-neuronal cells (Wang et al., 2012). Although
estrogen levels rise during obesity (Brown, 2014), it is, to our
knowledge, not known how estrogen receptor expression levels
are affected in altered metabolic state. Other receptors with a high
relative expression in the amygdala include the µ opioid receptor
and the MC2 receptor, which we discuss below.

Glucagon Is a Novel Metabolic Factor
That May Influence Fear
Unexpectedly, the glucagon receptor (Gcgr) was overrepresented
in the BLA and BMA, while it is unknown to have any effects
on emotion regulation. Radioactive-labeling studies have shown
that glucagon indeed binds to glucagon receptors in the amygdala
(Hoosein and Gurd, 1984). We hypothesize that the glucagon
receptors in the BLA and BMA may have a role in fear, or in
food intake, or both. Previous work shows that central glucagon
acts as anorectic hormone and regulates peripheral glucose levels,
although this is mostly driven by non-limbic systems (Abraham
and Lam, 2016). Given that the amygdala also regulates food
intake, as for example evident in appetitive fear conditioning
experiments (Petrovich, 2013), we hypothesize that the anorectic
effects of glucagon may also be mediated via the amygdala.
Indeed, subcutaneously injected glucagon acted in concert with
GLP-1 to reduce food intake, and induced a similar pattern of
c-fos expression in the central nucleus of the amygdala (Parker
et al., 2013). Supportive of a potential fear modulating role for
glucagon, type II diabetes patients, which have both elevated
insulin and glucagon levels (Cryer, 2012), have an increased risk
to develop anxiety disorders (OR = 1.25 (CI 1.10–1.39) [18]).
The high co-expression with Crhr1 and stimulatory nature of the
glucagon receptor suggest that like NPY, glucagon is a signal for
a negative energy balance that affects in parallel food intake and
anxiety.

Findings in Medial Prefrontal Cortex and
Hippocampus
The PFC seemed relatively sensitive to thyroid hormone related
receptors. The high correlation of metabolic receptors with
Crh(R) in the ILA may be interesting in the pathogenesis of
anxiety disorders. The ILA is thought to be involved in the
conversion of a Pavlovian fear response toward a pathological
anxiety disorder (Morgan et al., 1993). In a healthy fear
response fear is easily extinguishable, while in anxiety disorders
extinction is difficult to accomplish (LeDoux, 2000). Supporting
the involvement of the ILA in this pathogenic conversion,
damage to the medial prefrontal cortex in rats could convert
easy-extinguishable fear to difficult-to-extinguish fear (Morgan
et al., 1993). In the hippocampus, NPY receptors (Npyr1/2) stood
out prominently. The Y1 receptors (Npyr1) and Y2 receptors
(Npyr2) are the predominant NPY receptors in the central
nervous system (Tasan et al., 2016). While Y1 receptors are
post-synaptic and anxiolytic, Y2 receptors are pre-synaptic and
anxiogenic, most likely because Y2 receptors inhibit the release
of anxiolytic NPY (Wu et al., 2011). In acute situations, the
orexigenic and anxiolytic effects of NPY support the relation
between hunger and a reduction of fear. However, increased
NPY-signaling also drives the hyperphagia during obesity,
which would contradict the association between obesity and
anxiogenesis.
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ACTH Is a Novel Metabolic Factor That
May Influence Fear
We additionally found that in the BLA and LA, the cognate
ACTH receptor (Mc2r) was relatively highly expressed. From
studies on ACTH fragments it is known that the N-terminal
part of ACTH influences learning, motivation and social behavior
(de Wied, 1990) – yet, to our knowledge very few studies on
the neuroactive effects of full ACTH protein have ever been
performed, once the activity of ACTH fragments was discovered

15

August 2018 | Volume 12 | Article 594

Koorneef et al.

Metabolic Receptors in the Fear Circuitry

(De Wied, 1965; Greven and de Wied, 1967). Assuming that
ACTH is the main ligand for MC2 receptors within the brain, it
is likely that it promotes stress responses and may – like CRF – be
stimulatory for anxiety and fear.

the LA (36 voxels) with other brain regions of similar size, i.e.,
BLAp (34 voxels) and CEAc (38 voxels) suggests that increased
correlation values in the LA most likely reflect a biological
phenomenon.

Novel Cerebral Targets for the HPT-axis
That May Control Fear Behavior

Biological Limitations
The post hoc observation of a large number of known fearassociated factors in our set of selected metabolic receptors
supports its validity. However, we may have included non-specific
metabolic receptors, such as fatty-acid sensor protein kinase C
(Prkcb/d/e/q) that also exerts a wide variety of other, more general
cellular actions. In addition, it is not always conclusive whether
a given factor can cross the blood–brain-barrier (BBB). This
was especially the case for ACTH, as barrier penetrance was
primarily investigated with ACTH analogs and fragments (Reul
et al., 1988; de Wied, 1990; Burchuladze et al., 1994; Vasadze
et al., 2007). However, the overrepresented MC2 receptors in
amygdala and medial PFC suggest that Mc2r at least exerts
some central functions. Furthermore, we considered potential
direct at-site interactions, hereby potentially overlooking factors
that influence the central nervous system via other ways (e.g.,
gut-brain axis). As we looked at responsiveness to metabolic
factors, we exclusively focussed on receptor expression, although
we are aware that genes encoding for metabolic factors or
factor-producing enzymes can be of biological significance. For
the literature review, we had stringent inclusion criteria to
exclusively select causal studies, which might have led to ignoring
associations without a causal relation (e.g., Igf1r; Baldini et al.,
2013; Brambilla et al., 2018). We have not validated co-expression
data with immunofluorescence given the vast number of options,
but do suggest this as a first step for follow up experiments. As a
final remark, interpretations about novel fear-modulating factors
should be carefully made as included brain regions also exert
other brain functions that are unrelated to fear.

Besides the identification of metabolic factors that may regulate
fear, the data set also allows for identification of novel sites of
action for known fear-regulating metabolic factors. The HPT-axis
is for example known to affect fear behavior, but it is relatively
unknown where those interactions take place. Here we show that
the amygdala may be a major site of action, as in the BLA, BMA,
and LA expresses the thyroid hormone receptors (Thra/b) to a
relatively high level. In addition, the medial prefrontal cortex may
be a major interaction site, as Tshr and Trhr are overrepresented
in these brain regions. We additionally hypothesize that Thra/b
and Tshr may interact with the CRH/urocortin system, as they
have a similar expression profile as Crh and its receptors. As
for ACTH, the effects of TSH within the brain are poorly
characterized, but – in line with our selection criteria – there
is functional evidence for TSH effects on the rodent brain in
relation to food intake (Burgos et al., 2016). The co-expression
data suggest that these effects may be extend to include fear
regulation.

Novel Cerebral Targets for Integration of
Metabolic Signaling and Fear
Behavior
We additionally found a novel neuroanatomical site that could
be important in the integration of metabolic signals and fear.
Co-expression with fear-associated genes Crh, Crhr1, and Crhr2
across crude brain regions revealed that the metabolic receptor
set correlated mostly in areas that are not often associated with
anxiety, i.e., midbrain CRH expressing neurons, as present in
the superior colliculus and nucleus ruber. Studies in amphibians
suggest that CRH-neurons in the superior colliculus regulate
visually guided feeding (Prater et al., 2017). As the superior
colliculus is part of the fear-related subcortical visual pathway,
our findings may point to the visual processing of threats and
fear.(Carr et al., 2013).

Future Research
The resulting data present several hypotheses for future fear
research. The suggested role in fear regulation for some metabolic
factors should be validated in vivo, preferably with microinjection
studies using (ant)agonists, or other targeted approaches. For
each metabolic factor the directionality of effects on fear behavior
could be predicted (anxiolysis/genesis), potentially in the context
of a positive or negative energy balance. Yet, this approach still
needs to overcome a number of obstacles. For instance, metabolic
state –especially obesity- can alter the permeability of the blood–
brain-barrier (Banks, 2008; Urayama and Banks, 2008). In
addition, some peripheral factors are also centrally produced
(e.g., GLP-1), which makes the ‘metabolic load’ that is seen by
a brain nucleus difficult to predict (Cabou and Burcelin, 2011).
Further predictions would be based on whether cognate receptors
are stimulatory or inhibitory, which is complex for nuclear
receptors as they can both activate and repress gene transcription
(e.g., Thra/b, Nr3c1, Er1/2). Finally, receptors are expressed at
inhibitory or excitatory neurons in a stimulatory or inhibitory
(sub)nucleus. To gain more insight which neuronal cell
populations express metabolic receptors, the metabolic receptor
gene set might be correlated with Slc6a1/Gat1 (GABAergic

Technical Limitations
There are some technical limitations to our approach. First, the
high throughput ISH data of the ABA are not always of high
quality, which can lead to false negative (in case of failed ISH)
and false positive (in case of mislabelling of a brain area) results.
To overcome the latter, all our findings were verified by visual
inspection of the source ISH data. Second, the importance of high
values of normalized expression values may be overestimated
if the absolute expression is low (e.g., Trhr2). Conversely, the
importance of low values of normalized expression values may be
underestimated (e.g., Nr3c1, Igf1r), especially if a gene is generally
highly expressed throughout the brain. Lastly, correlation values
tend to be higher in smaller regions, such as for the LA
region. Nevertheless, the comparison of correlation values in
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neuron marker) and Slc17a1/Vglut1 (Glutamatergic neuron
marker).

of results and the literature review. All authors discussed the
analyses and manuscript.

CONCLUSION
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All components of the brain fear network seem responsive
to metabolic factors, but with a degree of specificity. Similar
approaches on available human brain transcriptomes [e.g., from
the Allen Human Brain Atlas (Hawrylycz et al., 2012)] may help
to reveal evolutionary conservation of the described patterns
of expression. It would additionally be important to validate
gene interactions at the protein level (Sharma et al., 2015). The
current study emphasizes the role of different metabolic factors
in shaping human brain responsiveness and may be used as a
rich dataset to guide new approaches to study the interactions
between metabolic state and fear.

This research has received funding from Netherlands Technology
Foundation (STW), as part of the STW Project 12721 (Genes
in Space) under the Imaging Genetics (IMAGENE) Perspective
programme. In addition, LK was funded with a grant by the
Board of Directors of Leiden University Medical Center.

AUTHOR CONTRIBUTIONS

SUPPLEMENTARY MATERIAL

LK and OM conceived the setup and wrote the paper. AM
and MR conceived the expression analysis. AM performed the
bioinformatics analysis. MB performed the post hoc validation

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnins.
2018.00594/full#supplementary-material

REFERENCES

periaqueductal gray of rats: association with different types of anxiety. Behav.
Brain Res. 188, 1–13. doi: 10.1016/j.bbr.2007.10.018
Brown, K. A. (2014). Impact of obesity on mammary gland inflammation and
local estrogen production. J. Mammary Gland Biol. Neoplasia 19, 183–189.
doi: 10.1007/s10911-014-9321-0
Burchuladze, R. A., Chabak, R., and Chippens, G. I. (1994). Influence of new ACTH
fragments on self-stimulation, avoidance, and grooming behavior in rabbits.
Neurosci. Behav. Physiol. 24, 495–499. doi: 10.1007/BF02360174
Burghardt, N. S., and Bauer, E. P. (2013). Acute and chronic effects of selective
serotonin reuptake inhibitor treatment on fear conditioning: implications
for underlying fear circuits. Neuroscience 247, 253–272. doi: 10.1016/j.
neuroscience.2013.05.050
Burgos, J. R., Iresjo, B. M., Warnaker, S., and Smedh, U. (2016). Presence of TSH
receptors in discrete areas of the hypothalamus and caudal brainstem with
relevance for feeding controls-Support for functional significance. Brain Res.
1642, 278–286. doi: 10.1016/j.brainres.2016.04.007
Burnett, C. J., Li, C., Webber, E., Tsaousidou, E., Xue, S. Y., Bruning, J. C., et al.
(2016). Hunger-driven motivational state competition. Neuron 92, 187–201.
doi: 10.1016/j.neuron.2016.08.032
Cabou, C., and Burcelin, R. (2011). GLP-1, the gut-brain, and brain-periphery axes.
Rev. Diabet. Stud. 8, 418–431. doi: 10.1900/RDS.2011.8.418
Carr, J. A., Zhang, B., Li, W., Gao, M., Garcia, C., Lustgarten, J., et al. (2013). An
intrinsic CRF signaling system within the optic tectum. Gen. Comp. Endocrinol.
188, 204–211. doi: 10.1016/j.ygcen.2013.03.020
Chalmers, D. T., Lovenberg, T. W., and De Souza, E. B. (1995). Localization
of novel corticotropin-releasing factor receptor (CRF2) mRNA expression to
specific subcortical nuclei in rat brain: comparison with CRF1 receptor mRNA
expression. J. Neurosci. 15, 6340–6350. doi: 10.1523/JNEUROSCI.15-10-06340.
1995
Cryer, P. E. (2012). Minireview: glucagon in the pathogenesis of hypoglycemia
and hyperglycemia in diabetes. Endocrinology 153, 1039–1048. doi: 10.1210/en.
2011-1499
De Ross, J., Avila, M. A., Ruggiero, R. N., Nobre, M. J., Brandao, M. L., and Castilho,
V. M. (2009). The unconditioned fear produced by morphine withdrawal is
regulated by mu- and kappa-opioid receptors in the midbrain tectum. Behav.
Brain Res. 204, 140–146. doi: 10.1016/j.bbr.2009.05.033
De Wied, D. (1965). The influence of the posterior and intermediate lobe of
the pituitary and pituitary peptides on the maintenance of a conditioned

ACKNOWLEDGMENTS
We thank Dr. Susanne La Fleur for her helpful comments on an
earlier version of the manuscript.

Abraham, A. D., Neve, K. A., and Lattal, K. M. (2014). Dopamine and extinction:
a convergence of theory with fear and reward circuitry. Neurobiol. Learn. Mem.
108, 65–77. doi: 10.1016/j.nlm.2013.11.007
Abraham, M. A., and Lam, T. K. T. (2016). Glucagon action in the brain.
Diabetologia 59, 1367–1371. doi: 10.1007/s00125-016-3950-3
Adhikari, A., Lerner, T. N., Finkelstein, J., Pak, S., Jennings, J. H., Davidson, T. J.,
et al. (2015). Basomedial amygdala mediates top-down control of anxiety and
fear. Nature 527, 179–185. doi: 10.1038/nature15698
Anderberg, R. H., Richard, J. E., Hansson, C., Nissbrandt, H., Bergquist, F., and
Skibicka, K. P. (2015). GLP-1 is both anxiogenic and antidepressant; divergent
effects of acute and chronic GLP-1 on emotionality. Psychoneuroendocrinology
65, 54–66. doi: 10.1016/j.psyneuen.2015.11.021
Baldini, S., Restani, L., Baroncelli, L., Coltelli, M., Franco, R., Cenni, M. C., et al.
(2013). Enriched early life experiences reduce adult anxiety-like behavior in
rats: a role for insulin-like growth factor 1. J. Neurosci. 33, 11715–11723. doi:
10.1523/JNEUROSCI.3541-12.2013
Banks, W. A. (2008). The blood-brain barrier as a cause of obesity. Curr. Pharm.
Des. 14, 1606–1614. doi: 10.2174/138161208784705496
Behbehani, M. M. (1995). Functional characteristics of the midbrain
periaqueductal gray. Prog. Neurobiol. 46, 575–605. doi: 10.1016/03010082(95)00009-K
Bloodgood, D. W., Sugam, J. A., Holmes, A., and Kash, T. L. (2018). Fear extinction
requires infralimbic cortex projections to the basolateral amygdala. Transl.
Psychiatry 8:60. doi: 10.1038/s41398-018-0106-x
Bocchio, M., McHugh, S. B., Bannerman, D. M., Sharp, T., and Capogna, M. (2016).
Serotonin, amygdala and Fear: assembling the puzzle. Front. Neural Circuits
10:24. doi: 10.3389/fncir.2016.00024
Borrow, A. P., and Handa, R. J. (2017). Estrogen receptors modulation of
anxiety-like behavior. Vitam. Horm. 103, 27–52. doi: 10.1016/bs.vh.2016.
08.004
Brambilla, F., Santonastaso, P., Caregaro, L., and Favaro, A. (2018). Growth
hormone and insulin-like growth factor 1 secretions in eating disorders:
correlations with psychopathological aspects of the disorders. Psychiatry Res.
263, 233–237. doi: 10.1016/j.psychres.2017.07.049
Brandao, M. L., Zanoveli, J. M., Ruiz-Martinez, R. C., Oliveira, L. C., and LandeiraFernandez, J. (2008). Different patterns of freezing behavior organized in the

Frontiers in Neuroscience | www.frontiersin.org

17

August 2018 | Volume 12 | Article 594

Koorneef et al.

Metabolic Receptors in the Fear Circuitry

avoidance response in rats. Int. J. Neuropharmacol. 4, 157–167. doi: 10.1016/
0028-3908(65)90005-5
de Wied, D. (1990). Neurotrophic effects of ACTH/MSH neuropeptides. Acta
Neurobiol. Exp. 50, 353–366.
de Zwaan, M., Enderle, J., Wagner, S., Muhlhans, B., Ditzen, B., Gefeller, O., et al.
(2011). Anxiety and depression in bariatric surgery patients: a prospective,
follow-up study using structured clinical interviews. J. Affect. Disord. 133,
61–68. doi: 10.1016/j.jad.2011.03.025
Dedic, N., Chen, A., and Deussing, J. M. (2017). The CRF family of neuropeptides
and their receptors - mediators of the central stress response. Curr. Mol.
Pharmacol. 11, 4–31. doi: 10.2174/1874467210666170302104053
Edwards-Hampton, S. A., Madan, A., Wedin, S., Borckardt, J. J., Crowley, N., and
Byrne, K. T. (2014). A closer look at the nature of anxiety in weight loss surgery
candidates. Int. J. Psychiatry Med. 47, 105–113. doi: 10.2190/PM.47.2.b
Fanselow, M. S. (1986). Conditioned fear-induced opiate analgesia: a competing
motivational state theory of stress analgesia. Ann. N. Y. Acad. Sci. 467, 40–54.
doi: 10.1111/j.1749-6632.1986.tb14617.x
Gariepy, G., Nitka, D., and Schmitz, N. (2010). The association between obesity
and anxiety disorders in the population: a systematic review and meta-analysis.
Int. J. Obes. 34, 407–419. doi: 10.1038/ijo.2009.252
Giustino, T. F., and Maren, S. (2015). The role of the medial prefrontal cortex
in the conditioning and extinction of fear. Front. Behav. Neurosci. 9:298. doi:
10.3389/fnbeh.2015.00298
Greven, H. M., and de Wied, D. (1967). The active sequence in the ACTH molecule
responsible for inhibition of the extinction of conditioned avoidance behaviour
in rats. Eur. J. Pharmacol. 2, 14–16. doi: 10.1016/0014-2999(67)90017-9
Halladay, L. R., and Blair, H. T. (2012). The role of mu-opioid receptor signaling
in the dorsolateral periaqueductal gray on conditional and unconditional
responding to threatening and aversive stimuli. Neuroscience 216, 82–93. doi:
10.1016/j.neuroscience.2012.04.045
Hawrylycz, M. J., Lein, E. S., Guillozet-Bongaarts, A. L., Shen, E. H., Ng, L., Miller,
J. A., et al. (2012). An anatomically comprehensive atlas of the adult human
brain transcriptome. Nature 489, 391–399. doi: 10.1038/nature11405
Herrera-Marquez, R., Hernandez-Rodriguez, J., Medina-Serrano, J., Boyzo-Montes
de Oca, A., and Manjarrez-Gutierrez, G. (2011). Association of metabolic
syndrome with reduced central serotonergic activity. Metab. Brain Dis. 26,
29–35. doi: 10.1007/s11011-010-9229-3
Holzer, P., Reichmann, F., and Farzi, A. (2012). Neuropeptide Y, peptide YY and
pancreatic polypeptide in the gut-brain axis. Neuropeptides 46, 261–274. doi:
10.1016/j.npep.2012.08.005
Hoosein, N. M., and Gurd, R. S. (1984). Identification of glucagon receptors in
rat brain. Proc. Natl. Acad. Sci. U.S.A. 81, 4368–4372. doi: 10.1073/pnas.81.14.
4368
Jean, A., Laurent, L., Delaunay, S., Doly, S., Dusticier, N., Linden, D., et al. (2017).
Adaptive control of dorsal raphe by 5-HT4 in the prefrontal cortex prevents
persistent hypophagia following stress. Cell Rep. 21, 901–909. doi: 10.1016/j.
celrep.2017.10.003
Kalarchian, M. A., King, W. C., Devlin, M. J., Marcus, M. D., Garcia, L., Chen, J. Y.,
et al. (2015). Psychiatric disorders and weight change in a prospective study
of bariatric surgery patients: a 3-year follow-up. Psychosom. Med. 78, 373–381.
doi: 10.1097/PSY.0000000000000277
Karlsson, H. K., Tuominen, L., Tuulari, J. J., Hirvonen, J., Parkkola, R., Helin, S.,
et al. (2015). Obesity is associated with decreased mu-opioid but unaltered
dopamine D2 receptor availability in the brain. J. Neurosci. 35, 3959–3965.
doi: 10.1523/JNEUROSCI.4744-14.2015
Kim, E. J., Horovitz, O., Pellman, B. A., Tan, L. M., Li, Q., Richter-Levin, G., et al.
(2013). Dorsal periaqueductal gray-amygdala pathway conveys both innate and
learned fear responses in rats. Proc. Natl. Acad. Sci. U.S.A. 110, 14795–14800.
doi: 10.1073/pnas.1310845110
Kimbrough, T. D., and Weekley, L. B. (1984). The effect of a high-fat diet on
brainstem and duodenal serotonin (5-HT) metabolism in sprague-dawley and
osborne-mendel rats. Int. J. Obes. 8, 305–310.
Kinzig, K. P., D’Alessio, D. A., Herman, J. P., Sakai, R. R., Vahl, T. P., Figueiredo,
H. F., et al. (2003). CNS glucagon-like peptide-1 receptors mediate endocrine
and anxiety responses to interoceptive and psychogenic stressors. J. Neurosci.
23, 6163–6170. doi: 10.1523/JNEUROSCI.23-15-06163.2003
Kolber, B. J., Roberts, M. S., Howell, M. P., Wozniak, D. F., Sands, M. S., and
Muglia, L. J. (2008). Central amygdala glucocorticoid receptor action promotes

Frontiers in Neuroscience | www.frontiersin.org

fear-associated CRH activation and conditioning. Proc. Natl. Acad. Sci. U.S.A.
105, 12004–12009. doi: 10.1073/pnas.0803216105
Krishna, S., Keralapurath, M. M., Lin, Z., Wagner, J. J., de La Serre, C. B.,
Harn, D. A., et al. (2015). Neurochemical and electrophysiological deficits in
the ventral hippocampus and selective behavioral alterations caused by highfat diet in female C57BL/6 mice. Neuroscience 297, 170–181. doi: 10.1016/j.
neuroscience.2015.03.068
Krishna, S., Lin, Z., de La Serre, C. B., Wagner, J. J., Harn, D. H., Pepples,
L. M., et al. (2016). Time-dependent behavioral, neurochemical, and metabolic
dysregulation in female C57BL/6 mice caused by chronic high-fat diet intake.
Physiol. Behav. 157, 196–208. doi: 10.1016/j.physbeh.2016.02.007
Kurhe, Y., and Mahesh, R. (2015). Ondansetron attenuates co-morbid depression
and anxiety associated with obesity by inhibiting the biochemical alterations
and improving serotonergic neurotransmission. Pharmacol. Biochem. Behav.
136, 107–116. doi: 10.1016/j.pbb.2015.07.004
Kurhe, Y., Mahesh, R., and Devadoss, T. (2015). QCM-4, a 5-HT(3) receptor
antagonist ameliorates plasma HPA axis hyperactivity, leptin resistance and
brain oxidative stress in depression and anxiety-like behavior in obese mice.
Biochem. Biophys. Res. Commun. 456, 74–79. doi: 10.1016/j.bbrc.2014.11.036
LeDoux, J. E. (2000). Emotion circuits in the brain. Annu. Rev. Neurosci. 23,
155–184. doi: 10.1146/annurev.neuro.23.1.155
Lein, E. S., Hawrylycz, M. J., Ao, N., Ayres, M., Bensinger, A., Bernard, A., et al.
(2007). Genome-wide atlas of gene expression in the adult mouse brain. Nature
445, 168–176. doi: 10.1038/nature05453
Levy, D. J., Thavikulwat, A. C., and Glimcher, P. W. (2013). State dependent
valuation: the effect of deprivation on risk preferences. PLoS One 8:e53978.
doi: 10.1371/journal.pone.0053978
Mahfouz, A., Lelieveldt, B. P., Grefhorst, A., van Weert, L. T., Mol, I. M., Sips,
H. C., et al. (2016). Genome-wide coexpression of steroid receptors in the
mouse brain: identifying signaling pathways and functionally coordinated
regions. Proc. Natl. Acad. Sci. U.S.A. 113, 2738–2743. doi: 10.1073/pnas.15203
76113
McDannald, M. A. (2010). Contributions of the amygdala central nucleus and
ventrolateral periaqueductal grey to freezing and instrumental suppression in
Pavlovian fear conditioning. Behav. Brain Res. 211, 111–117. doi: 10.1016/j.bbr.
2010.03.020
Moller, C., Sommer, W., Thorsell, A., Rimondini, R., and Heilig, M. (2002).
Anxiogenic-like action of centrally administered glucagon-like peptide-1 in
a punished drinking test. Prog. Neuropsychopharmacol. Biol. Psychiatry 26,
119–122.
Morgan, M. A., Romanski, L. M., and LeDoux, J. E. (1993). Extinction of emotional
learning: contribution of medial prefrontal cortex. Neurosci. Lett. 163, 109–113.
doi: 10.1016/0304-3940(93)90241-C
Morris, M. J., Beilharz, J. E., Maniam, J., Reichelt, A. C., and Westbrook, R. F.
(2015). Why is obesity such a problem in the 21st century? The intersection
of palatable food, cues and reward pathways, stress, and cognition. Neurosci.
Biobehav. Rev. 58, 36–45. doi: 10.1016/j.neubiorev.2014.12.002
Muldoon, M. F., Mackey, R. H., Korytkowski, M. T., Flory, J. D., Pollock, B. G.,
and Manuck, S. B. (2006). The metabolic syndrome is associated with reduced
central serotonergic responsivity in healthy community volunteers. J. Clin.
Endocrinol. Metab. 91, 718–721. doi: 10.1210/jc.2005-1654
Pare, D., Quirk, G. J., and Ledoux, J. E. (2004). New vistas on amygdala networks
in conditioned fear. J. Neurophysiol. 92, 1–9. doi: 10.1152/jn.00153.2004
Parker, J. A., McCullough, K. A., Field, B. C., Minnion, J. S., Martin, N. M., Ghatei,
M. A., et al. (2013). Glucagon and GLP-1 inhibit food intake and increase c-fos
expression in similar appetite regulating centres in the brainstem and amygdala.
Int. J. Obes. 37, 1391–1398. doi: 10.1038/ijo.2012.227
Petrovich, G. D. (2013). Forebrain networks and the control of feeding by
environmental learned cues. Physiol. Behav. 121, 10–18. doi: 10.1016/j.physbeh.
2013.03.024
Pitman, K. A., and Borgland, S. L. (2015). Changes in mu-opioid receptor
expression and function in the mesolimbic system after long-term access to a
palatable diet. Pharmacol. Ther. 154, 110–119. doi: 10.1016/j.pharmthera.2015.
07.005
Prater, C. M., Garcia, C., McGuire, L. P., and Carr, J. A. (2017). Tectal corticotropinreleasing factor (CRF) neurons respond to fasting and a reactive stressor in
the African clawed frog, Xenopus laevis. Gen. Comp. Endocrinol. 258, 91–98.
doi: 10.1016/j.ygcen.2017.07.029

18

August 2018 | Volume 12 | Article 594

Koorneef et al.

Metabolic Receptors in the Fear Circuitry

Reul, J. M., Tonnaer, J. A., and De Kloet, E. R. (1988). Neurotrophic ACTH
analogue promotes plasticity of type I corticosteroid receptor in brain of
senescent male rats. Neurobiol. Aging 9, 253–260. doi: 10.1016/S0197-4580(88)
80062-9
Rizvi, T. A., Ennis, M., Behbehani, M. M., and Shipley, M. T. (1991). Connections
between the central nucleus of the amygdala and the midbrain periaqueductal
gray: topography and reciprocity. J. Comp. Neurol. 303, 121–131. doi: 10.1002/
cne.903030111
Rodrigues, S. M., LeDoux, J. E., and Sapolsky, R. M. (2009). The influence of stress
hormones on fear circuitry. Annu. Rev. Neurosci. 32, 289–313. doi: 10.1146/
annurev.neuro.051508.135620
Roozendaal, B., Okuda, S., Van der Zee, E. A., and McGaugh, J. L.
(2006). Glucocorticoid enhancement of memory requires arousal-induced
noradrenergic activation in the basolateral amygdala. Proc. Natl. Acad. Sci.
U.S.A. 103, 6741–6746. doi: 10.1073/pnas.0601874103
Rozeske, R. R., Jercog, D., Karalis, N., Chaudun, S., Girard, D., Winke, N.,
et al. (2018). Prefrontal-periaqueductal gray-projecting neurons mediate
context fear discrimination. Neuron 97, 898–910. doi: 10.1016/j.neuron.2017.
12.044
Sears, R. M., Fink, A. E., Wigestrand, M. B., Farb, C. R., de Lecea, L., and
Ledoux, J. E. (2013). Orexin/hypocretin system modulates amygdala-dependent
threat learning through the locus coeruleus. Proc. Natl. Acad. Sci. U.S.A. 110,
20260–20265. doi: 10.1073/pnas.1320325110
Sharma, K., Schmitt, S., Bergner, C. G., Tyanova, S., Kannaiyan, N., ManriqueHoyos, N., et al. (2015). Cell type- and brain region-resolved mouse brain
proteome. Nat. Neurosci. 18, 1819–1831. doi: 10.1038/nn.4160
Skibicka, K. P., and Dickson, S. L. (2013). Enteroendocrine hormones - central
effects on behavior. Curr. Opin. Pharmacol. 13, 977–982. doi: 10.1016/j.coph.
2013.09.004
Soya, S., Shoji, H., Hasegawa, E., Hondo, M., Miyakawa, T., Yanagisawa, M., et al.
(2013). Orexin receptor-1 in the locus coeruleus plays an important role in
cue-dependent fear memory consolidation. J. Neurosci. 33, 14549–14557. doi:
10.1523/JNEUROSCI.1130-13.2013
Soya, S., Takahashi, T. M., McHugh, T. J., Maejima, T., Herlitze, S., Abe, M.,
et al. (2017). Orexin modulates behavioral fear expression through the locus
coeruleus. Nat. Commun. 8:1606. doi: 10.1038/s41467-017-01782-z
Tasan, R. O., Verma, D., Wood, J., Lach, G., Hörmer, B., de Lima, T. C., et al. (2016).
The role of Neuropeptide Y in fear conditioning and extinction. Neuropeptides
55, 111–126. doi: 10.1016/j.npep.2015.09.007
Tovote, P., Esposito, M. S., Botta, P., Chaudun, F., Fadok, J. P., Markovic, M.,
et al. (2016). Midbrain circuits for defensive behaviour. Nature 534, 206–212.
doi: 10.1038/nature17996
Twardowschy, A., and Coimbra, N. C. (2015). micro- and kappa-Opioid receptor
activation in the dorsal periaqueductal grey matter differentially modulates
panic-like behaviours induced by electrical and chemical stimulation of the
inferior colliculus. Brain Res. 1597, 168–179. doi: 10.1016/j.brainres.2014.
11.062

Frontiers in Neuroscience | www.frontiersin.org

Urayama, A., and Banks, W. A. (2008). Starvation and triglycerides reverse the
obesity-induced impairment of insulin transport at the blood-brain barrier.
Endocrinology 149, 3592–3597. doi: 10.1210/en.2008-0008
Van Pett, K., Viau, V., Bittencourt, J. C., Chan, R. K., Li, H. Y., Arias, C., et al. (2000).
Distribution of mRNAs encoding CRF receptors in brain and pituitary of rat
and mouse. J. Comp. Neurol. 428, 191–212. doi: 10.1002/1096-9861(20001211)
428:2<191::AID-CNE1>3.0.CO;2-U
Vasadze, L., Petriashvili, E., Museliani, T., Nikolaishvili, M., and Djariashvili, T.
(2007). Action of ACTH fragment on the rates aggressive behavior and the
distribution of transmitter amino acids in the brain structures. Georgian Med.
News 45–47.
Verma, D., Wood, J., Lach, G., Herzog, H., Sperk, G., and Tasan, R. (2016).
Hunger promotes fear extinction by activation of an amygdala microcircuit.
Neuropsychopharmacology 41, 431–439. doi: 10.1038/npp.2015.163
Vertes, R. P. (2004). Differential projections of the infralimbic and prelimbic cortex
in the rat. Synapse 51, 32–58. doi: 10.1002/syn.10279
Vidal-Gonzalez, I., Vidal-Gonzalez, B., Rauch, S. L., and Quirk, G. J. (2006).
Microstimulation reveals opposing influences of prelimbic and infralimbic
cortex on the expression of conditioned fear. Learn. Mem. 13, 728–733. doi:
10.1101/lm.306106
Volkow, N. D., Wang, G. J., Fowler, J. S., Tomasi, D., and Baler, R. (2012). Food and
drug reward: overlapping circuits in human obesity and addiction. Curr. Top.
Behav. Neurosci. 11, 1–24. doi: 10.1007/7854_2011_169
Wang, G. J., Volkow, N. D., Logan, J., Pappas, N. R., Wong, C. T., Zhu, W., et al.
(2001). Brain dopamine and obesity. Lancet 357, 354–357. doi: 10.1016/S01406736(00)03643-6
Wang, S., Zhu, X., Cong, B., You, X., Wang, Y., Wang, W., et al. (2012). Estrogenic
action on arterial smooth muscle: permissive for maintenance of CRHR2
expression. Endocrinology 153, 1915–1924. doi: 10.1210/en.2011-1939
Wu, G., Feder, A., Wegener, G., Bailey, C., Saxena, S., Charney, D., et al. (2011).
Central functions of neuropeptide Y in mood and anxiety disorders. Expert
Opin. Ther. Targets 15, 1317–1331. doi: 10.1517/14728222.2011.628314
Xu, Y., Berglund, E. D., Sohn, J.-W., Holland, W. L., Chuang, J.-C., Fukuda, M.,
et al. (2010). 5-HT2CRs expressed by pro-opiomelanocortin neurons regulate
insulin sensitivity in liver. Nat. Neurosci. 13, 1457–1459. doi: 10.1038/nn.2664
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Koorneef, Bogaards, Reinders, Meijer and Mahfouz. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

19

August 2018 | Volume 12 | Article 594

