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Abstract

Background—Anxious temperament (AT) is identifiable early in life and predicts the later
development of anxiety disorders and depression. Neuropeptide Y (NPY) is a putative endogenous
anxiolytic neurotransmitter that adaptively regulates responses to stress and may confer resilience
to stress-related psychopathology. Using a well-validated non-human primate model of AT, we
examined expression of the NPY system in the central nucleus (Ce) of the amygdala, a critical
neural substrate for extreme anxiety.

Methods—In twenty-four young rhesus monkeys, we measured Ce mRNA levels of all members
of the NPY system that are detectable in the Ce using quantitative real time polymerase chain
reaction (QRT-PCR). We then examined the relationship between these mRNA levels and both AT
expression and brain metabolism.

© 2013 Society of Biological Psychiatry. Published by Elsevier Inc. All rights reserved.

Corresponding Author: Dr. Patrick H. Roseboom, 6001 Research Park Blvd., Madison, W1 53719-1176, Tel: (608) 263-0504; Fax:
(608) 265-9362; roseboom@wisc.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

FINANCIAL DISCLOSURES

Ned Kalin reports serving on the scientific advisory boards of Corcept Therapeutics, Neuronetics, CeNeRx Biopharma and Neurocrine
Biosciences. He reports stock options in Corcept Therapeutics and CeNeRx Biopharma and has received honoraria from CME
Outiftters and Elsevier. Steve Shelton reports stock options in General Electric Corporation (GE). Richard Davidson, Andrew Fox,
Steven Nanda, Jonathan Oler, Patrick Roseboom, and Alexander Shackman report no biomedical financial interests or potential
conflicts of interest.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Roseboom et al. Page 2

Results—Lower mRNA levels of NPY receptor 1 (NPY1R) and NPY receptor 5 (NPY5R), but
not NPY or NPY receptor 2 (NPY2R) in the Ce predicted elevated AT; mRNA levels for NPY1R
and NPY5R in the motor cortex were not related to AT. In situ hybridization analysis provided for
the first time a detailed description of NPY1R and NPY5R mRNA distribution in the rhesus
amygdala and associated regions. Lastly, mRNA levels for these two receptors in the Ce predicted
metabolic activity in several regions that have the capacity to regulate the Ce.

Conclusion—Decreased NPY signaling in the Ce may contribute to the altered metabolic
activity that is a component of the neural substrate underlying AT. This suggests that enhancement
of NPY signaling may reduce the risk to develop psychopathology.

Keywords
Anxiety; behavioral inhibition; depression; rhesus macaque; stress; prefrontal cortex

INTRODUCTION

Anxious temperament (AT) is a dispositional trait that, when present early in life, increases
the risk for the subsequent development of anxiety and depressive disorders (1-3). We have
established a non-human primate model of childhood AT, facilitating the identification of
the neural mechanisms underlying the development of early life anxiety. In rhesus monkeys,
AT is assessed as a composite of threat-induced freezing behavior, inhibition of
vocalizations and increased plasma cortisol levels (4, 5). We previously demonstrated that
metabolic activity in the central nucleus (Ce) of the amygdala, indexed using high-resolution
[18F]-fluorodeoxyglucose-positron emission tomography (FDG-PET), strongly predicts
individual differences in AT (6, 7). Moreover, we demonstrated a mechanistic role for the
Ce as selective lesions decrease AT (8). To understand the molecular mechanisms in the Ce
that underlie the at-risk AT phenotype, we recently performed a transcriptome-wide search
for AT-related mMRNA expression within the Ce (9). Among our significant results, we found
that increased levels of neuropeptide Y receptor 1 (NPY1R) mRNA predict decreased levels
of AT. This finding is of particular interest because of the hypothesized role of NPY in
anxiety-like responding and as a resilience factor for stress-related psychopathology. The
current study expands on our NPY1R mRNA finding by identifying a similar relationship
between NPY5R mRNA levels in the Ce and AT. We also provide the first detailed
description of NPY1R and NPY5R mRNA distribution in the primate amygdala and
associated regions. Lastly, we demonstrate a relationship between NPY 1R and NPY5R
mRNA levels in the Ce and metabolic activity in cortical brain regions that have the ability
to regulate the Ce.

There is growing evidence that neuropeptide Y (NPY), a 36-amino acid peptide, is a stress-
modulating resilience factor (10-12). Moreover, alterations in NPY signaling have been
linked to anxiety, depressive, eating and substance-abuse disorders (10, 13, 14). NPY is
widely expressed in the brain with high levels present in several brain regions which play a
role in modulating the response to potential threat, including the amygdala and hippocampus
(10). Work in rodents demonstrates that NPY participates in the regulation of anxiety-like
responses (15-21) and has marked anti-stress effects (10, 22).
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The NPY family includes NPY, which is expressed in the central and peripheral nervous
systems as well as pancreatic polypeptide (PP) and peptide YY (PYY), which are expressed
in the gut (23). The actions of these peptides are mediated by several G protein-coupled,
seventransmembrane domain receptors, including: NPY1R, NPY receptor 2 (NPY2R), NPY
receptor 4 (NPY4R), NPY receptor 5 (NPY5R) and NPY receptor 6 (NPY6R) (24). While
the NPY6R gene is functional in rabbits and mice, it is absent in rats and considered a
pseudogene in primates and pigs (25-27). Receptor signaling is mediated by pertussis toxin-
sensitive Gj, proteins and, depending on the cell-type in which they are expressed, can
inhibit cAMP formation, alter intracellular Ca?* mobilization, and modulate Ca2* and K*
channels (28). There is considerable evidence linking the NPY1R, NPY2R and NPY5R
receptors to the effects that central NPY exerts on anxiety-like responding (29-32). The
anxiolytic responses to NPY administration are thought to be mediated, in part, by NPY1R
and, to a lesser extent, NPY5R, in the amygdala (20, 33), hippocampus (15), septum (34),
and locus coeruleus (35). In contrast, activation of NPY2R is thought to produce anxiogenic-
like responses (30, 36-38).

To assess the contribution of the NPY system to early-life AT in primates, we focused on
MRNA expression levels in the Ce, a key component of the AT neural circuit. Our aim was
to extend our earlier microarray findings by examining relations between expression levels
of all members of the NPY system in the Ce, AT, and brain metabolism, indexed using
FDG-PET. To understand the selectivity of the effects of the Ce NPY system in relation to
AT, we also assessed the relationship between NPY system gene expression in a region that
is not a core component of the neural circuit underlying AT, the motor cortex (6, 7).
Moreover, because there is no detailed description of NPY1R and NPY5R mRNA levels in
either the human or nonhuman primate amygdala, we also used in situ hybridization to
characterize expression patterns for NPY1R and NPY5R mRNA across the major amygdala
nuclei and adjacent brain regions. Lastly, to define potential neural circuits that underlie the
influences of the NPY system on AT, we looked at metabolic activity throughout the brain
to identify regions outside of the Ce where variation in metabolism is correlated with
NPY1R or NPY5R mRNA levels in the Ce.

MATERIALS AND METHODS

Overview

Methods were similar to those previously described in detail and are only briefly
summarized here (7, 12). A detailed description of the subjects as well as select methods that
were not employed in prior work by our group is provided in the Supplemental Information.
We assessed individual differences in the AT phenotype and brain metabolic activity using
the well-validated, widely used No-Eye Contact (NEC) condition of the human intruder
paradigm and high-resolution FDG-PET. The AT phenotype was defined as a composite
score of behavioral (increased freezing and decreased coo vocalizations) and hormonal
measures (increased plasma cortisol) in response to the mildly-threatening NEC challenge.
A magnetic resonance imaging (MRI) scan was acquired in a separate session to aid in
image registration. At the end of the study, subjects were sacrificed and brain tissue was
obtained from the Ce and motor cortex for RNA extraction and quantification by microarray
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analysis and quantitative real-time polymerase chain reaction (QRT-PCR). A series of
regression models was used to test relations between AT and mRNA expression levels for
members of the NPY family that were detectable in the Ce (NPY, NPY1R, NPY2R and
NPY5R); it was not possible to reliably quantify PP, PYY or NPY4R. In cases where
expression levels predicted AT (NPY1R and NPY5R), we used in situ hybridization to
assess the pattern of expression across the amygdala and neighboring regions. We also used
whole-brain FDG-PET to test whether mRNA expression levels in the Ce (ex vivo) are
correlated with metabolism in distal regions of the brain (in vivo).

1) Elevated NPY1R and NPY5R mRNA levels in the Ce selectively predict decreased AT

We previously demonstrated that metabolic activity in the rhesus Ce strongly predicts
individual differences in AT (7) (Figure 1A—C), and that the NPY'1R receptor was one of
139 genes that had MRNA expression levels in the Ce as determined by microarray analysis
that predicted significant variation in the AT phenotype (FDR q < 0.05) (9). Given the
known role of NPY system in anxiety-like responding, in the present study we sought to
define the relationship between AT, Ce metabolism and the expression of all members of the
NPY family of genes. As shown in Figures 1D and 1E, analyses of qRT-PCR-determined
gene expression levels in the Ce revealed significant negative correlations between AT and
both NPY1R (t = -2.28; p=0.035) and NPY5R (t = -2.55; p = 0.020). Interestingly, there
was a trend for NPY1R and NPY5R mRNA levels to be correlated with each other in the Ce
(r=0.35, p=0.11). In contrast, AT was unrelated to variation in the expression of NPY (t =
0.6, p=0.553) and NPY2R (t = -1.56, p = 0.135) in the Ce. It was not possible to reliably
quantify PYY or NPY4R, likely due to very low levels of expression in the Ce. The NPY6R
mMRNA was not included in our analysis as it is considered a non-functional pseudogene in
primates (27). Collectively, these results replicate our published gene chip finding on the
NPY 1R receptor and extend these results to the NPY5R receptor by demonstrating an
anatomically-selective relationship between mRNA expression levels in the Ce and AT
expression.

To assess the regional selectivity of the correlation between NPY1R mRNA and AT as well
as NPY5R mRNA and AT, we examined mRNA expression levels for these two genes in a
region of the motor cortex that is not a core component of the neural substrate underlying
AT (7). Gene expression analysis using qRT-PCR did not reveal a significant correlation
between AT and motor cortex expression levels for either NPY1R mRNA (t=0.18, p=
0.856) or NPY5R mRNA (t = -1.2, p = 0.245). Additionally, there was no significant
association between NPY1R mRNA levels in the motor cortex and Ce (r = 0.37, p = 0.084)
or NPY5R mRNA levels in the motor cortex and Ce (r = 0.18, p = 0.41). The motor cortex
is a brain region involved in the expression of locomotion (9), and highlighting the anxiety-
specific nature of these results, there was no significant correlation between motor cortex
NPY1R or NPY5R mRNA levels and locomotion (NPY1R; t = 0.05, p = 0.957 and NPY5R,;
t=0.23, p= 0.824).
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2) Expression pattern for NPY1R and NPY5R mRNA in the non-human primate amygdala
and neighboring regions

To assess the regional expression of NPY1R and NPY5R mRNA in the rhesus amygdala, in
situ hybridization was performed using tissues slices obtained through the same region of
the Ce that was used for PCR analysis in the other hemisphere. The pattern of NPY1R and
NPY5R hybridization signals are shown in Figure 2. For NPY1R mRNA, hybridization
signals are seen throughout the entire extent of the amygdala. Qualitatively, the highest
levels of expression are found in the lateral and medial nuclei, amygdalopiriform cortex
transition area and the ventral cortical amygdala nucleus. Moderate levels of expression are
seen in the Ce and parvicellular division of the basomedial nucleus. For the NPY5R mRNA,
a diffuse signal throughout the extent of the amygdala was observed. This signal was
considerably weaker than the NPY 1R signal necessitating a significant longer exposure time
on the phosphor screen (13 days versus 1 day for NPY1R mRNA). However, it is evident
that there are relatively high levels of expression in the medial amygdala, moderate levels of
expression in the La and relatively low levels of expression in the Ce (Figure 2).
Interestingly, because half the samples were obtained from each hemisphere it was possible
to use our qRT-PCR data to assess hemispheric differences in expression within the Ce. The
levels of NPY1R mRNA did not differ between hemispheres (left 0.80 £ 0.08; n = 11 vs.
right 0.67 £ 0.04; n=12; t = 1.47; p = 0.16), but NPY5R mRNA levels were 20% higher in
the left hemisphere compared to the right hemisphere (left 2.18 £ 0.14; n = 11 vs. right 1.81
+0.08; n=12; t=2.34; p=0.029).

These tissue sections provided us with the opportunity to examine mRNA expression
patterns in other brain regions that are present in the same anterior/posterior plane as the
amygdala. For NPY1R mRNA, the strongest signals are present throughout the cortex.
These cortical signals tended to be laminar-specific, and in general the signals were
strongest in the superficial and deep cortical layers and less intense in the middle layers,
although this pattern was less evident in the temporal cortex. In addition, the cortical signals
were most intense in the ventral half of the tissue section and include the somatosensory
cortex, superior temporal sulcus, insular cortex, temporal cortex, and entorhinal cortex.
There is also significant expression in the anterior cingulate and ventral medial region of the
head of the caudate nucleus. While the full extent of the claustrum contained in this section
has moderate levels of NPY 1R expression, the strongest expression is seen at the ventral tip,
and represents some of the strongest expression in the entire section. There was also
significant expression seen in several midline structures including the stria terminalis,
retrochiasm of the supraoptic nucleus, arcuate nucleus, anterior paraventricular region of the
thalamus and the septohippocampal nucleus. For NPY5R mRNA, there is a diffuse signal
throughout the extent of the section including regions of the temporal cortex and
somatosensory cortex that was less laminar-specific in comparison to NPY1R mRNA. There
are also signals in the ventral tip of the claustrum, internal capsule and a band across the
central portion of the putamen. The most intense mMRNA signals are in midline structures
including the optic tract, retrochiasm of the supraoptic nucleus and the medial division of the
arcuate nucleus.
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3) Assessing the relationship between NPY1R and NPY5R gene expression and
metabolism throughout the brain

We used whole-brain voxel-wise regressions to identify brain regions where NPY1R or
NPY5R mRNA levels significantly predict metabolism (p < 0.005, uncorrected; for detailed
results, see Tables 1-2). As shown in Figure 3, individuals with higher levels of NPY1R
mRNA in the Ce were characterized by increased metabolism in the right dorsolateral
prefrontal cortex (dIPFC) and decreased metabolism in the pregenual anterior cingulate
cortex (pgACC). As shown in Figure 4, individuals with higher levels of NPY5R mRNA in
the Ce were characterized by increased metabolism in the dorsal prefrontal cortex (PFC;
area 8). In terms of Ce metabolic activity, the mean FDG-PET signal extracted from the
95% confidence interval most predictive of AT (see Figure 1) showed a weak trend toward a
significant negative correlation with NPY5R mRNA levels as assessed by qRT-PCR
analysis (t = -1.63, p = 0.12). There was no significant correlation with NPY1R mRNA (t =
-0.01, p=0.99).

DISCUSSION

The current work links the NPY system to AT by examining the expression of NPY system
genes in the Ce. Specifically, we demonstrate that individuals with increased expression of
NPY1R or NYP5R mRNA in the Ce are characterized by lower levels of the anxious
phenotype. We expanded on these finding to describe the distribution of NPY 1R and
NPY5R mRNA in the rhesus amygdala and surrounding regions. Lastly, we identify several
brain regions where metabolic activity is predicted by the Ce expression of the NPY1R or
NPY5R genes.

The inverse relationship between AT and NPY1R and NPY5R mRNA levels suggests that
lower anxiety levels are accompanied by increased NPY receptor expression in the Ce,
which is consistent with studies indicating that NPY1R and NPY5R receptors mediate the
anxiolytic-like effects of NPY in the brain (29, 31, 32). Because extreme and stable AT is a
risk factor for the development of psychopathology, the current results are in agreement with
the postulated role of the NPY neurotransmitter system as a resilience factor that decreases
the risk to develop stress-related psychopathology (39). It should be noted that the studies
reported here assessed NPY receptor mRNA levels; confirmation of the mRNA findings at
the protein level would provide further confidence in the results. While there is often strong
agreement between variations in mMRNA and protein levels, ultimately our findings need to
be confirmed at the protein level using immunodetection or in vitro autoradiography.

Consistent with a Ce-specific regulation of NPY-receptor gene expression in AT, we failed
to find a significant relationship between AT and NPY1R and NPY5R mRNA expression in
motor cortex, which is not a core component of the AT-circuit. Consistent with an AT-
specific relationship, the levels of NPY1R and NPY5R mRNA in the motor cortex were not
correlated with locomotion even though motor cortex metabolic activity was correlated with
locomotion. Moreover, NPY1R and NPY5R mRNA levels in the motor cortex were not
significantly correlated with expression in the Ce. These results indicate that the relationship
between NPY1R and NPY5R mRNA levels and AT is not general across brain regions and

Biol Psychiatry. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Roseboom et al.

Page 7

that the correlations are not simply non-specific markers for brain metabolism or other
behaviors.

It is interesting that mRNA levels for both the NPY 1R and NPY5R receptors show an
inverse correlation with AT. In humans, the genes for these two receptors are located on the
same region of chromosome 4 in opposite orientations and share common transcriptional
control regions (40). A search of the rhesus genome reveals a similar organization with these
two genes located on chromosome 5 in opposite orientations. It is possible that in the Ce
there are shared transcription factors that control the amount of expression of these two
genes, which is consistent with the observed trend for a correlation between NPY 1R and
NPY5R mRNA levels in the Ce. Understanding the regulation of the transcription factors
that control expression of these two genes in the Ce sets the stage for identifying novel
targets for pharmacological manipulation of NPY receptor expression in relation to anxiety.

It is possible that the variations in NPY receptor mMRNA levels are determined by DNA
sequence variation in the promoter region of the NPY1R and NPY5R genes. In fact, there is
evidence that a polymorphism in the promoter region of the human NPY gene (SNP
rs16147) regulates the level of NPY mRNA and protein in the brain and is associated with
differences in stress responsiveness and anxiety symptoms (41, 42). Moreover,
polymorphisms in the NPY 1R and NPY5R genes have been linked to drug addiction and
variations in diet (43-45). In future studies it will be of value to determine if these variations
exist in the rhesus monkey and if they influence the function of the brain NPY system in
relation to anxiety.

The rhesus monkey model of extreme AT is associated with persistently elevated levels of
anxiety as well as chronically elevated Ce metabolism (7). Although NPY receptor
expression is not related to Ce metabolism in this study, it is possible that the decreased
levels of NPY receptor expression impair NPY signaling resulting in extreme AT.
Conversely, there may be an increase in NPY signaling in an attempt to compensate for the
extreme AT phenotype that then results in downregulation of Ce NPY1R and NPY5R
receptor expression.

Few previous reports have described the role of the NPY5R in anxiety-like responding, in
part, because of the lack of selective ligands that differentiate between the various NPY
receptor subtypes. Furthermore, outside of hypothalamic regions, NPY5R receptors are
expressed at significantly lower levels compared to the NPY 1R receptor. The present study
highlights the important role of the NPY5R receptor in AT, and anxiety in general,
suggesting that future studies aimed at more fully delineating the role of the NPY5R
receptor in the anxiety-like responding are likely to prove fruitful.

This study is the first to provide a detailed description of the expression of NPY1R and
NPY5R mRNA in the amygdala and neighboring regions in non-human primates. The signal
for NPY1R mRNA was strong and widespread in several cortical areas, consistent with prior
reports in humans (46-48). While there are no published studies describing the mRNA
distribution of NPY'1R in the rhesus brain, a PET and in vitro autoradiography study
employing 18F-Y1-973 revealed patterns of receptor localization that are in general
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agreement with our observations (49). The widespread distribution throughout the cortex is
also seen in the rat and mouse brain where NPY1R mRNA is detectable in essentially all
cortical fields (50). In all of these species, there is a layer specific pattern to the NPY1R
MRNA expression with the layers of highest expression varying between cortical regions
and between species. Regarding the expression pattern of NPY1R mRNA in the amygdala,
only limited information is available for the primate brain, with moderate expression levels
being reported in the human amygdala, but the report did not assess the differential
distribution across the various amygdala nuclei (47, 48). In the rat amygdala, the highest
MRNA expression is seen in the amygdalohippocampal transition area, amgydalopiriform
transition area, anterior basomedial nucleus (BMe) and posteroventral medial nucleus, while
a small number of intensely labelled cells are present in the Ce, and weakly labeled cells
were scattered throughout the BMe, basolateral (Bla) and lateral nuclei (La). Similar mMRNA
expression patterns are seen in the mouse (50-52). The mRNA expression patterns are in
general agreement with two detailed studies examining NPY 1R immunoreactivity in rat
brain (51, 53). The expression pattern in the rodent amygdala is very similar to that
described in the present study for the rhesus amygdala, and suggests there is significant
cross-species conservation in the expression of the NPY 1R transcript.

The expression of the NPY5R mRNA as determined by in situ hybridization tended to be
less robust and more localized to hypothalamic and amygdala regions compared to the
NPY1R mRNA expression. There have been several published reports describing the
mRNA distribution of NPY5R in the rodent brain (54-58). The results from these studies are
in general agreement with the mRNA expression pattern reported here and previously
reported in the human brain (58, 59). There were regions of common expression between the
NPY1R and NPY5R, and these included the Ce, La and Me nuclei of the amygdala as well
as supraoptic nucleus, arcuate nucleus, and temporal and somatosensory cortex. This is
consistent with studies in the rat brain, where the presence of NPY5R mRNA always
corresponded with the presence of NPY1R mRNA, but not vice versa (54). This may arise
from the overlapping structure of these genes on the chromosome and the shared
transcriptional control elements. The significantly higher Ce expression of NPY5R mRNA
in the left hemisphere compared to the right is noteworthy in light of evidence describing
hemispheric difference in the control and expression of emotion via the amygdala (60).

In terms of NPY 1R and NPY5R mRNAs in relation to metabolic activity of the Ce region,
there was no significant correlation with glucose metabolism in the Ce. Nevertheless, whole-
brain voxelwise analyses revealed several other regions where NPY1R or NPY5R mRNA
expression predicted metabolism. Brain regions that had metabolic activity that were
significantly correlated with NPY1R expression included the dIPFC and pgACC. Similarly,
for the NPY5R receptor mRNA, regions with metabolic activity that significantly positively
correlated with mRNA levels in the Ce included the dorsal PFC. These prefrontal cortical
regions have previously been shown to be part of the circuit that regulates the activity of the
amygdala (61, 62). Thus, our data suggest that NPY1R and NPY5R mRNA levels in the Ce
may be regulated by the influences of prefrontal cortex on the NPY1R and NPY5R
expressing neurons. Alternatively, NPY1R- or NPY5R-expressing Ce neurons could
modulate metabolism in these brain regions via direct or indirect mechanisms.
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It is very relevant that variations in Ce NPY receptor mRNA expression that are associated
with AT are also associated with variations in the metabolic activity of the pgACC and right
dIPFC. This is because alterations in both of these brain regions have been associated with
anxiety disorders. For example, generalized anxiety disorder (GAD) has been linked to
impaired functional connectivity between the pgACC and the amygdala (63). In addition,
adolescents with GAD show greater activation to fearful faces in a distributed network
centered on the ACC (64). With regard to the right dIPFC, high-frequency (10-Hz) repetitive
transcranial magnetic stimulation of this region has been shown to decrease anxiety
symptoms in PTSD (65).

In conclusion, NPY 1R and NPY5R mRNA expression levels within the Ce are negatively
correlated with AT and predict altered metabolic activity in prefrontal regions that are
thought to regulate the amygdala. Higher levels of expression of these receptor subtypes
would be expected to increase the capacity for NPY signaling in this region. NPY in the
amygdala has been hypothesized to suppress anxiety-like responding and NPY has a
putative role as a resilience factor. It is possible that children that express more NPY
receptors in the Ce region may have a lowered anxiety response to threatening situations
which may protect against the development of stress-related psychopathologies such as
anxiety and depression. Moreover, these data suggest a potential link between prefrontal
metabolic mechanisms and Ce molecular mechanisms that may underlie resilience. Future
studies aimed at genetic manipulation of the NPY system in the Ce in rodent as well as
primate species will provide additional evidence to support this hypothesis. Because the
present findings are directly relevant to at-risk early anxious dispositions, treatment
strategies targeting the NPY system may have therapeutic benefit in the prevention of stress-
related anxiety disorders in at-risk children. It will also be of interest to determine if
behavioral treatments that promote resilience impact the NPY system.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors appreciate the assistance of Elizabeth Ahlers, Alex Converse, James Speers, Dee French, Terry Oakes,
Marissa Riedel, Jenna Storey, Helen Van Valkenberg and the staff of the Harlow Center for Biological Psychology,
the HealthEmotions Research Institute, and the Wisconsin National Primate Research Center. This work was
supported by NIH grants R21IMH91550 (NHK), R0O1IMH81884 (NHK), RO1IMH46729 (NHK) and P50MH84051
(RID, NHK), the Waisman Center (through NIH grant P30HD003352); NIH Training Grant MH018931; the
Wisconsin National Primate Research Center (through NIH grants P510D011106 and P51RR000167); the
HealthEmotions Research Institute, Meriter Hospital (Madison, W1) and the University of Maryland.

REFERENCES

1. Fox NA, Henderson HA, Marshall PJ, Nichols KE, Ghera MM. Behavioral inhibition: linking
biology and behavior within a developmental framework. Annu Rev Psychol. 2005; 56:235-262.
[PubMed: 15709935]

2. Biederman J, Hirshfeld-Becker DR, Rosenbaum JF, Herot C, Friedman D, Snidman N, et al. Further
evidence of association between behavioral inhibition and social anxiety in children. Am J
Psychiatry. 2001; 158:1673-1679. [PubMed: 11579001]

Biol Psychiatry. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Roseboom et al.

10

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

Page 10

. Essex MJ, Klein MH, Slattery MJ, Goldsmith HH, Kalin NH. Early risk factors and developmental

pathways to chronic high inhibition and social anxiety disorder in adolescence. Am J Psychiatry.
2010; 167:40-46. [PubMed: 19917594]

. Kalin NH, Shelton SE. Defensive behaviors in infant rhesus monkeys: environmental cues and

neurochemical regulation. Science. 1989; 243:1718-1721. [PubMed: 2564702]

. Fox AS, Oakes TR, Shelton SE, Converse AK, Davidson RJ, Kalin NH. Calling for help is

independently modulated by brain systems underlying goal-directed behavior and threat perception.
Proc Natl Acad Sci U S A. 2005; 102:4176-4179. [PubMed: 15753316]

. Fox AS, Shelton SE, Oakes TR, Davidson RJ, Kalin NH. Trait-like brain activity during

adolescence predicts anxious temperament in primates. PLoS One. 2008; 3:¢2570. [PubMed:
18596957]

. Oler JA, Fox AS, Shelton SE, Rogers J, Dyer TD, Davidson RJ, et al. Amygdalar and hippocampal

substrates of anxious temperament differ in their heritability. Nature. 2010; 466:864—868. [PubMed:
20703306]

. Kalin NH, Shelton SE, Davidson RJ. The role of the central nucleus of the amygdala in mediating

fear and anxiety in the primate. J Neurosci. 2004; 24:5506-5515. [PubMed: 15201323]

. Fox AS, Oler JA, Shelton SE, Nanda SA, Davidson RJ, Roseboom PH, et al. Central amygdala

nucleus (Ce) gene expression linked to increased trait-like Ce metabolism and anxious temperament
in young primates. Proc Natl Acad Sci U S A. 2012; 109:18108-18113. [PubMed: 23071305]

. Heilig M. The NPY system in stress, anxiety and depression. Neuropeptides. 2004; 38:213-224.
[PubMed: 15337373]

Minth CD, Bloom SR, Polak JM, Dixon JE. Cloning, characterization, and DNA sequence of a
human cDNA encoding neuropeptide tyrosine. Proc Natl Acad Sci U S A. 1984; 81:4577-4581.
[PubMed: 6589611]

Cohen H, Liu T, Kozlovsky N, Kaplan Z, Zohar J, Mathe AA. The neuropeptide Y (NPY)-ergic
system is associated with behavioral resilience to stress exposure in an animal model of post-
traumatic stress disorder. Neuropsychopharmacology. 2012; 37:350-363. [PubMed: 21976046]
Sodersten P, Nergardh R, Bergh C, Zandian M, Scheurink A. Behavioral neuroendocrinology and
treatment of anorexia nervosa. Front Neuroendocrinol. 2008; 29:445-462. [PubMed: 18602416]
Tecott LH, Heberlein U. Y do we drink? Cell. 1998; 95:733-735. [PubMed: 9865690]

Thorsell A, Michalkiewicz M, Dumont Y, Quirion R, Caberlotto L, Rimondini R, et al. Behavioral
insensitivity to restraint stress, absent fear suppression of behavior and impaired spatial learning in
transgenic rats with hippocampal neuropeptide Y overexpression. Proc Natl Acad Sci U S A.
2000; 97:12852-12857. [PubMed: 11058155]

Bannon AW, Seda J, Carmouche M, Francis JM, Norman MH, Karbon B, et al. Behavioral
characterization of neuropeptide Y knockout mice. Brain Res. 2000; 868:79-87. [PubMed:
10841890]

Heilig M, McLeod S, Koob GK, Britton KT. Anxiolytic-like effect of neuropeptide Y (NPY), but
not other peptides in an operant conflict test. Regul Pept. 1992; 41:61-69. [PubMed: 1360689]
Heilig M, Soderpalm B, Engel JA, Widerlov E. Centrally administered neuropeptide Y (NPY)
produces anxiolytic-like effects in animal anxiety models. Psychopharmacology (Berl). 1989;
98:524-529. [PubMed: 2570434]

Pich EM, Agnati LF, Zini I, Marrama P, Carani C. Neuropeptide Y produces anxiolytic effects in
spontaneously hypertensive rats. Peptides. 1993; 14:909-912. [PubMed: 7904341]

Heilig M, McLeod S, Brot M, Heinrichs SC, Menzaghi F, Koob GF, et al. Anxiolytic-like action of
neuropeptide Y: mediation by Y1 receptors in amygdala, and dissociation from food intake effects.
Neuropsychopharmacology. 1993; 8:357-363. [PubMed: 8099792]

Bowers ME, Choi DC, Ressler KJ. Neuropeptide regulation of fear and anxiety: Implications of
cholecystokinin, endogenous opioids, and neuropeptide Y. Physiol Behav. 2012; 107:699-710.
[PubMed: 22429904]

Heilig M, Murison R. Intracerebroventricular neuropeptide Y protects against stress-induced
gastric erosion in the rat. Eur J Pharmacol. 1987; 137:127-129. [PubMed: 3609132]

Larhammar D. Evolution of neuropeptide Y, peptide Y'Y and pancreatic polypeptide. Regul Pept.
1996; 62:1-11. [PubMed: 8738876]

Biol Psychiatry. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Roseboom et al.

Page 11

24. Michel MC, Beck-Sickinger A, Cox H, Doods HN, Herzog H, Larhammar D, et al. XV1.
International Union of Pharmacology recommendations for the nomenclature of neuropeptide Y,
peptide Y'Y, pancreatic polypeptide receptors. Pharmacol Rev. 1998; 50:143-150. [PubMed:
9549761]

25. Blomqvist AG, Herzog H. Y-receptor subtypes--how many more? Trends Neurosci. 1997; 20:294—
298. [PubMed: 9223221]

26. Wraith A, Tornsten A, Chardon P, Harbitz I, Chowdhary BP, Andersson L, et al. Evolution of the
neuropeptide Y receptor family: gene and chromosome duplications deduced from the cloning and
mapping of the five receptor subtype genes in pig. Genome Res. 2000; 10:302-310. [PubMed:
10720571]

27. Matsumoto M, Nomura T, Momose K, Ikeda Y, Kondou Y, Akiho H, et al. Inactivation of a novel
neuropeptide Y/peptide Y'Y receptor gene in primate species. J Biol Chem. 1996; 271:27217-
27220. [PubMed: 8910290]

28. Holliday, ND.; Michel, MC.; Cox, HM. NPY receptor subtypes and their signal transduction. In:
Michel, MC., editor. Neuropeptide Y and Related Peptides. New York: Springer; 2004.

29. Sorensen G, Lindberg C, Wortwein G, Bolwig TG, Woldbye DP. Differential roles for
neuropeptide Y Y1 and Y5 receptors in anxiety and sedation. J Neurosci Res. 2004; 77:723-729.
[PubMed: 15352219]

30. Tasan RO, Nguyen NK, Weger S, Sartori SB, Singewald N, Heilbronn R, et al. The central and
basolateral amygdala are critical sites of neuropeptide Y/Y2 receptor-mediated regulation of
anxiety and depression. J Neurosci. 2010; 30:6282—6290. [PubMed: 20445054]

31. Karlsson RM, Choe JS, Cameron HA, Thorsell A, Crawley JN, Holmes A, et al. The neuropeptide
Y Y1 receptor subtype is necessary for the anxiolytic-like effects of neuropeptide Y, but not the
antidepressant-like effects of fluoxetine, in mice. Psychopharmacology. 2008; 195:547-557.
[PubMed: 17891380]

32. Bertocchi I, Oberto A, Longo A, Mele P, Sabetta M, Bartolomucci A, et al. Regulatory functions
of limbic Y1 receptors in body weight and anxiety uncovered by conditional knockout and
maternal care. Proc Natl Acad Sci U S A. 2011; 108:19395-19400. [PubMed: 22084082]

33. Sajdyk TJ, Vandergriff MG, Gehlert DR. Amygdalar neuropeptide Y Y1 receptors mediate the
anxiolytic-like actions of neuropeptide Y in the social interaction test. Eur J Pharmacol. 1999;
368:143-147. [PubMed: 10193650]

34. Kask A, Nguyen HP, Pabst R, Von Horsten S. Neuropeptide Y Y1 receptor-mediated anxiolysis in
the dorsocaudal lateral septum: functional antagonism of corticotropin-releasing hormone-induced
anxiety. Neuroscience. 2001; 104:799-806. [PubMed: 11440811]

35. Kask A, Eller M, Oreland L, Harro J. Neuropeptide Y attenuates the effect of locus coeruleus
denervation by DSP-4 treatment on social behaviour in the rat. Neuropeptides. 2000; 34:58-61.
[PubMed: 10688970]

36. Tschenett A, Singewald N, Carli M, Balducci C, Salchner P, Vezzani A, et al. Reduced anxiety and
improved stress coping ability in mice lacking NPY-Y2 receptors. Eur J Neurosci. 2003; 18:143—
148. [PubMed: 12859347]

37. Sajdyk TJ, Schober DA, Smiley DL, Gehlert DR. Neuropeptide Y-Y2 receptors mediate anxiety in
the amygdala. Pharmacol Biochem Behav. 2002; 71:419-423. [PubMed: 11830176]

38. Carvajal C, Dumont Y, Herzog H, Quirion R. Emotional behavior in aged neuropeptide Y (NPY)
Y2 knockout mice. J Mol Neurosci. 2006; 28:239-245. [PubMed: 16691011]

39. Russo SJ, Murrough JW, Han MH, Charney DS, Nestler EJ. Neurobiology of resilience. Nat
Neurosci. 2012; 15:1475-1484. [PubMed: 23064380]

40. Herzog H, Darby K, Ball H, Hort Y, Beck-Sickinger A, Shine J. Overlapping gene structure of the
human neuropeptide Y receptor subtypes Y1 and Y5 suggests coordinate transcriptional
regulation. Genomics. 1997; 41:315-319. [PubMed: 9169127]

41. Sommer WH, Lidstrom J, Sun H, Passer D, Eskay R, Parker SC, et al. Human NPY promoter
variation rs16147:T>C as a moderator of prefrontal NPY gene expression and negative affect.
Hum Mutat. 2010; 31:E1594-E1608. [PubMed: 20648632]

Biol Psychiatry. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Roseboom et al.

Page 12

42. Zhou Z, Zhu G, Hariri AR, Enoch MA, Scott D, Sinha R, et al. Genetic variation in human NPY
expression affects stress response and emotion. Nature. 2008; 452:997-1001. [PubMed:
18385673]

43. Elbers CC, de Kovel CG, van der Schouw YT, Meijboom JR, Bauer F, Grobbee DE, et al. Variants
in neuropeptide Y receptor 1 and 5 are associated with nutrient-specific food intake and are under
recent selection in Europeans. PL0oS One. 2009; 4:€7070. [PubMed: 19759915]

44. Wei J, Chu C, Wang Y, Yang Y, Wang Q, Li T, et al. Association study of 45 candidate genes in
nicotine dependence in Han Chinese. Addict Behav. 2012; 37:622-626. [PubMed: 22309839]

45. Wetherill L, Schuckit MA, Hesselbrock V, Xuei X, Liang T, Dick DM, et al. Neuropeptide Y
receptor genes are associated with alcohol dependence, alcohol withdrawal phenotypes, and
cocaine dependence. Alcohol Clin Exp Res. 2008; 32:2031-2040. [PubMed: 18828811]

46. Hawrylycz MJ, Lein ES, Guillozet-Bongaarts AL, Shen EH, Ng L, Miller JA, etal. An
anatomically comprehensive atlas of the adult human brain transcriptome. Nature. 2012; 489:391—
399. [PubMed: 22996553]

47. Caberlotto L, Fuxe K, Sedvall G, Hurd YL. Localization of neuropeptide Y Y1 mRNA in the
human brain: abundant expression in cerebral cortex and striatum. Eur J Neurosci. 1997; 9:1212—
1225. [PubMed: 9215705]

48. Jacques D, Tong Y, Dumont Y, Shen SH, Quirion R. Expression of the neuropeptide Y Y1
receptor mMRNA in the human brain: an in situ hybridization study. Neuroreport. 1996; 7:1053—
1056. [PubMed: 8804050]

49. Hostetler ED, Sanabria-Bohorquez S, Fan H, Zeng Z, Gantert L, Williams M, et al. Synthesis,
characterization, and monkey positron emission tomography (PET) studies of [18F]Y1-973, a
PET tracer for the neuropeptide Y Y1 receptor. Neuroimage. 2011; 54:2635-2642. [PubMed:
21078401]

50. Kishi T, Aschkenasi CJ, Choi BJ, Lopez ME, Lee CE, Liu H, et al. Neuropeptide Y Y1 receptor
mRNA in rodent brain: distribution and colocalization with melanocortin-4 receptor. J Comp
Neurol. 2005; 482:217-243. [PubMed: 15690487]

51. Kopp J, Xu ZQ, Zhang X, Pedrazzini T, Herzog H, Kresse A, et al. Expression of the neuropeptide
Y Y1 receptor in the CNS of rat and of wild-type and Y1 receptor knock-out mice. Focus on
immunohistochemical localization. Neuroscience. 2002; 111:443-532. [PubMed: 12031341]

52. Lein ES, Hawrylycz MJ, Ao N, Ayres M, Bensinger A, Bernard A, et al. Genome-wide atlas of
gene expression in the adult mouse brain. Nature. 2007; 445:168-176. [PubMed: 17151600]

53. Wolak ML, DeJoseph MR, Cator AD, Mokashi AS, Brownfield MS, Urban JH. Comparative
distribution of neuropeptide Y Y1 and Y5 receptors in the rat brain by using
immunohistochemistry. J Comp Neurol. 2003; 464:285-311. [PubMed: 12900925]

54. Parker RM, Herzog H. Regional distribution of Y-receptor subtype mRNAs in rat brain. Eur J
Neurosci. 1999; 11:1431-1448. [PubMed: 10103138]

55. Durkin MM, Walker MW, Smith KE, Gustafson EL, Gerald C, Branchek TA. Expression of a
novel neuropeptide Y receptor subtype involved in food intake: an in situ hybridization study of
Y5 mRNA distribution in rat brain. Exp Neurol. 2000; 165:90-100. [PubMed: 10964488]

56. Gerald C, Walker MW, Criscione L, Gustafson EL, Batzl-Hartmann C, Smith KE, et al. A receptor
subtype involved in neuropeptide-Y-induced food intake. Nature. 1996; 382:168-171. [PubMed:
8700207]

57. Weinberg DH, Sirinathsinghji DJ, Tan CP, Shiao LL, Morin N, Rigby MR, et al. Cloning and
expression of a novel neuropeptide Y receptor. J Biol Chem. 1996; 271:16435-16438. [PubMed:
8663568]

58. Nichol KA, Morey A, Couzens MH, Shine J, Herzog H, Cunningham AM. Conservation of
expression of neuropeptide Y5 receptor between human and rat hypothalamus and limbic regions
suggests an integral role in central neuroendocrine control. J Neurosci. 1999; 19:10295-10304.
[PubMed: 10575027]

59. Jacques D, Tong Y, Shen SH, Quirion R. Discrete distribution of the neuropeptide Y Y5 receptor
gene in the human brain: an in situ hybridization study. Brain Res Mol Brain Res. 1998; 61:100—
107. [PubMed: 9795164]

Biol Psychiatry. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Roseboom et al.

60.

61.

62.

63.

64.

65.

66.

Page 13

Baas D, Aleman A, Kahn RS. Lateralization of amygdala activation: a systematic review of
functional neuroimaging studies. Brain Res Brain Res Rev. 2004; 45:96-103. [PubMed:
15145620]

Etkin A, Egner T, Peraza DM, Kandel ER, Hirsch J. Resolving emotional conflict: a role for the
rostral anterior cingulate cortex in modulating activity in the amygdala. Neuron. 2006; 51:871—
882. [PubMed: 16982430]

Davidson RJ. Anxiety and affective style: role of prefrontal cortex and amygdala. Biol Psychiatry.
2002; 51:68-80. [PubMed: 11801232]

Etkin A, Prater KE, Hoeft F, Menon V, Schatzberg AF. Failure of anterior cingulate activation and
connectivity with the amygdala during implicit regulation of emotional processing in generalized
anxiety disorder. Am J Psychiatry. 2010; 167:545-554. [PubMed: 20123913]

McClure EB, Monk CS, Nelson EE, Parrish JM, Adler A, Blair RJ, et al. Abnormal attention
modulation of fear circuit function in pediatric generalized anxiety disorder. Arch Gen Psychiatry.
2007; 64:97-106. [PubMed: 17199059]

Cohen H, Kaplan Z, Kotler M, Kouperman |, Moisa R, Grisaru N. Repetitive transcranial magnetic
stimulation of the right dorsolateral prefrontal cortex in posttraumatic stress disorder: a double-
blind, placebo-controlled study. Am J Psychiatry. 2004; 161:515-524. [PubMed: 14992978]
Paxinos, G.; Huang, X-F.; Petrides, M.; Toga, AW. The Rhesus Monkey Brain in Stereotaxic
Coordinates. 2nd ed.. San Diego: Academic Press; 2009.

Biol Psychiatry. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

yduasnuel Joyny vd-HIN

Roseboom et al. Page 14

A.

mean AT (n=24)
N e

2.5mm Right

-
(2,
2

-
o
2
L ]

o
o0
-
L)
[ ]

NPY1R mRNA Ce Expression
qP.
.

NPY5R mRNA Ce Expression

o
o
L
L

A 0 1 ) 0 1
Anxious Temperament (AT) Anxious Temperament (AT)

Figure 1. Higher levels of AT are associated with reduced NPY1R and NPY5R mRNA
expression in the primate Ce as assessed by gRT-PCR

A. Metabolic activity in the Ce strongly predicts variation in AT. The bilateral regions
identified by the red trace correspond to the 95% confidence interval for the maximal
voxelwise correlation between amygdala metabolic activity and AT. B. The functionally-
defined location of the Ce punch (see Materials and Methods). C. Atlas plates corresponding
to the 3 mm tissue punch (adapted with permission from a published atlas (66)). The Ce is
depicted in red, and the numbers indicate distance posterior to the anterior commisure. D.
and E. Correlational analyses between AT and NPY1R and NPY5R mRNA levels
determined by gRT-PCR analysis. Scatter plots depicting the significant correlations
between AT and the expression of NPY1R (t = -2.28, p=0.035, n = 23) and of NPY5R (t =
-2.55, p=0.020, n = 23) as detected by gRT-PCR. Panels A—C are adapted from our
previously published figure (7, 66).
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Figure 2. NPY1R mRNA and NPY5R mRNA expression in the amygdala region assessed by in
situ hybridization

A. Atlas image of the rhesus brain at the level of 2.25 mm posterior to the anterior
commisure (—5.85 mm bregma) to identify regions discussed in the Results section. Adapted
with permission from a published atlas (66). B. AChE stain of an adjacent section used to
identify the structure of the rhesus amygdala. C. Signal for NPY1R mRNA. D. Signal for
NPY5R mRNA in coronal brain sections at the level of the amygdala. The red arrow
indicates the location of the Ce. Abbreviations — ACC: anterior cingulate cortex; APir:
amygdalopiriform cortex; Arc: arcuate nucleus; BL: basolateral amygdala; BM: basomedial
amygdala; Cd: caudate nucleus; Ce: central amygdala; CI: claustrum; ic: internal capsule;
Ins: insular cortex; La: lateral amygdala; Me: medial amygdala; PMCx: primary motor
cortex; PrMCx: premotor cortex; Pu: putamen; PVA: anterior paraventricular region of the
thalamus; SHi: septohippocampal nucleus; SOR: retrochiasm of the supraoptic nucleus;
STS: somatosensory cortex; sts: superior temporal sulcus.
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Figure 3. Ce NPY1R mRNA levels predicted metabolism in the prefrontal and cingulate cortices
Voxel-wise analysis revealed that Ce NPY1R mRNA levels predicted A. increased

metabolism in the right dIPFC and B. decreased metabolism in the pgACC. Color variation
represents level of statistical significance as defined in horizontal color bars with shades of
red through yellow for positive correlations and shades of blue for negative correlations.
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Dorsal prefrontal cortex
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Figure 4. Ce NPY5R mRNA levels predicted increased metabolism in the dorsal PFC
Voxel-wise analysis revealed that Ce NPY5R mRNA levels predicted increased metabolism

in the dorsal PFC. Color variation represents level of statistical significance as defined in
horizontal color bar.
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