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Learning
Objective

Explore early risk factors for the
development of anxiety and

depression.



ANXIETY
DISORDERS.

Most common class of
psychiatric disorders

Causes suffering & reduces
quality of life

Knowledge of neural
substrates are important for
development of novel

therapies
Kessler RC, et al. Epidemiol Psychiatr Soc. 2009;18(1):23-33.




Anxiety Disorders in Childhood

@ Common, in children and adults
Affect up to 20% of youth

® Cause family, academic, and social dysfunction

® Prominent risk factor for psychopathology
during adolescence and adulthood

® High levels of comorbidity with anxiety
disorders and other disorders

® Understanding the neurobiology of anxiety
early in life is needed to develop early
interventions




Why Study Early-Life Risk?

Impulse-control
disorders _
Substance use
disorders

Anxiety disorders

Mood disorders

Schizophrenia

Age of onset (years)

Paus T, et al. Nat Rev Neurosci. 2008;9(12):947-957.




Summary and Meta-Analysis of Twin Studies for Anxiety Disorders

Number of

Disorder Reference studies N Sex  a? c? e’
PD Hettema et al.,’ 2001 3 9007 M, F 0.43(0.32-0.53) - 0.57 (0.47-0.68)
Agoraphobia Kendler et al.,'* 1992 1 2163 F 0.39 - 0.61

Kendler et al.,'' 2001 1 2396 M 0.37 - 0.63
GAD Hettema et al.,’ 2001 2 12924 M 0.32 (0.24-0.39) - 0.68 (0.61-0.76)
SAD Scaini et al.,'? 2014 5 20433 M, F 0.27 (0.12-0.42) 0.04 (-0.01-0.09) 0.69 (0.59-0.79)
Animal phobia Van Houtem et al.,* 2013 5 17904 M, F 0.32 (0.22-0.44) - -
Situational phobia Van Houtem et al.,'* 2013 4 16474 M, F 0.25 (0-33) - -
Blood-injury-injection Van Houtem et al.,"*> 2013 3 10741 M, F 0.33 (0.28-0.63) - -

phobia

Confidence intervals are shown in parentheses.

a different way.

GAD, generalized anxiety disorder; PD, panic disorder; SAD, social anxiety disorder.

Additive genetic effects (a?) represent the genetic component of variance due to the average effects of single alleles and are known as
heritability; shared environment effects (c?) are explained by events that happen to both twins, affecting them in the same way;
non-shared environment effects (e”) are explained by events that occur to one twin but not the other, or events that affect either twin in

Shimada-Sugimoto M, et al. Psychiatry Clin Neurosci. 2015;69(7):388-401.




The Hierarchical Structure of DNA through to the Chromosome DNA is a combination

DNA (genes and other nucleotides) 3 °.f . possible_ amir_\o
sealde i 46 Y R4 _ Genes are nucleotides  acids, bound in pairs,
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Genome-Wide Analysis of Over 106000 Individuals® & 3

Identifies 9 Neuroticism-Associated Loci

Neuroticism Meta-Analysis, SNPs n = 7,207,648
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Smith DJ, et al. Molecular Psychiatry 2016;21:749-757.







Epigenetics of Stress-Related Disorders: Gene X

Environment Interactions

Figure 2. Schematic Representation of Main
Features of Epigenetic Regulation by Post-
translational Histone Modification, DNA
Methylation, and Non-coding RNA
This overview explicitly reduces and simplifies
the complex and multifaceted mechanisms of
epigenetic regulation for clarity. More specialized
reviews for a deeper description of this matter are
given in the text.
(A) Histone modifications influence the conden-
sation of the DNA around histone proteins and
regulate the accessibility of functional regions to
C transcriptional regulators, through modification at
predominantly the N-terminal tails, altering the
spatial structure of the chromatin and the inter-
action with DNA-binding proteins. Contingent on
N f b the location and the type of modification, this can
----- / AAAAAA lead to a more condensed chromatin-repressing
l_' T"‘"“,"F“"N “a"" active transcription (exemplified by histone H3,
SEUMOL lysine 27 dimethylation (H3K27me2) and histone
H3, lysine 9 trimethylation (H3K9me3)) or vice
versa to an open chromatin state facilitating
active transcription (exemplified by histone H3, lysine 4 trimethylation (H3K4me3) and histone H3, lysine 9 acetylation (H3K9ac)).
(B) DNA methylation predominantly at CG dinucleotides (CpG) can influence the spatial structure of the DNA and the binding of or repression of specific DNA-
binding proteins to the DNA. The closed circles represent higher methylation at cytosine residues, and the open circles represent lower methylation. Methylation
around the transcription start site in the promoter and the first exon is usually accompanied by transcriptional silencing. DNA methylation at other regulatory
regions and in the gene body can also facilitate transcription. Not depicted here are other modifications such as hydroxymethylation.
(C) Non-coding RNAs that include, for example, miRNA can influence chromatin structure and protein binding to the DNA but also directly target transcription
and translation. Depicted here is the regulation of mRNA stability through binding of miRNAs at the 3'UTR of target mRNA that can lead to a decrease in mRNA
stability, a decrease in mRNA cleavage, and therefore a reduction in protein assembly.

complex

Klengel T, Binder EB. Neuron. 2015;86(6):1343-1357.




Inhibited or Anxious Temperament (AT): Risk PhenOtyag

That Precedes Anxiety and Depressive Disorders

® Extreme behavioral inhibition to novel  FVEFEENIE
situations or strangers

® Predicts development of anxiety

disorders, depression, and co-morbid
drug abuse

e 3-4 fold risk to develop social anxiety
disorder

e Can be identified early in life

® Inhibited monkeys and humans share
behavioral and physiological features

Clauss JA, Blackford JU. J Am Acad Child Adolesc Psychiatry. 2012;51(10):1066-1075.




Proposed Anxiety Trajectories for

Children with High Anxious Temperamenth’

a) Pathological Anxiety: b) Extreme AT children are at risk for
Trajectories for Children with High AT psychopathology across the lifespan
£ c
@ | Nearly 50% of children with Social U =
‘5 extreme AT develop SAD Anxiety k] ; Extreme AT
> Diserdee S o ® Social Anxiety
Q9 & 2o T S v Disorder Depression
& = stable High AT =3 3
= : ; = ' Substance-abuse
< No Anxiety 2 -OCD
Disorder . Ot.her ADs
AT decreases in some children E L 3 ;
E over development © = °
a » o > : .
early life adolescence early o early life adolescence early
adulthood adulthood
Development Development
Fox AS, Kalin NH. Am J Psychiatry. 2014;171(11):1162-1173.







Anxious Temperament: A Composité &

Including Freezing and HPA Activity
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Fox AS, et al. PLoS One. 2008:3(7):e2570.




The Amygdala is Critical for Fear and

Anxiety

Cortical pathway
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Ledoux AA, et al. Front Behav Neurosci. 2014:;8:88.




Amygdala — Frontal Connectivity:
A Pathway for Emotion Regulation

Adapted from Ghashghaei HT, et al. Neuroimage. 2007;34(3):905-923.




Validation of the Nonhuman Primate Model: Altered

Prefrontal-Amygdala Function in Pre-adolescent Chlldr'”e—'
with Anxiety Disorders and Young Rhesus Monkeys

E : “Regulatory/evaluative”

inputs, e.g., from prefrontal/insular
« es

=Y

“Contextual” inputs,
e.g., from hippocampus

Fox AS, Kalin NH. Am J Psychiatry. 2014;171(11):1162-1173.




Elevated Dorsal Amygdala/Ce Activation During

Uncertain Anticipation in Preadolescent Children with * T

Anxiety Disorders

/ \ Anxiety Disorder vs Control

. Mot P tacs

y =45 y=25

P <.005, uncorrected n = 33 anxiety disorder, 28 control

Builds on sample from Williams LM, et al. Neuropsychopharmacology. 2015;40(10):2398-2408.




OF¢ AT-Related Regions in Young Monkeys

M

™

A m yg d a | a Omin. 10min. 20min. 30min. 40min. ~50 min.
Injection of An&ifhesia Bjﬁ!
Radiotracer Injection PET Scan
Anterior

Hippocampus

i+i t=5.24 t>8
Positive —

i t=-5.24 t<-8
Negative

PAG
Correlation with AT, bonferroni corrected

n = 592 young rhesus monkeys
Fox AS, et al. Proc Natl Acad Sci U S A. 2015;112(29):9118-9122.
Oler JA, et al. Nature. 2010;466(7308):865-868.




Heritability of AT

Fox AS, et al. Proc Natl Acad Sci U S A. 2015;112(29):9118-9122.




Anterior
Hippocampus

h?=0 h2>.5
[

AT-related regions, bonferroni corrected

H2 in AT-related regions, FDR-corrected, q<.05

Fox AS, et al. Proc Natl Acad Sci U S A. 2015;112(29):9118-9122.




Some AT-Related Regions
Show Significant Genetic

BST Correlation with AT

Amygdala

Anterior
Positive L Py~ Hippocampus
Negative Lpgﬂ
D Heritable regions, FDR corrected, q<.05 PAG

Rhog in heritable AT-related regions, FDR-corrected, q<.05

Fox AS, et al. Proc Natl Acad Sci U S A. 2015;112(29):9118-9122.




Evolutionarily-Conserved Decrease in dIPFC-Ce

Functional Connectivity in Young Anxious Monkeys
and Children

Young Monkeys Preadolescent AD Children

I R L R

n=_89 n = 14 anxiety disorder, 14 control

Birn RM, et al. Mol Psychiatry. 2014;19(8):853.




White Matter Tracts in Relation to

Anxiety Disorders

e Consists of axons and
myelin

® Timing and integration
of information

®50% of the brain, yet
often ignored
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Altered Prefrontal Cortical and Amygdala Interactions
Via Uncinate Fasciculus May Underlie Anxiety

Temporal lobe
amygdala

hippocampus
nterior temporal lobe

entorhinal/perirhinal/parahippocampal gyrus

Schmahmann JD, Pandya DN. J Hist Neurosci 2007;16(4):362-377.
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Decreased White Matter Integrity (FA) in the UF
Associated with Higher Anxiety Across Age and
Species

(] Control subjects (n=39) Control Subjects (n=46) Male Low AT (n=163)

[ GAD (n=49) WAD (n=52) W Male High AT (n=163)
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Tromp DP, et al. Arch Gen Psychiatry. 2012;69(9):925-934.
Tromp DP, et al. Am J Psychiatry. 2019 Jan: applajp201818040425 doi: 10.1176/appi.ajp.2018.18040425. [Epub ahead of print]




Extended Amygdala is a Core Component of

AT with Downstream and Upstream Partners

Downstream Target of the
~.Extended Amygdala

Modulates Extended
Amygdala
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Mechanistic Role of Ce: Neurotoxic £ &"

| S

Lesions Alter Components of AT

e 25
Intact Lesion

s Increased Decreased
pro] . Freezing Cooing

c

.o .

£ AT

ER

w £

£ 0

g2

& S Increased
3 Cortisol

Cooing Frequency
square-root transformed (+/- SEM)

Stress-induced plasma ACTH

Control Ce Lesion Control Ce Lesion

* = Control vs. Lesion p<.05 Group Group Group Group
Kalin NH, et al. J Neurosci. 2004;24(24):5506-5515.




Performing Post-Mortem Transcriptome & &+

Studies to Identify Novel Molecular Targets'

Assessing gene function measuring mRNA

1 o Why Study RNA?
S L ® Reflection of the regulated
1 step between DNA and
TV — TTTTTTITITT protein
iml\\m mmmmm e Deficits in RNA expression

Sy . . .
pppppppp and regulation is linked to
numerous diseases




Identifying Alterations in Gene Expression

Relevant to AT: At-Related Ce Gene Expression

| mean AT (n=24; from Fig. 1) g

: . X AAAAAAAA MRNA
' . l
a
» or

} S
P
— — TTTTTTTT
) RNA fragments l <DNA

ATCACAGTGGGACTCCATAAATTTTTCT

CGAAGGACCAGCAGAAACGAGAGNNNEY Short seauence reads
GGACAGAGTCCCCAGCGGGCTGARGGGE
ATGAAACATTAAAGTCAAACAATATGAA

ORF
Coding sequence =
&g Exonic reads
S o= T T =R
Junction re d_ —_—e —_—— poly(A) end reads

Mapped sequence reads

5
3.6 mm 5.4 mm Z ‘ ‘

Fox AS, et al. Proc Natl Acad Sci U. S. A. 2012;109(44):18108-18113.




Expression of Neuroplasticity-Related Genes if

Ce is Negatively Associated with AT

Anxious Temperament
High Low

Decreased Neuroplasticity in Increased Neuroplasticity in
AT-regions AT-regions

® 217 negatively associated with AT (p<.05)
Actin filament-based process (G0O:0030029)
MRNA processing (G0O:0006397)

Neurotrophin TRK receptor signaling pathway (G0O:0048011)
Axon guidance (G0O:0007411)

1. Fox AS, Souaiaia T, et al. Presented at Society of Biological Psychiatry, 70t Annual Meeting. May 14-16, 2015.; 2. Fox AS, et al.
Proc Natl Acad Sci U. S. A. 2012;109(44):18108-18113.; 3. Fox AS, Kalin NH. Am J Psychiatry. 2014;171(11):1162-1173.




Ce NTRK3 Gene Expression Predicts AT in 46

Yound Non-Human Primates

Growth Factor
Trk

Anxious Temperament
mean time 1 & time 2 {arbitrary units)

Shc Complex
PI3’K Ras
1 chr’l;xa'ﬂﬁ.QTRKB "’
EXON:65913706-65913685%4
AKT Raf
MEK
Neuron growth
Cell Survival
RPS6KA3 ERK

Synaptic Plasticity

Fox AS, Souaiaia T, et al. Presented at Society of Biological Psychiatry, 70" Annual Meeting. May 14-16, 2015.




Combining gene
manipulation studies with
behavioral and human
imaging measures as a
“proof of concept” for
testing new drug targets
in primates.



Real-Time MRI for Site Specific

Delivery of Viral Vector (AAV2)

presurgical
targeting

Navigus port
placement

alignment guide & depth
intraoperative trajectory planning assessment

Guiding

/ Insert

Alignment -~
Stem =

Lock Nut

/[’
st 5

, -
Self-Tapping Screws

Kalin NH, et al. Biol Psychiatry. 2016;80(5):345-355.

infusion
monitoring




Testing the Neuroplasticity Hypothesis: & &

AAVS Virus to Overexpress NT-3

NT3 AAV Viral Vector G NT-3

Expression Construct Growth Factor A

NTRK3

AAV-MCS
4650 bp

1/ Shc Complex

PI3’K Ras
AKT Raf
MEK
Neuron growth
Cell Survival
RPS6KA3 ERK

Kalin NH, et al. Biol Psychiatry. 2016;80(5):345-355. Synaptic Plasticity




NT-3 Overexpression P

AAV-MCS
4650 bp

Control AAV5-NT3

Infusion Overlap (n = 4/5)

trajectory guide
placement

w*i |
.y

B=5 \Q' - T

Kalin NH, et al. Biol Psychiatry. 2016;80(5):345-355.




Overexpression of NT3 in Neurons of:
the Dorsal Amygdala ’

. &

' NT3 Green
NeuN Red
DAPI Blue

Kalin NH, et al. Biol Psychiatry. 2016;80(5):345-355.
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Anxious Temperament Post-Pre i
(arbitrary units)

|
N

Control Ce AAV NT3
Group

AT is significant p<.05 one-tailed significant, t=-2.515, p=0.066; t=-3.013, p=0.039, two-tailed paired t-test

Kalin NH, et al. Biol Psychiatry. 2016;80(5):345-355.




Reversibly Manipulating Neural Circuits ifng3*

Primates: Proof of Concept for Humans

ACh Clozapine-N-oxide (CNO) ACh

X X
Human M3 Human M4
muscarinic muscarinic
receptor (hM3) receptor (hM4)
hM3Dq hM4Di
Gq/11 Gi/o

(Neuronal excitation) ~ (Neuronal silencing)




In Vivo PET Assessment of DREAD

Clozapine Binding

Right hemisphere injections: Amygdala (24 pyL) and Putamen (24 uL)
AAV2/5-hSyn-hM4Di — 6.95 x 1013 gc/ml

iIMRI ['"C]clozapine PET SUbjeCt 43




DREADDs Expression in the Primat

Amygdala

AAV2/5-hSyn-hM4Di
—6.95x 1013 gc/ml

EM localization of DREADDs expression

@ plasma membrane
@ intracellular space

hM4Di-HA

In collaboration with Adriana Galvan




Effect of h(M4Di DREADDSs activation-& -
on Freezing during NEC condition

o~ s
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w.= —
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Call to Action

e |t is important to take into account complex interactions
between genetic and early life environment

e |dentify early risk associated with sub-syndromal trait-like
anxiety

e Early interventions have the potential to be preventative

® New treatments should be based on scientific knowledge
focused on molecular alterations in specific neural circuits
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Questions
Answers

Don’t forget to fill out your
evaluations to collect your

credit.



A Review and Meta-Analysis of the Gene

Epidemiology of Anxiety Disorders

John M. Hettema, M.D., Ph.D.
Michael C. Neale, Ph.D.

Kenneth S. Kendler, M.D.

Objective: The authors conducted meta-
analyses of data from family and twin
studies of panic disorder, generalized anx-
iety disorder, phobias, and obsessive-
compulsive disorder (OCD) to explore the
roles of genetic and environmental fac-
tors in their etiology.

Method: MEDLINE searches were per-
formed to identify potential primary stud-
ies of these disorders. Data from studies
that met inclusion criteria were incorpo-
rated into meta-analyses that estimated
summary statistics of aggregate familial
risk and heritability for each disorder.

Results: For family studies, odds ratios
predicting association of illness in first-de-
gree relatives with affection status of the
proband (disorder present or absent) were
homogeneous across studies for all disor-
ders. The calculated summary odds ratios
ranged from 4 to 6, depending on the dis-
order. Only for panic disorder and general-
ized anxiety disorder could the authors
identify more than one large-scale twin

Hettema JM, et al. Am J Psychiatry. 2001;158:1568-1578.

study for meta-analysis. These yielded her-
itabilities of 0.43 for panic disorder and
0.32 for generalized anxiety disorder. For
panic disorder, the remaining variance in
liability could be attributed primarily to
nonshared environment. For generalized
anxiety disorder, this was true for men, but
for women, a potentially significant role
for common familial environment was
also seen.

Conclusions: Panic disorder, general-
ized anxiety disorder, phobias, and OCD
all have significant familial aggregation.
For panic disorder, generalized anxiety
disorder, and probably phobias, genes
largely explain this familial aggregation;
the role of family environment in gener-
alized anxiety disorder is uncertain. The
role of nonshared environmental ex-
perience is significant, underscoring the
importance of identifying putative envi-
ronmental risk factors that predispose in-
dividuals to anxiety.




Childhood Normative Fears and

Development

Dying and death of others Fear of negative evaluation
School anxiety,
% Separation performance anxiety
- Thunder, lightning, fire,
2 water, darkness, nightmares,
E animals, imaginary
<ZB Stranger creatures
shyness Germs, gettingill, natural
disasters, traumatic events, Peer rejection
harm to self or others
I . | I >
0 Infancy and 3 Childhood 6 School age 12 Adolescence
toddlerhood

Age (years)

Figure adapted from Beesdo-Baum K, Knappe S. Child Adolesc Psychiatri Clin N Am. 2012;21:457-478.
Craske MG, Stein MB. Lancet. 2016;388(10063):3048-3059.




Human Intruder Paradigm: A Method to Assess Adaptive

Defensive Responses as Well as Anxious Temperament

. No eye contact condition (NEC)

L Wi Al
Assessing AT

Kalin NH. Sci Am. 1993;268:94-101.
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Ce AVVS5 NT3 FDG-PET

Change is Associated with Freezmg

Ce / BST
Metabolism

and correlated

Anxious
Temperament

Group by time interaction (pos): p<.05, two-tailed AND negatively correlated with pre-post

change in AT, p<.05, two-tailed
Kalin NH, et al. Biol Psychiatry. 2016;80(5):345-355.




Support for Our Extended Amygdala

Neuroplasticity Hypothesis in Mediating AT

Anxious Temperament
High Low

Anxious

Decreased Neuroplasticity in
AT-regions

AKT Raf
Neuron growth

Cell Survival —
RPS6KA3 < | ERK

Synaptic Plasticity

Fox AS, et al. Proc Natl Acad Sci U. S. A. 2012;109(44):18108-18113.
Fox AS, Kalin NH. Am J Psychiatry. 2014;171(11):1162-1173.

Neutral

Increased Neuroplasticity in
AT-regions




Testing Mediators Of AT: Corticotrophin &3

Releasing Hormone (CRH) In Ce

CRH Receptors are expressed iniCe

" s
cl SON "Pwi ; 2 - SON  1/PVN
A % | e ‘
: AC i ApAc
< ‘ L s {
e N 'E t

CRHR1 CRHR2
Sanchez et al., 1999

CRH AAV?2 Viral Vector
Expression Construct

AAV-MCS
4650 bp

CRHR1 SNPs are associated with AT CRH expression in HEK293 Cells
- SNP5043 infected with CRH AAV2 construct
 os
S 04
L o3
E 0.2
& 0.1 i T |
ow 0
s I
g 0.3

CC GC GG
n=38 n=118 n=78

Rogers J, et al. Mol Psychiatry. 2013;18(6):700-707.




Overexpression of CRH in

the Ce
CRH expression AChE Stain

Infusion monitoring S—

| | [E

gadolintum cloud
overlap across
mnjected animals

Kalin NH, et al. Biol Psychiatry. 2016;80(5):345-355.
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Kalin NH, et al. Biol Psychiatry. 2016;80(5):345-355.

4 p
"5
X i

i )
p 37
— 7 y
’ I -'J -§1
\\“ ’? - -

)

N =5, per group

p <. 05, one-tailed




