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Autism Spectrum Disorder (ASD)
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Estimated 1 in 44 (CDC 2018 Data)

4:1 male/female



Autism Spectrum Disorder (ASD)

Core features
» Social impairment
» Communication deficits
» Repetitive behaviors

Associated features
» Sensory abnormalities
» Sleep dysregulation
» Epilepsy

Anxiety and
depression

Socialization
Sleep (impaired social
disorders interaction
Communication
(delay or absence of
language)
Behavior (restricted,
repetitive and
stereotypical patterns
of behavior)

: Attention
Aggressive deficits

behavior

Hyperactivity

Spooren et al.,, 2012 TRENDS in Pharmacological Sciences



An immune subtype of ASD?

« Heightened inflammatory markers

Table 1. Characteristics and effect size estimates for cytokine concentrations in autisni

Cytokine Studies  Participants Participants % Male Hedges' g P-value
(n) {ASD) (HQ (ASD/HC)
152 93 84/87 -0.128 0.49
253 241 88/85 0.652 < 0.001
74 74 96/96 0.137
452 383 82/81 0.381
150 140 91/89 0.455
77 77 92/92 0.026
150 140 91/89 0.251
103 78/81 0.193
119 76/74 -0.262
66 100/100 0.558
17 77177 1.044
144 7 79/70 1.061
212 92/91 0.227
152 84/87 -0.031
133 90/83 0317
133 90/83 0.257
133 90/83 -0.008
152 84/87 -0.153
152 84/87 0.082

Masi et al. 2015 Mol. Psychiatry
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An immune subtype of ASD?

« Heightened inflammatory markers

« Microglia activation

Lee et al. 2017 Brain, Behavior, and Immunity



An immune subtype of ASD?

« Heightened inflammatory markers
« Microglia activation

 (Genetic studies
. Neuron communication
* Immune processes

Voineagu | et al. 2011 Nature



Question: Why might inflammation contribute to ASD?



Immune Signaling in the Nervous System

Phagocytosis following
Programmed
Cell Death

)
A

synapse formation,

TNF a promotes synaptic
transmission.

MHCI affects activity-dependent .

Immune molecules are important in development of nervous system

BMP / TGFB is critical for neural induction.
gp130 family (ligands: IL-6 +
IL-11) is important for progenitor cell
') maintenance.

B o
@ TLRs and their ligands
6) mediate proliferation and
survival.

Apoptotic debnis is cleared by microglia. @ Progenitor cells
Microglia
Synapse @ Wnosls
Elimination
' — 7@
IL-1B and IL-6 family are
Astrocytes critical for astrogliogenesis
Ciqand C3 tag ye wumm;,
synat;ses for ;:_runino M-CSF and CSF-1 neoptor
microg 1a.
/ ) Neurons recruit microglia into CNS.
Synapse Formation @ Neuronal Migration

v

CXCL12 and its receptor CXCR4 guide
the migration of new neurons in the brain.

Bilbo & Schwarz 2011




Maternal Inflammation and ASD

Epidemiological associations

Autism Risk Factors

Odds

Maternal Inflammation | Ratio
Bacterial Inf. (2" trimester) 2.98
Viral Inf. (18t trimester) 1.42
Autoimmune disorder 1.34

SLE (lupus) 2.19

Preeclampsia 2.36

Atladottir et al 2010

Chen et al. 2016
Vinet et al. 2015
Walker et al. 2015



Maternal Inflammation and ASD

« Epidemiological associations

» Caveat: Maternal inflammation
associated with numerous
psychiatric diseases (ADHD,
ASD, BPAD, SCZ)



Maternal Inflammation and ASD

Maternal Immune Activation Model
« Epidemiological associations

. Caveat: Maternal inflammation ~ 2OVIC.
.+ —> E12.5
associated with numerous TLR3 agonist
psychiatric diseases (ADHD, viral mimetic
ASD, BPAD, SCZ)

Social Behaviors v Repetitive Behaviors

« Maternal Immune Activation

Paul Patterson, PhD
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Our Two-Hit Model

15t insult to the immune
system in utero

20mg /kg of Poly IC

on day 12.5 of pregnancy

2'd insult to the immune

system early postnatal

10mg/kg of LPS on postnatal day 9

E12 PND9
vV Veh Veh
PV  PolylC Veh

Battery of
behavioral
assays



Perinatal Two-Hit Immune model ——
PL PolylcC LPS

Social Behavior

Social Interaction Test — 8 weeks

Male Female
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Interaction Ratio
(% Animal/Object)
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VVPV VL PL VV PV VL PL

Decreased social interaction in LPS treated males



E12 PND9
AVAY/ Veh Veh

Perinatal Two-Hit immune model ---
PL Polylc LPS

Anxiety-like Behavior

Open Field — 6 weeks

Male Female

100

@ 80

VVPVVL PL VV PV VL PL

Enhanced anxiety-like behavior



E12 PND9

AYAY Veh Veh
Perinatal Two-Hit immune model —
PL PolylC LPS
Communication Behavior
Pup Ultrasonic Vocalizations— PND 10,12,14,16
c 250_ ) : >~ VV
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— 10 12 14 16
Postnatal Day

LPS increases USVs in pups



Perinatal Two-Hit immune model

Communication Behavior

Social Scent—Week 7

600-

5001
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USVs
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Scent Investigation (s)
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LPS decrease USVs in adults

PV
VL
PL

=

Veh
PolylC

Veh
PolyIC

PND9
Veh
Veh
LPS
LPS




Perinatal Two-Hit immune model

Behavior Male Female

Pup USVs |4 Increase

Summary

4 Increase

Adult USVs * Decrease

No data

Social | ¥ Decrease

— No change

Anxiety-like } Increase

} Increase

PV
VL
PL

=

Veh
PolylC

Veh
PolyIC

Postnatal LPS results in profound behavioral alterations

PND9
Veh
Veh
LPS
LPS



oal: find translational measures for ASD in mice



EEG/EMG Telemetry

Real-Time Graphs - [VC3 (Saving)]
Plot Axis Dats View Window Help

24/7 recording for 5 weeks: | = ml» | w2
Electroencephalography — frontal / parietal

Electromyography — trapezius
Temperature

Activity
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Experiment Design

E12 PND9 PNW6 PNW7
| // | |
| 7/ | | ,1‘
Poly I:C Implant
or or surgery Sleep
vehicle vehicle Start of
recording
Sleep Time Points:
Week 7 W
Week 13 i
VL

PL

PNWS8 PNW13
X °
Activity
Temp. End of
recording
E12 PND9
Veh Veh
PolylC Veh
Veh LPS

PolylC LPS



EEG/EMG Telemetry

Sleep Architecture

Wake Slow-Wave REM Sleep
Sleep
> 60 > 8
8 - S
w |- % ?n 6l
2 50 : 2R
9 : Q9 4] =
n ] _ n 4
Q i Q 1
£ 40 £ 2
= L]
= X c
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LPS + Poly IC increases slow-wave sleep



+0.5mV

I EEG

-0.5mV

Spike-Wave Discharge



Epileptiform Activity

Example 1:

+0.5mV
EEG I
i

-0.5mV
1s

Example 2:

Spike-Wave Discharges (SWDs)
Spike: 3X background, >100 pyV EEG
Spike-Wave Discharge: = 4 spikes

Avg. Duration: 1.3+0.7s EMG W»MWMMWMW

Peak Frequency: 6-7 Hz




Epilepsy and ASD

» Epilepsy in ASD estimates: 5-46%

» Epileptiform activity in ASD in absences of seizures
-One study found in 900 children with no known epilepsy

61% had epileptiform EEG during sleep (Chez et al. 2006)

* In ASD, epileptiform activity was associated with higher levels of |IL-
6 (Jacome et al. 2016)



Epileptiform Activity
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Postnatal LPS results in epileptiform activity




EEG Power Spectrum  saywad ww s,

Normal Adult Brain Waves

Beta

ATNAMAMNANV ANAMNWIAAMNAAMMAAA WA AN
14-30 Hz

Awake with
mental activity

Awake and MAAAMAMM\APAM’M Alpha
8-13 Hz

resting

Sleeping lf\/\/\/\/\/\/\f\/\ﬂ#\/\m I h7e:|a
-7 Hz
Delta

Deep sleep <3.5 Hz

1 sec




EEG Power Spectrum



EEG Power Spectrum
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EEG Power Spectrum

Human ASD

Control

Low < > High
Frequency

Wang et. al. 2013 Journal of Neurodevelopment



EEG Power Spectrum

Human ASD

Control

Immune-activated
Mice

Low < > High
Frequency



FEG/EMG Telemetry

Summary

Poly IC + LPS Two-Hit Model

* Increased Slow-wave sleep
« Epileptiform activity (spike-wave discharges)
« EEG spectral power changes

* Persists 5 weeks later



J Neurosci. 2018 Mar 28;38(13):3358-3372. doi: 10.1523/JNEUROSC!.3642-17.2018. Epub 2018 Feb 28.

Maternal and Early Postnatal Immune Activation Produce Dissociable Effects on
Neurotransmission in mPFC-Amygdala Circuits.

Li Y', Missig G, Finger BC', Landino SM", Alexander AJ', Mokler EL", Robbins JO', Manasian Y', Kim W', Kim KS', McDougle CJ?, Carlezon
WA Jr.?, Bolshakov VY®,

Bc Yan Li, PhD

Veh_Veh Veh_LPS
Amygdala IPSC (0 mV) Amygdala
R

mPFC input BLA output mPFC input BLA output
—dq pr—

0 0

EPSC (-80 mV)

EPSC (-80 mV)

Poly I:C_Veh Poly I:C_LPS

IPSC (0 mV)

Amygdala Amygdala

mPFC inpul BLA output mPFC input BLA output
— ——

EPSC (-80 mV) EPSC (-80 mV)




Next Step: Is this phenotype from ongoing or developmental
Immune dysregulation?



Perinatal Two-Hit immune model
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Perinatal Two-Hit immune model

By
Protein Woori Kim, PhD
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PART 2:

(Goal: examine novel maternal immune insults



Toll-like receptor

Virus-infoctod colls

‘e

Plasma membrane

Endolysosome

poy(i:-C)
dsRNA
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Inflammatory cytokines Typo | IFN

Autophagosome

Bactera
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Infammatory cytokines

Typo | IEN

Kawai & Akira 2010



Toll-like receptor 7

» Toll-like receptor 7 (TLRY)
» Recognizes ssRNA

AophaQoson
%

UNCO3B1 T

CID) vve CE )R LRs CI) v (L D) wre7

b

Infammatory cytokines

Inflammatory cytokines

Type | IFN Type | IFN

Kawai & Akira 2010



Autism Risk Factors

. Odds
TO”_llke receptor 7 Maternal Inflammation | Ratio
Bacterial Inf. (2" trimester) 2.98

Viral Inf. (1st trimester) 1.42
» Toll-like receptor 7 (TLRY)

. Autoimmune disorder 1.34
» Recognizes ssRNA

SLE (lupus) |  2.19

Preeclampsia 2.36

* Involvement in autoimmunity
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Consequences of repeated TLR7 activation
Yokogawa et. al 2014



Toll-like receptor 7

- X Chromosome

» Toll-like receptor 7 (TLR7)
» Recognizes ssRNA

« Involvement in autoimmunity TLRY7 gene

* Encoded by X Chromosome



Prenatal TLR7 Activation

=N

Imiquimod (IMQ)
TLR7 agonist

5mg/kg of Imiquimod
onday 12, 14, 16 of pregnancy

Battery of
behavioral
assays



Prenatal TLR/ Activation
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IMQ induces a maternal IMQ leads to a selective
inflammatory response loss of female embryos
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Prenatal TLR/ Activation

Communication-related Behavior

Pup Ultrasonic Vocalizations— PND 8, 10, 12

250- Male Female
E 200+ - \VEH
, % < o
3 IM
@ 2 150- 9
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Spectrogram D 50-
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Postnatal day

Altered communication



Prenatal TLR/ Activation

Communication-related Behavior

Social Scent— 9 weeks

Investigation USVs
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Increased social scent investigation



Prenatal TLR7 Activation

Anxiety-Like Behavior

Open Field — 6 weeks

Male Female Male Female Male Female
25 * 25 * 4000
320 =20 o E 3000f
s 15F T 1L * 15 T o =
£ 10 £ 10 £ 200
S o S
5 © 5 g 1000}
0 T T 0 T T 0 T T
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Center (s) Center (n) Distance (cm)

Males show less anxiety-like behavior



Prenatal TLR/ Activation

Anxiety-Like Behavior

Elevated Plus Maze — 11 weeks

Male Female Male Female Male Female
80 15 W 2500
i i #
@ 60 i B E 2000p
N 3 i —
£ T T g 107 T T < 1500f
< 40 < - o i
c [ s o § 1000}
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o . 0 0
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Open arm(s) Open Arm (n) Distance (cm)

Males show less anxiety-like behavior



Prenatal TLR/ Activation

Social Behavior

Social Interaction Test — 8 weeks

Male
201 150 15
S| 7 | gl =
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g I 8100- 5 10k
— - — — L
! g s
g s g % ol
£ 7 £ o |
0 ] ] 0 ] 1 < 0 ] 1
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Frequency Duration  Duration per
Interaction

Fragmented social behavior



Prenatal TLR/ Activation

Social Behavior

Social Dyad Test — 12 weeks

Male Female
80 150 _.2.5¢ 80 150 _2.5¢
—_ - —_— \u.,r T T E 3 ",T L Lﬁ’ L -
o 8] 5 201 = 70t 21250 T §20r
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Frequency Duration  Duration per Frequency Duration  Duration per
Interaction Interaction

Fragmented social behavior



Prenatal TLR/ Activation

Summary

Behavior Male Female

Pup USVs | ¥ Decrease ¥ Decrease
Anxiety-like { Decrease — No change
Repetitive |4 Increase 4 Increase
Social Interaction |} Fragmented t4 Fragmented
Social Scent |4 Increased

Greater behavioral disturbances in males



Prenatal TLR/ Activation

Activity

Open Field Social Interaction
Test
Male Female Male Female
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Prenatal TLR7 Activation
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Prenatal TLR/ Activation

Intersections (n)
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Prenatal TLR/ Activation

Summary
Activity } Increase* f Increase*
Microglia * Decrease { Decrease
Microglia * Incr_egse_d f Incrggse_d
Morphology ramification ramification




Prenatal TLR/ Activation

Pup USVs
Anxiety-like
Repetitive

Social Interaction
Activity

Microglia

Summary
IMQ Poly IC + LPS
* Decrease } Increase
* Decrease } Increase
4 Increase f Increase
| Fragmented | ¥ Decrease
4 Increase* } Slight decrease
¥ Decrease 4 Increase




Final thoughts

« Accumulating evidence for an immune involvement in ASD and
other psychiatric disorders

» Different types of maternal immune activation may have
divergent outcomes

« Largest hurdle is finding endpoints that translate from the lab to
humans
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Final thoughts - Questions

« Accumulating evidence for an immune involvement in ASD and
other psychiatric disorders

» Different types of maternal immune activation may have
divergent outcomes

« Largest hurdle is finding endpoints that translate from the lab to
humans



