Seattle Children's ) ]
HOSPITAL + RESEARCH + FOUNDATION J an _Marl n O Ram I rez

Center for Integrative Brain Research
Seattle Children’ s Research Institute
Seattle Children’ s Hospital
University of Washington

Dysautonomia and Erratic Breathing in Rett Syndrome
and the underlying mechanisms
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The Story of Rett Syndrome: From Clinic to Neurobiology
Maria Chahrour! and Huda Y. Zoghbi Neuron

YEARS 0.5

BUT there is enormous individual variability

Developmental stagnation
Microcephaly
Growth arrest
Hypotonia

Rapid regression
Autistic features

Loss of hand skills, speech, and social interaction

Hand stereotypies
Mental retardation
Motor abnormalities

Seizures

Respiratory abnormalities

Stationary stage
Scoliosis

Autonomic dysfunction

Anxiety

Late motor deterioration
Decrease/loss of mobility

These abnormalities become visible after the children turn two years


http://www.sciencedirect.com.offcampus.lib.washington.edu/science/journal/08966273
http://www.sciencedirect.com.offcampus.lib.washington.edu/science?_ob=PublicationURL&_tockey=%23TOC%237054%232007%23999439996%23673268%23FLA%23&_cdi=7054&_pubType=J&view=c&_auth=y&_acct=C000029718&_version=1&_urlVersion=0&_userid=582538&md5=3e55e7d094ccae5f9eee176f0f248ff9

Longitudinal course of epilepsy in Rett
syndrome and related disorders

Daniel C. Tarquinio,I Wei Hou,z Anne Berg,3 Walter E. Kaufmann,4 Jane B. Lane,5
Steven A. Skinner,* Kathleen J. Motil,® Jeffrey L. Neul,” Alan K. Percy5 and Daniel G. Glaze®

Longitudinal Patterns of Seizure Relapse and Remission
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Participants Grouped by Seizure Pattern

m No history of seizures, and not seizing  m History of seizures, but not seizing
m Active seizures 71 Remission

m Active seizures, never experienced remission
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Brain Dev. 2018 August ; 40(7): 515-529.

Years in Study
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The course of awake breathing disturbances across the lifespan
in Rett syndrome

Daniel C. Tarquinio, DO MS-C1':2, Wei Hou, PhD3, Jeffrey L. Neul, MD, PhD*, Gamze Kilic
Berkmen, PhD'2, Jana Drummond, PhD'+2, Elizabeth Aronoff, MS'2, Jennifer Harris, MSN,
APRN, PNP-ACZ2, Jane B. Lane, BSN, RN5, Walter E. Kaufmann, MD PhD®, Kathleen J. Motil,
MD, PhD’, Daniel G. Glaze, MD7, Steven A. Skinner, MD®, and Alan K. Percy, MD5

Patterns of breathing dysfunction, remission, and relapse in classic Rett syndrome

Most Rett patients have breathing dysfunctions
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. Continuousbreathing dysfunction . Remission D Active breathingdysfunction
. History of breathing dysfunction, but not currently having breathing dysfunction
[:l No history of breathingdysfunction, and not currently having breathing dysfunction



The course of awake breathing disturbances across the lifespan
Brain Dev. 2018 August ; 40(7): 515-529.. in Rett syndrome

Daniel C. Tarquinio, DO MS-C1':2, Wei Hou, PhD3, Jeffrey L. Neul, MD, PhD*, Gamze Kilic
Berkmen, PhD'2, Jana Drummond, PhD'+2, Elizabeth Aronoff, MS'2, Jennifer Harris, MSN,
APRN, PNP-ACZ2, Jane B. Lane, BSN, RN5, Walter E. Kaufmann, MD PhD®, Kathleen J. Motil,
MD, PhD’, Daniel G. Glaze, MD7, Steven A. Skinner, MD®, and Alan K. Percy, MD5

Longitudinal severity of breathing dysfunction in Classic Rett Syndrome
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Breathing disturbances show daily variations

Example for one individual patient

Rohdin et al. 2007
Pediatr Neurol
37:338-344.

OO0 mm

Day-by-day variations in one patient

occurrence of apneas
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Table 6 Frequency of medically prescribed treatments for
irregular breathing (n = 31)

Treatment type Perceived effect of treatment

Not improved Improved

Medications 8 13 From:
Mackay et al. 2017
Journal of
Neurodevelopmental
Disorders 9:15

Antiepilepsy drugs® - 5

: b
Serotonin agonist” 3

Benzodiazepine® —
SSRIs 1
Other® 4
Use of equipr‘nentf

Oxygen

Rebreathing apparatus

CPAP/BIPAP

Compression vest

There is also large individual variability in the response
to treatments




nature medicine

Great success — but still lots of individual variability

Article https://doi.org/10.1038/s41591-023-023

Trofinetide for the treatment of Rett
syndrome: arandomized phase 3 study
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Breathing problems = ® E | _
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Repetitive face movements = ® E
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Nighttime behaviors
Fear/anxiety

Walking/standing




We need to understand:
How the brain copes with mutations and disturbances
“How the brain works”

Changed MECP2

One
reason is ctvation
X_
Inactivation

Changed MECP2 active

Why a child can have good and bad days
Why symptoms come and go
\Why responses to medications are often inconsistent




Thalamic oscillations
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Brain rhythms are
highly interaCtive : Substantia nigra - cortex M— Thalamus - cortex
and coordinated @ -

-

Medial prefrontal Cortex-breathing

Cortex-hippocampus

Ventral tegmentum - hippocampus
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Most neuronal networks in the brain

are independently rhythmogenic
when isolated



Neocortical & hippocampal networks

Isolated neocortex generates sleep rhythm
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Breathing is controlled by three microcircuits giving

Pre-Bétzinger complex rise to three phases Postinspiratory complex

D i

Each breathing center also controls other behaviors
\ RPa —47 1 H
i' Parafacial respiratory group



Laryngeal-swallowing coordination
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Parasympathetic control

Sympathetic control

ChAT_Vglut2
Flp_ AAVS8

NA

preBotC

Dr. Marlusa Amarante
Dr. Alyssa Huff
Dr. Luiz Oliveira



CONCLUSION:

Respiratory networks control and coordinate
somatic and autonomic motor outputs

Inspiration Expiration
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Breathing also controls cortical activity

Pre-Botzinger complex Postinspiratory complex
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The brain consists of numerous interacting rhythmogenic microcircuits
that control

not only motor and autonomic behaviors
but all concurrently ongoing neuronal processes.

clae’ el
Behavioral functions emerge from the coordinated interactions between
numerous functionally specialized networks
| AT AN .

For each network it is critical that the excitability, plasticity and stability is
homeostatically regulated and modulated
to serve the overall function of the behaving organism




Microcircuits are differentially modulated
by aminergic and peptidergic modulators

Hypothalamus . \
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EVIER Brain & Development 23 (2001) $122-S126 Y

www.elsevier.com/locate/braindev

Original article
mmm) Reduced expression of neuropeptides can be related to respiratory
disturbances in Rett syndrome

Yoshiaki Saito™™™*, Masayuki Ito®, Yuri Ozawa®, Toyojiro Matsuishi,
Kenzo Hamano®, Sachio Takashima®

Substance P acting on NK1 receptors
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The isolated network seems to cope with the
enetic removal of Substance P

(KO mouse)

On average the rhythm is not significantly more irregular

B Control
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But the doesn’t tell the whole
story



Even though these are inbred genetically homogenous mice

Individual networks cope very differently to the same
mutation

Pre-Botzinger
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Up-regulated genes

Down-regulated genes
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In response to an “incidence” it is necessary to find
Individual solutions to cope with this situation




Activity balance is regulated by
homeostatic plasticity: Synaptic scaling

Maintain firing rate within range

Maintain network stability

HOMEOSTATIC PLASTICITY IN THE
DEVELOPING NERVOUS SYSTEM

Homeostatic plasticity in neuronal networks:
the more things change, the more they stay
the same
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http://www.nature.com/reviews

Wh en aCt I Vi ty i S red u C ed Activity Deprivation Leads to Seizures in
synaptic amplitude increases Cansequencs of Homeosiatc Plastioty?

Trasande, Caitlin Aptowicz; Ramirez, Jan-Marino
Journal of Clinical Neurophysiology24(2):154-164, April

But this homeostatic mechanism is not perfect! B 08T ObOL3e3180837871
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If activity Is persistently reduced:

Activity deprivation leads to paroxysmal
depolarizations in 67% of the hippocampal networks

83.49% N=18

M

Control

Trasande & Ramirez, 2007 _
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This is relevant for Rett Syndrome

1

B:113 (14.5%%) D: 88 (11.3%6) E:98 (12.6%6)
51 101 151 201 251 301 351 401 451 S01 551 601 651
Participants Grouped by Seizure Pattern
m No history of seizures, and not seizing History of seizures, but not seizing
Active seizures Remission

m Active seizures, never experienced remission

NEOCORTEX 1 “ 1
SLICE
|solated from
epileptic patient

Marcuccili et al. 2010




Contl Compensation for E/l imbalance could
also explain

TTX-treated

Increased synchronizatopm
during “upstates”
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Rett syndrome patients have heightened Delta power
(“deep sleep™)

But there are individual differences in sleep

Delta

Control
Rett

Frontal Ce'ntral Occipital

Gamma

Frontal Central Cﬁ)‘c':cirp'ift'al

Heightened Delta Power during Slow-Wave-Sleep in
Patients with Rett Syndrome Associated with Poor

Sleep Efficiency - PLOS ONE 2015 - 10/10

Simon Ammanuel, 1-5Wesley C. Chan, 1> Daniel A.
Adler, 1.5 Balaji M. Lakshamanan, 2 Siddharth S.
Gupta, 3:4Joshua B. Ewen, 2-3 Michael V. Johnston, 3
+4 Carole L. Marcus, 8 Sakkubai Naidu, 3

+4and Shilpa D. Kadam1:3
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Imbalance in cortical control also causes

breathing dysfunctions

Inspiration Postinspiration
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Activation of the Medial Prefrontal Cortex
Reverses @ognltlve and Respiratory Symptoms
a Mouse Model of Rett Syndrome

N

C. James Howell, Michael P. Sceniak, ““Min Lang, Wenceslas Krakowiecki, Fatimah E. Abouelsoud,

Saloni U. Lad, Heping Yu, and David M. Katz

ACTIVATION OF mPFC
reduces apneas
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themselves are also unbalanced

Pre-Botzinger complex

Inspiration IPostinspiration
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Medial prefrontal Cortex (mPFC)
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The respiratory rhythm
generated within the
pre-Botinger Complex e A

Is irregular at 14 days -
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The intact animal can Initially
compensate for these network
disturbances for 30 days
but then breathing becomes
Increasingly irregular
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Breathing is also irregular in Rett Syndrome patients

Weese-Mayer et al. 2006



Breathing is also irregular in Rett Syndrome patients

but there is considerable individual variability

Awake

Irregularity Score

Rett Syndrome patients
Weese-Mayer et al. 2006

Controls
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(93]
T

I
T

w
T

N
T

The increased breathing irregularity
IS also seen during all phases of sleep

Cycle Period by Sleep Stage
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Variability

Postinspiration
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Most apneas / breath-holds

occur during wakefulness

Hypopneas are increased during sleep,
but not as much when compared to
OSA patients
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These recurrent breath holds are problematic
because they reveal disturbances in cardiorespiratory coupling

Postinspiration

Medial prefrontal Cortex
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Concurrent inhibition of cardiovagal neurons

and excitation of sympathetic neurons
gives rise to respiratory sinus arrhythmia
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Breathing and heart
are also functionally linked
during a breath-hold In
healthy control

Breathlng I Breath-hold Breath-hold

Heart rate
(bpm)

Weese-Mayer et al. 2006



Cardiorespiratory coupling is disturbed
In Rett Syndrome
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Breath-holds cause
Hypoxia & oxidative stress

Hypoxic Stress

One Breath-hold




Breath holds cause intermittent hypoxia

Breath-holds cause
Hypoxia & oxidative stress

Hypoxic Stress




Intermittent hypoxia interferes
with cardiorespiratory
coupling between
cardiovagal and neurons




Hypoxia causes oxidative stress
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Hypoxia causes oxidative stress

RETT SYNDROME

P < (L0001

Controls

Controls

EXPERIMENTAL MODEL
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H,O, decreases cardiac vagal activity & blunts

respiratory modulation of cardiac tone.

EXPERIMENTAL MODEL




H,O, decreases cardiac vagal activity & blunts
respiratory modulation of cardiac tone.

EXPERIMENTAL MODEL

RETT SYNDROME

ﬂ J U L l H Heart rate
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HR variability

Weese-Mayer et al. 2006



INSP Post-I

w
o
1

o 309 *kk ) —
£ £
o o
T} 0(18) T}
o 20- 0 204
X v
il '0‘1‘%::(.«:\0' il
S 0 5 o S g 2
o ‘t"bl‘:‘;’\'ﬂ’ 00 4} 8
Ko} G 0 Ko} .
: ' : '
2 . Z 0
CONTROL CH CONTROL CH

CONTROL ClH

A~ ~_,J\N,/w\/ \ R, \M\,\//\N\/V\//kw.m o\ .,M‘/\ﬂf\/\\,/\\n ftSN MWMWM WWVW%MMW MWM
SN W W A o) R P
M N s b f St L i ot N N WWM\‘«J%M
CVIN. iionqumscssple ot i e WWWWW
Ao A A A A A A AN AL
T e e I o e e e T S

500ms

E2
)] 30- *kkk
£
3
% 20+
X
Q
()]

° 10
(0]
0
£
o}
Z
CONTROL CIH
Marlusa Amarante




genetic Disease progression
. IS personal
y is Rett syndrome ——F .
Disease progression

complicated to treat  dependson
environment neuromodulatory
milieu

Rapid regression

Autistic features Oxydative & HypOXiC Stress

Loss of hand skills, speech, and social mteractlo

Hand stereotypies
Mental retardation
Motor abnormalities

Disease progression SEETE + Pon

IS N Ot | I near lespiratory abnormalities Breath hold

and differentiated FEURe Breathing disturbances

Autonomic dysfunct are State d ep en d ent

For the treatment of Rett Syndrome e
It will be important to consider these /oo moviiy
homeostatic mechanisms

insonian features
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