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OVERVIEW OF
THE MORNING

Preface: what are the limits of (human) fMRI?

Part 1. fMRI in rodents. what do you need and
what should you expect

Part 2. The functional Connectome in rodents

Part 3. fMRI in Transgenic rodent models for
human disorders

Part 4. Manipulating cell activity to observe
network reaction

Part 5. Translating fMRI results from rodent to
humans
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BY THE END OF TODAY .. pCiBM

v YOU HAVE DEVELOPED A CRITICAL MINDSET THAT CONSIDERS THE REASONS
AND PRACTICAL IMPLICATIONS FOR PLANNING AN ANIMAL EXPERIMENT THAT
INCORPORATES FUNCTIONAL MRI

EDUCATION MEANS\%"[EAIIH T0 THINK®

'NOT "WHAT TO THINK"
I S S S
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FIRST, A RECAP

FROM LAST

WEEK ..
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fMRI is a a technique for measuring metabolic correlates of neuronal activity

SUMMARY: WHAT IS FMRI

Uses a standard MRI scanner and fast imaging sequences (EPI)

Acquires a series of images over time

Measures changes in blood oxygenation

Use non invasive, non ionizing radiation

Can be applied during a task or resting-state

Can be used for a wide range of applications
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RECAP: NEUROSCIENCE APPLICATIONS OF FMRI $CcEm

Resting-state fMRI Task-fMRI
Functional connectome fingerprinting: identifying e e

individuals using patterns of brain connectivity alzheimer disease

An automated meta-analysis of 263 studies
Emily S Finn'7, Xilin Shen?7, Dustin Scheinost?, Monica D Rosenberg?, Jessica Huang?, Marvin M Chun’-34,
Xenophon Papademetris>® & R Todd Constable!¢

Frontoparietal networks ?lmOSC.C m Studies  FAQs
g ! ‘ . Layers
@ |alzheimer disease: association test | [ | &
@ | alzheimer disease: uniformity test | T | &
® | anatomical olx
Color palette:
red A ®Crosshairs
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Thresholds:
z-score:  6.94 What's here?
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Qo ] Opacity:
ot g X: 28 y: -18 z -12 1
8 @
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RECAP: NEUROSCIENCE APPLICATIONS OF FMRI e!fsm |

ALWAYS A HOT TOPIC!!

a Penfield's Homunculus (1948) b Integrate - Isolate model (2022)

nature

Explore content v  About the journal v  Publish with us v

nature > articles > article

Article | Open Access | Published: 19 April 2023

A somato-cognitive action network alternates with
effector regions in motor cortex

Evan M. Gordon &, Roselyne J. Chauvin, Andrew N. Van, Aishwarya Rajesh, Ashley Nielsen, Dillan J.

Newbold, Charles J. Lynch, Nicole A. Seider, Samuel R. Krimmel, Kristen M. Scheidter, Julia Monk,

Ryland L. Miller, Athanasia Metoki, David F. Montez, Annie Zheng, Immanuel Elbau, Thomas Madison,

Tomoyuki Nishino, Michael J. Myers, Sydney Kaplan, Carolina Badke D'Andrea, Damion V. Demeter,

Matthew Feigelis, Julian S. B. Ramirez, ... Nico U. F. Dosenbach =+ Show authors

Nature (2023) | Cite this article

87k Accesses | 1 Citations | 15698 Altmetric | Metrics
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RECAP: NEUROSCIENCE APPLICATIONS OF FMRI

ALWAYS A HOT TOPIC!!
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nature neuroscience ' Proposed Candidates
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BIOTECHNOLOGY

Brain scans can translate a person’s
thoughts into words

A new system was able to capture exact words and phrases from the brain
activity of someone listening to podcasts.

By Rhiannon Williams May1,2023

c Actual stimulus

i got up from the air mattress and pressed my face against
the glass of the bedroom window expecting to see eyes
staring back at me but instead finding only darkness

i didn’t know whether to sci y or run away instead |
said l¢ ne alone i don't need your help adam
d,sappea'@c ! and i cleaned up alone crying

that night i went upstairs to what had been our bedroom
and not knowing \vmu else to do i turned out the lights and

i don't have my driver's license yet and i just jumped ou
right when i needed to and she says well why don't you
come back to my house and i'll give you a ride i say ok

Decoded stimulus

i just continued to walk up to the v v and open the
5 i stood on my toes and peered ot JT i didn’t see
cmtl\ ng and looked up again i saw nothing

started to scream and cry and then she just said i told you
to leave me alone you can't hurt me anymore i'm sorry and
then he stormed off i thought he had left i started to cry

we got back to my dorm room i had no idea where my bed
was |Just assumed i would sleep on it but instead i |a
NN Ol € OO0l

She is not ready she has not even started to learn to dri
ti had to push her out of the car i said we will take her
homo now and she agreed

Exact

Gist

1

Error
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PREFACE: WHAT ARE THE LIMITS OF
HUMAN FMRI?

“Keep your friends close but your enemies closer”
Sun Tzu
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WHAT ARE THE LIMITS OF HUMAN FMRI? $ciEm

astrocyte
astrocyte metabolic coupling

* INDIRECT MEASURE OF BRAIN P

NTO T

(e.g. glw)

hnoa(®) astrocyte vascular coupling qa
neuron
neurometabolic coupling
14
h CMRy, 6, qn Vany
N NT W neny CMRy g1y
stimtus Q- f o) Wi
fn X f PO,
¢ BOLD
1 cBv
neurovascular coupling
circulation %

cardiovascular I'>=
response .
it cerebral autoregulation
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WHAT ARE THE LIMITS OF HUMAN FMRI? $ciEm

Brain h EEG & MEG e |masl5i§ \ PET |\masin8
System —g ‘“ ——
Circuit g [ | L“R"fw
 LOW SPATIAL AND TEMPORAL a:: -
RESOLUTION e 8 l,'::;:%ptlcal J
Neuron | Q““‘\”“‘m‘c imaging

\ Flourescence Imaging /

o0 oo ot o 3 10 WP o o
Temporal Resolution (s)

o
o

Millisecond Second Minute Hour Day
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WHAT ARE THE LIMITS OF HUMAN FMRI? eCI.Bm |

nature

Explore content v  About the journal v  Publish with us v

nature > articles > article

Article | Open Access | Published: 16 March 2022

. Reproducible brain-wide association studies require
thousands of individuals

* INTRINSIC HETEROGENEITY OF
fMRI RESPONSES AND
FUNCTIONAL CONNECTIVITY

-4 5 _J ] csmcH
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WHAT ARE THE LIMITS OF HUMAN FMRI? $ciEm

Everything happening around us
that is not us

Changes in "brain activity"

over time Everything we are and feel

Scan ENDS that is us

\ —

de - ( STIMULUS & INNER ) dt
dt
/ Scan STARTS ‘ \
What we measure What we can control experimentally What we really want o measure

____
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PROPRIETIES OF THE FUNCTIONAL CONNECTIVITY Bciem
ARE THEY DIFFERENT?

STUDY GROUP CONTROLS

© CIBM | Center for Biomedical Imaging 14



PROPRIETIES OF THE FUNCTIONAL CONNECTIVITY e!fam |

ARE THEY DIFFERE Az

STUDY GR(

ade of cotton

[ [ i 15
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BIGGEST ADVANTAGE : MULTI-MODAL FMRI em.am |

Resting-state fMRI

Task-based fMRI

Pharmacological
interventions (rare &
expensive)

-4 5 _J ] csmcH
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BIGGEST ADVANTAGE: MULTI-MODAL FMRI wCiEM

Resting-state

A Electrical-stimulation

Genetic models

Pharmacological
interventions

Chemogenetics

T\

Optogenetics

-4 5 _J ] csmcH
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BIGGEST ADVANTAGE: MULTI-MODAL FMRI em.am |

9 H JO\Q

behavioral level behavioral level

=z (@
(@ I_ | 1 >
= @ 666 [ =
: task design task design (7))
) >
0 -]
m k level O
m network leve .network level -
@) Perturbation

o

cellular level cellular level

Grimm et al., The Neuroscientist, 2020
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PART 1. FMRI IN RODENTS. WHAT DO
YOU NEED AND WHAT SHOULD YOU
EXPECT




RESTING-STATE FMRI IN RODENTS e!I.Bm

enter for Biomedical Imaging

Number of Papers of fMRI Functional Connectivity Published

483
560 529
s3g 7 M1 as 00 = O £
210 253 —_ e, /o o1 85
1000 e - 37 62 65 L&
) 62 73 l_l 17 18 M ™ m
i 25 37 S5 =
> 100 15
8 15
) 4 5 4 ﬁ
& —, M
& 10 0 1 2
2 . L
: 1 1 I I i, i
- 7
=
o 1
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
= Vouse fMRI Functional Connectivity Papers mm Rat fMRI Functional Connectivity Papers mm Human fMRI Functional Connectivity Papers
Mouse & Rat fMRI Functional Connectivity Papers Mouse, Rat, & Human fMRI Functional Connectivity Papers
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RESTING-STATE FMRI IN RODENTS

Hardware & Software

High-field MRI

Tech for high SNR (e.g. cryogenic coil technology)

Optimized light-anesthesia protocols

o or protocols for accustom animals to head-fixation

'\Q

-4 5 _J ] csmcH
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Dedicated (pre)processing pipeline




RESTING-STATE FMRI IN RODENTS

Why we need high-field scanners?

Mouse Rat Human
Anatomy | Brain Volume | 415 mm3 1765 mm3 1200 cm3
(Kovacévic et al., | (Welniak- (Yu etal., 2013)
2005) Kaminska et al.,
2019)

Gyrification Flat Flat Folded
(Ventura- (Ventura- (Ventura-Antunes et al.,
Antunes et al., Antunes et al., 2013)
2013) 2013)

Cortical <1 mm 1-2mm 1-4.5mm

Thickness (Lerch et al., (Vetreno et al., (Fischl & Dale, 2000)
2008) 2017)

MRI Resolution 20 -50 ym 90 - 150 ym 0.1-3mm
Parameters (Turnbull & Mori, | (Barriére et al., (Edlow et al., 2019; Fischl

2007) 2019) & Dale, 2000)

TR (seconds) | 0.15-3 0.15-3 <0.25-5
(Gilbert et al., (Gilbert et al., (K. H. Chuang & Chen,
2019; Turnbull & | 2019) 2001; Sahib et al., 2018;
Mori, 2007) Van Dijk et al., 2010)

Resting-State | ~10-20 ~10 ~5-15

Scan Time (Bauer et al. (Christiaen et (Elliott et al., 2019)

(minutes) 2017; Belloy et al., 2019)
al. 2018)

=

| &

ciBm

enter for Biomedical Imaging
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RESTING-STATE FMRI IN RODENTS pCiem

Why we need dedicated (pre)processing pipeline?

B Raw Noise
B .. reduced by MoCo

1% B Motion Correction
(1%} D Motion Regression
| , @ Drift
1% § B Respiration
(1%} B Cardiac
@ Residual

Functional connectivity in the rat at 11.7 T: Impact of physiological noise in resting state fMRI. Neurolmage 2010

-4 5 _J ] csmcH
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RESTING-STATE FMRI IN RODENTS pCiem

Functional EPI

20 slices

Spatial resolution 0.15x0.15x0.5mm
TR=750 ms

-4 5 _J ] csmcH
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RESTING-STATE FMRI IN RODENTS pCiem

A matter of trust

. Functional MRI data are relatively easy to acquire, but their quality is
extremely difficult to judge with simple visual inspections

Default mode network

-4 5 _J ] csmcH
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RESTING-STATE FMRI IN RODENTS e!fam |

Mouse Brain Networks

] & @,
# @ %

1. 7. Ventral Parietal 12. Dorsal Striatum
2. 8. Dorsal Parietal 13. Lateral Striatum
3. 9. Medial Parietal 14. Ventral Striatum
4.
@ ,
@ *
5. Primary Motor 10. 15. Dorsal
6. Secondary Motor 11. Visual 16. Ventral hippocampus

1. Anterior Cingulate

2. Retrosplenial
/Posterior Cingulate

3. Hippocampus

4. Posterior parietal /
Associative cortex

Zerbi et al., Neurolmage, 2015 Grandjean et al., Neurolmage, 2020 Zerbi et al., Cerebral Cortex, 2018

© CIBM | Center for Biomedical Imaging 26



RESTING-STATE FMRI IN RODENTS e!fam |

. Only 25% of datasets collected from 17 groups worldwide showed specific
spatial patterns of functional connectivity

Seed-based analysis overlap

Multicenter Study > Neuroimage. 2020 Jan 15;205:116278.
doi: 10.1016/j.neuroimage.2019.116278. Epub 2019 Oct 12.

1.00 =

I No FC
Unspecific FC

I Spurious FC

Common functional networks in the mouse brain

revealed by multi-centre resting-state fMRI analysis 0.75 =

Joanes Grandjean ', Carola Canella 2, Cynthia Anckaerts 2, Giilebru Ayranci 4,

Salma Bougacha 5, Thomas Bienert €, David Buehlmann 7, Ludovico Coletta 2, Daniel Gallino 4,
Natalia Gass 8, Clément M Garin 5, Nachiket Abhay Nadkarni %, Neele S Hiibner €,

Meltem Karatas ©, Yuji Komaki 10, Silke Kreitz ', Francesca Mandino "2, Anna E Mechling ©,
Chika Sato '3, Katja Sauer 1", Disha Shah ', Sandra Strobelt ", Norio Takata 15, Isabel Wank 11,
Tong Wu '€, Noriaki Yahata '3, Ling Yun Yeow 7, Yohan Yee '8, Ichio Aoki '3,

M Mallar Chakravarty '°, Wei-Tang Chang "7, Marc Dhenain ®, Dominik von Elverfeldt ©,
Laura-Adela Harsan 22, Andreas Hess ", Tianzi Jiang 2!, Georgios A Keliris 3, Jason P Lerch 22,
Andreas Meyer-Lindenberg 23, Hideyuki Okano 24, Markus Rudin 2%, Alexander Sartorius 8,
Annemie Van der Linden 2, Marleen Verhoye 3, Wolfgang Weber-Fahr &, Nicole Wenderoth 26,
Valerio Zerbi 26, Alessandro Gozzi 27

0.50 =

Percentage

0.25 =

I Specific FC

0.00 =

% T
Overlap (% dataset, p<0.05, uncorrected)

© CIBM | Center for Biomedical Imaging 27



RESTING-STATE FMRI IN RODENTS h‘"
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Are rats-fMRI scans better?

No FC, ID: 104307 ses: 1 ”
Non-specific FC, ID: 102102 ses: 1

nature neuroscience

Explore content v About the journal v  Publish withus v

nature > nature neuroscience > resources > article

Resource | Published: 27 March 2023

A consensus protocol for functional connectivity
analysis in the rat brain

U=
[
'y f"

Ayad, David A. Barriére, Ines Blockx, Aleksandra Bortel, Margaret Broadwater, Beatriz M. Cardoso,

Marina Célestine, Jorge E. Chavez-Negrete, Sangcheon Choi, Emma Christiaen, Perrin Clavijo, Luis < e . f 104
Colon-Perez, Samuel Cramer, Tolomeo Daniele, Elaine Dempsey, Yujian Diao, Arno Doelemeyer, David 6.8
0.8 1 < °°
Dopfel, Lenka Dvorakova, Claudia Falfdn-Melgoza, ... Andreas Hess =+ Show authors 9 < %
§ jg B 8 0.6
. . . . 5 o}
Nature Neuroscience 26, 673-681(2023) | Cite this article § 3 o % 0.4 -
£ 2 c
4218 Accesses | 1 Citations | 80 Altmetric | Metrics ~ o2l
0.2 4 :
o 0~
¥ & & 5 < \@ SE-EPI GE-EPI
S @ & & & B
°\° X & & &
& \‘@b
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HOW TO GET REPRODUCIBLE FMRI DATA? &'ciem
'enterfor Biomedical Imaging
Some rules of thumb N 0 * * 1T
g ‘°‘E 20 | R B S
 Med/Iso anaesthesia protocols performs better N | 2 07 £ o "’
 Ventilation and head-motion: not too important i§: g T 3 c g g 88
Sedation Breathmg SNR
. . Fioer 251y = 18.29, p=3.5e-13  Fp47, 249 = 3.48, p = 0.063 F 247, 248 = 12.39, p = 5.1e-4
- Strive for High SNR & i o oo o
* High field (>7T) g ” % - g - :
. GE-EPI > SE-EPI g o 2 ol H$ e o- == $

« Awake: higher FC but likely not specific

-4 5 _J ] csmcH
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mean FWD [mm]

F (247,248 = 0.082, p = 0.77

0.15

]
L] L) L]
~ ~ -
- »

11.7 9

Field

T
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[y (v o
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Coil




SHAYARIHINDIME.COM

“IT TAKES 20 YEARS TO BUILD A

REPUTATION AND FIVE MINUTES TO RUIN IT.

IF YOU THINK ABOUT THAT, YOU’LL DO

THINGS DIFFERENTLY.”

-WARREN BUFFET

(CEO, INVESTOR, BUSINESS TYCOON, & PHILANTHROPIST)



ALWAYS MANUALLY CHECK YOUR DATA!

“If you can't replicate your

findings,

would you trust your data?”

"
Hypo- Ary
thalamus #¢h
AR

Pons Prefrontal
82 2
N @%‘&é;hs REAREENY LS

&8,
< T

Spearman’s rho

1 .OT

0.8

Individual functional connectome similarity

4
amsm

enter for Biomedical Imaging

W§569*V2?7?

0.4+
0.21
0.0 T T T T T T T T T T
2NN P L °© d o &
\352@ o{)’ &‘Lé} @é Q:\QQ {\@'b \4 Q/oq %09 Qg’é
s & S & i <

High reproducibility (r>0.73) of functional
connectivity between 95 wildtype animals
across in ten different cohorts

Zerbi et al., ] Neuroscience 2014; Zerbi et al., Neurolmage 2015; Haberl et al., Science Ady, 2015; Zerbi-Weismann M et al., Neur Plast. 2016; Arnoldussen et al., ] Nutr Biochem,
2016; Sethi - Zerbi et al., Chaos, 2017; Wiesmann et al., Theranostic, 2017; Grandjean-Zerbi et al., ] Neuroscience, 2017; Filipello et al., Immunity, 2018; Zerbi et al., C Cortex
2018; Schwab et al., Neurolmage 2018; Chelini-Zerbi et al., J] Neuroscience 2019; Zerbi et al., Neurolmage 2019; Zerbi-Floriou-Servou et al., Neuron 2019; Fulcher et al., PNAS,
2019; Greandjean et al., Neurolmage 2020; Balsters-Zerbi et al., eLife 2020; Grimm ... Zerbi, The Neuroscientist, 2020; Markicevic.. Zerbi, C Cortex 2020; Zerbi et al., Mol Psy 2021

© CIBM | Center for Biomedical Imaging
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THE ISSUE OF ANESTHESIA ciBm
‘enterfor Biomedical Imaging
o 40, .
Good because T [ Arteries ek
. . . . % 201 — Urethane
* Rodents are not usually compliant to human indications E of
« Massively reduce motion artifacts O olveins  —Awake
. agn . = | —Urethane
- Easy handling and positioning QL e
n C
« Allow high throughput S [ me—timulus
. 1 . ” . O 0 10 20 30 40 50 60 70 80 90
Remove “emotional” components from brain states Time afer-stmulation start.
seconds
Bad because 2' Hemodynamic response
« Can change neurovascular coupling — Awake
— Anesthetized

 Many anaesthetics act on vasoconstriction/dilation

Amplitude, A.U.

o

5 10 15
Time,seconds

o

Gao et al., Neuroimage 2017

-4 5 _J ] csmcH
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THE ISSUE OF ANESTHESIA g‘!ﬁam ,

Be aware, all anaesthetics change the “state” of the brain

Isoflurane + Medetomidine
Isoflurane medetomidine Cortical ROIs Subcortical ROls

r r 1

*B

* ok kN

* ok kK
* ok xEl*x

Cortical
ROIls

*
* ok ok ok k ok kN
*
* Ak*k kK
* kK kk k%

* ok ok kk  kok N
*  kkk ok kk k.
* Kk ok ok ok

Subcortical
ROls

Post mortem

-—

©  Correlation
coefficient

Paasonen et al., Neuroimage 2018

© CIBM | Center for Biomedical Imaging 33
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PATH TOWARDS AWAKE IMAGING

Awake functional imaging setup

Courtesy of Rik Ubaghs, ETH Ziirich

____ Clem. CH

© CIBM | Center for Biomedical Imaging



PART 2. THE FUNCTIONAL CONNECTOME
IN RODENTS




4o
ALWAYS THINK OF YOUR RESEARCH QUESTION %Cf'BT
m Q: Is the MRI-based connectome ... meaningful?

m A: To answer this question we need to compare it with the current
GOLD STANDARD

____ Clem. CH

© CIBM | Center for Biomedical Imaging



THE MOUSE STRUCTURAL CONNECTOME e!fam |

A mesoscale connectome of the
mouse brain

nature International weekly journal of science

Seung Wook Oh'*, Julie A. Harrls *, Lydia Ng'*, Brent Winslow’, Nicholas Cain’, Stefan \hhalds’ Quanxin \\dng Chris Lau',
Leonard Kuan', Alex M. Henry', \{..m\ T. Morlrud' Benjamin Ouel]etle Thue I\gl*u Nguyen', Staci A. Sorensen',

Clifford R. Slaughterbec.k' Way ne Wakeman', Yang Li’, David Feng', Anh Ho Eric Nicholas', K..irla E. Hirokawa', Phillip Bohn',
Kevin M. Joines’, H.m(.hum Peng' Michael J. H‘mr\ l\«u John W. Phillips', John G. Hohmann', Paul Wohnoutka',

Charles R. Gerfen Christof Koch', Amy Bernard’, Chinh Dang Allan R. Jones' & Hongkui Zeng

m Recombinant adeno-associated virus (AAV) expressing EGFP as
anterograde tracer to map axonal projections

m EGFP-labelled axonal projections were systematically imaged
using a two-photon tomography system

-4 5 _J ] csmcH
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THE MOUSE STRUCTURAL CONNECTOME wCiEM

o o a Pre-pipeline activities Data QC and injection site b
Tracer Injection data | annotation
Cre-independent AAV tracer
|—P
(Structural Connectome) R ST, e T k .
Cre-dependent AAV tracer
"" "P
| PCAG P> dd93 K[| WPRE f{pA| : -,J
A y
. ! . ! i g;-.\{,’l
Stereotaxic injection Informatics processing Single specimen Average template brain 3D reference model
E] 100, pgr}l VOxel~f 7
' Whole brain >:;4 ;878 \oOxels
: ® 05
Image acquisition Online database c g s
~— - 8 - - 6 ~
Bl ‘ 11 ) ¢ 774 = o 03
- (1) ‘ 2\ Y N b F 2 E
N = A X i AN \ 3 s Cé 0.2
e : = 3 -
EPIGENETIC ‘ e — Ld L2 J = £ 8
CLOCKWORK ss: v : ~ - 1 = W MR LD
~ | - SRR RIP P
&

Oh et al., Nature 2014
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THE MOUSE STRUCTURAL CONNECTOME e!fam |

ORBvI MOp ACAd SSp-bfd AUDd RSPd VISp

Injection site

Whole brain

E
2
3
p=
7

Zona incerta Thalamus

Midbrain

Medulla

Oh et al., Nature 2014

© CIBM | Center for Biomedical Imaging 39
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THE MOUSE STRUCTURAL CONNECTOME gCiEM

One mouse, one tracing experiment Kuan L., et al., Neuroinformatics of the
Allen Mouse Brain Connectivity Atlas.

Methods. 2015 Feb;73:4-17.

-4 5 _J ] csmcH
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THE MOUSE STRUCTURAL CONNECTOME

A GREAT RESOURCE, BUT NOT SCALABLE!

a

C

35 -2.0-05 Target: right hemisphere (ipsilateral) Target: left hemisphere (contralateral)

AR

Source (injections)

Medulla

© CIBM | Center for Biomedical Imaging 41



THE MOUSE STRUCTURAL CONNECTOME ecusm ,

Section Images

HOME  MOUSE CONNECTIVITY  TOOLS

BDA/AAV COMPARISON TRANSGENIC CHARACTERIZATION REFERENCE DATA BRAIN EXPLORER DOCUMENTATION HELP
Filter Source Structure(s) | drey X retina x 2
O Source Search Filter Mouse Line | all (default)
Target Search
Spatial Search Filter Tracer Type  all (default)

Primary Structure Only Intrinsic Signal Images

Search Results

Injection Sites - Showing 2994 Experiments

Allen Mouse Brain Connect Atlas

Search the data

Use filters to narrow results to specific brain regions and

mouse lines. Projection Density

Click on an injection site marker on the map or result table row
to view image data.

View the results table for the current search results by closing
the browse panel.

About the Projection data

Image data detailing axonal projections labeled by rAAV
tracers and visualized using serial two-photon tomography
o Specific anatomic regions throughout the brain

o Numerous defined neuronal populations
e Image stacks obtained by serial two-photon
tomography

[more]

About the Allen Mouse Brain Connectivity Atlas

A high. ion map of neural ions in the mouse
brain, built on an array of transgenic mice genetically

engineered to target specific cell types
’ e

Key features Transgenic Line Htr2a-Cre_KM207
Narrow results with a source structure filter * Projection Mapping image data detailing axonal Scattered expression throughout the brain. Enriched in layers 5
Example: Isocortex, Hippocampal formation, Striatum, Pallidum, Thalamus, Hypothalamus, projections labeled by viral tracers and 6b of cortex. Expression in restricted populations in septal
Pons, Medulla, Primary visual area, Primary somatosensory area, Primary motor area, o BDAvs. AAV Comparison dataset for comparing complexes, hypothalamus and cerebellum. View transgenic
Retina conventional and viral tracing methods characterization.
o Ti ic C ization data detailing

AAV Injection Structures

https://connectivity.brain-map.org O ] sons
A GREAT RESOURCE, BUT NOT SCALABLE!

© CIBM | Center for Biomedical Imaging 42
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HOW GOOD IS DIFFUSION MRI CONNECTOMICS? e!fsm |

ORIGINAL ARTICLE

A Diffusion MRI Tractography Connectome of the Mouse
Brain and Comparison with Neuronal Tracer Data

Evan Calabrese, Alexandra Badea, Gary Cofer, Yi Qi, and G. Allan Johnson

Center for In Vive Microscopy, Duke University Medical Center, Department of Radiology,
Duke University Medical Center, Durham, NC 27710, USA
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2 2
2 S
8 8
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3 [
© e
3 3
8 8

Diffusion-weighted macroscale connectivity
matrix
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HOW GOOD IS DIFFUSION MRI CONNECTOMICS? :cn.am |

relative connection
strength

2 mice (Ex-vivo)

b-value =4000 s/mm2
Resolution = 43um isotropic
120 directions + 11b0
Acquisition time = 235h
FSL PROBTRACKX

| - *em el
connectivity targets

-4 5 _J ] csmcH
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HOW GOOD IS DIFFUSION MRI CONNECTOMICS? :cn.am |

A Image registration ROI propogation Tracking Comparison
MRI atlas image Tractography ROI Probabilistic tractography

Image similarity
measured in
ABA space

MRI space

ABA space

ABA atlas image Tracer injection site Tracer connectivity

-4 5 _J ] csmcH
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HOW GOOD IS DIFFUSION MRI CONNECTOMICS? e!fsm |

* Whole brain mouse DWI-tractography connectome

» Good overall similarity with Allen Institute tracer-
connectome

TPR = 64% 4
FPR =28% <

) 2
® +
[ =
o 3
> c
=3 c
(7] o
g . 8

[
@ 2
S ©
= 9]

o«

P | « 235 hours scans (ex-vivo) (!!)

0
False- posmve rate 1 ,\-\-o\g Q?Q _\_eq Q& v\, R ‘;k “9 R ‘;\ & {;‘x«

- * Requires ultra-high resolution (43um isotropic)

\

i ;M lufﬂ,”(,f' i '*ﬁ\“r"“

=057/ ‘ I

Relative connectlwty

1 1 1 ] 1 L 1
ISOCTX < &R Q& PAL TH HY MY
o’ & & S

____ Clem. CH
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THE MOUSE FUNCTIONAL CONNECTOME e!I.Bm |

Research Articles, Systems/Circuits

Structural Basis of Large-Scale Functional Connectivity in the Mouse

Joanes Grandjean, Valerio Zerbi, Joshua Henk Balsters, Nicole Wenderoth, and Markus Rudin
Journal of Neuroscience 23 August 2017, 37 (34) 8092-8101; DOI: https://doi.org/10.1523/JNEUROSCI.0438-17.2017

35 -20-05 Target: right hem[s@m (ipsilateral)

| ol g Hypo- Medula CB| 5

cortex

85 -2.0-05 Target: right hemisphere (ipsilateral) Target: left hemisphere (contralateral)

o
e s S E Medula CB| 5 K Medulla CB
Log,, cortex @ ¢

cortex

z 7
2 S
[ [
e ©
3 3
8 3

Medulla

cB

Allen brain mesoscale connectivity matrix Resting-state fMRI connectivity matrix
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THE MOUSE FUNCTIONAL CONNECTOME pCiEM

~

Normalization
(ANTSs)

Allen Institute
< Cometivty Y, \ it Echo ceaned - * 238 viral tracer experiments
/ \ « 238 seed-based rs-fMRI experiments

* 14 mice in vivo
AMBMC template, 238 seeds ¢ 1 O miDUteS Scans
(seed volume = injection volume)

* 9.4T with Cryocoil

« GE-EPI (MultiEcho)

k Allen Institute 254 target ROIs /
e e e
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THE MOUSE FUNCTIONAL CONNECTOME em’sm

““““““ fn~r Dinmadical Imaging

Injection ID: 112514202 Target: ACAv Injection ID: 100141214 Target: DG
I o0 27 N 15
Tracer’s intensity projection [A.U.] rsfMRI connectivity [Z-score]

-4 5 _J ] csmcH
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THE MOUSE FUNCTIONAL CONNECTOME

\
J

enter for Biomedical Imaging

=254)

Targets ROIs (n

IPSILATERAL TARGETS

ISOCORTEX
3 =
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JSTTTRRENI S ENGEEY]

|
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-
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0.0
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ABA tracer connectivity
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“Winner takes all”
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THE MOUSE FUNCTIONAL CONNECTOME e!fam |

Isocortex topographical maps

Isocortex left --> Isocortex right

Tracer’s injections Resting-state fMRI

O T 1

Spearman’s R correlation

86.9% of contralateral isocortical voxel showed significant Spearman’s correlation

-4 5 _J ] csmcH
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THE MOUSE FUNCTIONAL CONNECTOME em.sm |

@ Winner-takes-all seeds/injection sites b Isocortex - Isocortex

* Whole brain mouse resting-state
fMRI connectome

isocortex - Striatum * Good overall similarity with Allen

@ ’ ’ ’ Institute tracer-connectome

Bad correlation between cortico-
thalamic connections

Isocortex - Thalamus L ° AnaestheS|a (?)
Q * 10 minute scans (in-vivo) 2
SCALABLE

ABA tracer connectivity Rs-fMRI connectivity o 1
Spearman’s r correlation
(FDR corrected)

-4 5 _J ] csmcH
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THE MOUSE FUNCTIONAL CONNECTOME pCiEM

It may be useful to study also what is NOT similar..

a Structural connectivtiy : distance between nodes b Functional connectivtiy : distance between nodes
100, 100
stance
275 75
o o 2e
(=) =)
2 Y5 ges
S50 S 50 4edges
-g g 5 edges
£ -
>5 edges
Sag = 25-
50 75 0 50
Threshold Threshold
C Monosynaptic dependent FC d Pol Iysy aptic de pendent FC

Intrahemispheric e Interhemispheric rahemispheri [r— orhom'sph ric

4
\/
FC=1
SC=1

Connection likelihood
= ——
285 70 55 40 40 55 70 285
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TAKE HOME MESSAGE e!.'am _

What we measure is meaningful. Both the structural and the functional connectome
reflects the anatomical or axonal connectome. But they are not the same thing.

SO
] 5 ¥
- log,, §!°910‘, ¥ 1‘
[
2 S |
H
:
. 3
e
<8
o
0 | 1‘
k '4 + 2
BT = £ v i a0 £ ) ] =
ABA neuronal tracer connectivity matrix neuronal tracer nectivi rnx I HISTIC tr grapny connectivi rnx
ABA neuronal tracer connectivity mat Probabilistic tractography connectivity mat
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PART 3. FMRI IN TRANSGENIC RODENT
MODELS FOR HUMAN DISORDERS




HOW ARE BRAIN DISORDERS, CONNECTOMICS '\ | 4

.CIBI'I'I

AND GENETICS CONNECTED? | e

Correlations

Associations

Psychiatric conditions

Connectomics

Genetics
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AUTISM SPECTRUM DISORDERS (ASD) @ C/Em

Center for Biomedical Imaging

GENETICS
BEHAVIORAL Intellectual

COMORBIDITIES Language disability
impairment

m Diagnosis based on behavioural
symptoms

m High Prevalence: 1/54 children

Core autism specln;m disorder symptoms

m Highly heterogeneous (in both commncaton B M
interaction N ‘ ‘ « Reptitive

aetiology and symptoms)

il < inssenceon
I i communication sameness
m Genetic alterations are the largest +Relatonsps e
abnormalities

contributors to ASD risk

m Many of these genes are linked to
neuronal circuit wiring and neuronal MEDICAL
. . COMORBIDITIES
communication.
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BRAIN CONNECTIVITY AS ASD BIOMARKER: YES OR NO? ‘Cle
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/ HHS Public Access 1o11o
gc. Author manuscript 1101054
i Mol Psychiatry. Author manuscript; available in PMC 2014 December 01. 011’

Published in final edited form as:
Mol Psychiatry. 2014 June ; 19(6): 659-667. doi:10.1038/mp.2013.78.

OPEN: Data Descriptor: Enhancing studies

The Autism Brain Imaging Data Exchange: Towards Large-Scale

Evaluation of the Intrinsic Brain Architecture in Autism of the connectome in autism usin g
Adriana Di Martino, M.D.!, Chao-Gan Yan, Ph.D.2", Qingyang Li, M.S.3", Erin Denio, B.A.", t he autism brain ima g in g data
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Lainhart, M.D.27.28 Catherine Lord, Ph.D.29, Beatriz Luna, Ph.D.3C, Vinod Menon, Ph.D.31,
Nancy Minshew, M.D.32, Christopher S. Monk, Ph.D.33, Sophia Mueller, M.D.20, Ralph-Axel
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ABIDE | ABIDE Il
1112 dataset from 539 individuals with 1114 datasets from 521 individuals with

ASD and 573 controls (ages 7-64 years). ASD and 593 controls (age range: 5-64
years)
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Resting-State Functional '\ [ 4
Connectivity in Autism a ciBm
Spectrum Disorders: A Review ‘enterforBiomedicalImaging

Jocelyn V. Hull, Lisa B. Dokovna, Zachary J. Jacokes, Carinna M. Torgerson, Andrei Irimia
and John Darrell Van Horn* for the GENDAAR Research Consortium

“Classifying autism using brain connectivity is complicated by the heterogeneous
nature of the condition, allowing for the possibility of widely variable connectivity
patterns among individuals with the disorder”

HUMAN BRAIN MAPPING

RESEARCH ARTICLE =~ & Open Access @®®

Nonreplication of functional connectivity differences in autism
spectrum disorder across multiple sites and denoising strategies

Ye He 5%, Lisa Byrge, Daniel P. Kennedy

First published: 09 January 2020 | https://doi.org/10.1002/hbm.24879

"even the basic directionality of effects is still debated (i.e., systematic
overconnectivity, underconnectivity, both, or neither)"
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ciBm

GENETICS CONNECTED? | A——

Causality

Comparative
Functional
Neuroanatomy

Connectomics
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HOW ARE BRAIN DISORDERS, CONNECTOMICS AND
GENETICS CONNECTED?

Fmrl~?% mi(be

Resting-state network Interhemispheric

Haberl et al., 2015 Science Advances
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Filipello, et al., 2018 Immunity
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THE AUTISM MOUSE BRAIN CONNECTOME (AMBC) $CcEm

Table 1. Available datasets

ASD mouse model

Control Strain

Sex

Age
(weeks)

Behavioural

traits *

Construct
validity }

References

Scan Site

16p11.2 (df/+)

129/C57BLG)

male

18-20

35

C

T

A

::-”!ﬁm

Overarching research question

Do genetic risk factors lead to (specific or
unspecific) brain network dysfunction? e

NN NN

- Matched littermate controls

* Behavioural traits related to ASD reported by others in selected models: (1) social behavior deficits;
(2) reduced vocalizations; (3) repetitive behavior; (4) cognitive behavior; (5) motor performance. 1
Construct validity includes: (a) Genetic association; (b) Related syndrome; (c) Autism copy number
variants; (d) Autistic-like behavior; (e) Serotonin-related phenotype; (f) Synapse related

© CIBM | Center for Biomedical Imaging Zerbi et aI., Mol Psychiatry 2021 63
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THREE POSSIBLE SCENARIOS pliEm

.
N

3. Gene-Clusters : One connectivity profile
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THE AUTISM MOUSE BRAIN CONNECTOME (AMBC) $CcEm

Table 1. Available datasets

ASD mouse model Control Strain | Sex ?f:eks) 2::::v:ou:al vc:::l;u: References Scan Site (00) 0 0123456 000000001 8
16p11.2 (df/+) 129/C57BL6] | males 18-20 35 c B T
BTBR T+tf/] C57BL/6] males 26 12345 d ] T H
CDKL5 KO C57BL/6] males 2325 35 b,f ETH Ed ges form I ng the connectome
CDKLS5 Het (+/-) C57BL/6] femnales 17-19 35 b,f ETH
CHDS8 C57BL/6] mixed 15-18 345 2 % T
CNTNAP2_ETH (-/-) | C57BL/6] ‘mixed 14-16 1,45 af 16 ETH CDKL5
CNTNAP2_IIT (/) | C57BL/6] males 1314 145 af B T
En2 (-/9) C57BL/6] mixed 12-16 145 aed Z ETH ?;%(LS e
FMRL1 (-/y) C57BL/6] males 14-16 1234 b,f z ETH
EMR1.2 (-/y) C57BL/6] males 1315 1234 b,f B ETH MECP2
L6 C57BL/6] mixed 14 14 d ETH BTBR
Mecp2 Het (+/-) C57BL/6] femnales 12-14 145 b,f ETH o 16p11
SGSH (-/9) C57BL/6N mixed 2022 5 b ETH ©n CHD8
SHANIGb cxd 9 C57BL/G) males 1921 12345 of = T 5 IL6
Syn2 C57BL/6] males 2531 3 % T -g SYN2
TREMZ (/) C57BL/G) mixed | 1215 EX d ® ETH O CNT2,,
* Behavioural traits related to ASD reported by others in selected models: (1) social behavior deficits; SHAN K3b
(2) reduced vocalizations; (3) repetitive behavior; (4) cognitive behavior; (5) motor performance. 1 CNT2 ETH
Construct validity includes: (a) Genetic association; (b) Related syndrome; (c) Autism copy number SGSH
variants; (d) Autistic-like behavior; (e) Serotonin-related phenotype; (f) Synapse related FMR1.1
FMR1.2
3.7 TREM2

© CIBM | Center for Biomedical Imaging Zerbi et aI., Mol Psych/'atry 2021 65



THE AUTISM MOUSE BRAIN CONNECTOME (AMBC) e!fam |

Clustering Probability

Delta
Table 1. Available datasets o I~
Behavioural | Construct Niﬂfﬁ - x E EN‘-!N
ASD mouse model | Control Strain | Sex - i | References Scan Site 6 = ARaxnZ T N2 E‘ E‘
(weeks) traits * validity t N5 X X oD mz<kEo®nEFEuwW
- pd OOV IESITZ0Z2x=2 50
p11.2 (df/+) 129/C57BL6] | males 18-20 35 c i T L2002 0aobhhnoRoraoo
BTBR T+1f/] C57BL/G] ‘males 26 12345 d g figy 2
EN2 ]
CDKL5 KO C57BL/6) ‘males 2325 35 b,f = ETH ~
CDKL5 Het (+/9) C57BL/6) fomales | 1719 35 bf = ETH MECP2 ] 2
CHDS8 C57BL/6] mixed 15-18 345 2 % T CDKL5 a
CNTNAP2_ETH (-/) | C57BL/GJ ‘mixed 14-16 145 af 16 ETH CDKLS Het S g
CNTNAP2_IIT (/) | C57BL/6] males 1314 145 af B T IL6 _— e
En2 (-/9) C57BL/6] mixed 12-16 145 aed 2 ETH o
FMRL1 (-/y) C57BL/6] males 14-16 1234 b,f z ETH 16pll } -
FMR1.2 (-/y) C57BL/6] males 1315 1234 b,f B ETH CHD8 ] "5-,
L6 C57BL/6) ‘mixed 14 14 d = ETH BTBR qc)
Mecp2 Het (+/-) C57BL/6] females | 12-14 145 b,f S ETH SYN2 ]
SGSH (-/9) C57BL/6N mixed 2022 5 b = ETH SHANK3s || UC)
SHANK3b ex4-9 C57BL/6) males 1921 12345 af 5 T CNT2 o)
Syn2 C57BL/6] males 2531 3 % T I -8
TREM2 (-/-) C57BL/6] mixed 12-15 34 d » ETH SGSH O
c
* Behavioural traits related to ASD reported by others in selected models: (1) social behavior deficits; CNTZETH c
(2) reduced vocalizations; (3) repetitive behavior; (4) cognitive behavior; (5) motor performance. 1 TREM2 8
Construct validity includes: (a) Genetic association; (b) Related syndrome; (c) Autism copy number FMR1.1
variants; (d) Autistic-like behavior; (e) Serotonin-related phenotype; (f) Synapse related EMR1.2 -50

© CIBM | Center for Biomedical Imaging Zerbi et aI., Mol Psychiatry 2021 66
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10
[ J
W FMR12 SGSH EN2
FMR1.1 CHD8 ® MECP2
¢ ® vECP2 s
. Brvriz  @RERESHE o o8 e ®@ ciins ® CDKL5
Table 1. Available datasets o L PMRIA ®us ® MECP2 - "
FMR1.2 o 1rene MAVRI2 SGSH SG%CHDB CDKL5
Age Behavioural | Construct B W FMROZREV2 @i ¢ IL6
ASD mouse model Control Strain | Sex References Scan Site FMR1.2 @ pFyR1.1 SGSH  SGSH sGSH
(weeks) traits * validity t CNT2ETH O RuRLATEMRIZ CNT2IT . CNT2IiF gy H 16p11
T6pll2 /1) 129/C57BLG) | males 1820 35 c n T oNT2ETH T FMR12CNT2ERi G g @ STN2 B 16p11 & TREW2 Oamn - S0 ® CHD8
TREM2 REM2 M 16p11
CNT2ETH ® FMR1.$CSH & TREMD A BTBR
BTBR T+tf/] C57BL/6) ‘males 26 123,45 d ] T B ol 1611 T M Nems CNT2IT
16p11 TREM2
CDKL5 KO C57BL/6) males 2325 35 bt 5 ETH CNTZETH P N @ e C2IT CNT2IT ® SYN2
CNT2ETH - CNT2IIT 16p11 SHANKY, CNT2;
CDKL5 Het (+/-) C57BL/6] females 17-19 35 b,f = ETH 8 O FMR11 GCNT2IT SHANK3 SHANKG N
St ontair - oNT2PGHGA S @ sy SOSH CNT2IT SHANK3
CHDS C57BL/6) mixed 15-18 345 2 2 T IjCDKLSHHel 12 CP2
CDKL5 CNT2ImT S;NZ 1.1 15CHQ\§N2 W o1t SSHANK;; SGSH S.HANK3 CNTZETH
CNTNAP2_ETH (-/9) | C57BL/6) mixed 14-16 145 af g ETH A B1oE G fep SHAMS SHANKS  3csh MECP2
SR ® s By ks SGsH SGSH
CNTNAP2_IIT (-/9 | C57BL/6) ‘males 1314 145 af B T N aron o ® FMR1A
- o TBR CHD8 TREM2 .
En2 (-/) C57BL/6) ‘mixed 12-16 145 aed 2] ETH < Aot oo ARt .gHgsm = EMR12
FMRL1 (-/y) C57BL/G) ‘males 1416 1234 bt W ETH = A AsrerT ABER orps | @ CHDs  ONTZETH
35 B oo A A BTER .: Cros g EyB12 CNT2ETH EN2 ¢ TREM2
EMR1.2 (-/y) C57BL/6) males 1315 1234 bf ETH BTER CHD8 Suec: e @np
16 C57BL/6] mixed 14 4 d = ETH S L Jh1 @ necr2 ® P Ene
EN2
Mecp2 Het (+/-) C57BL/6] females 12-14 1,45 b,f - ETH ® cHps o ¢°PXL® meCP2
SGSH (/9 C57BL/6N mixed 2022 5 b - ETH 6 * cors” CDKL.S.MEC;yscpz
ME
SHANK3b ex4-9 C57BL/6] males 1921 123,45 af = T @6 Py
@ CDKLS MECP2
Syn2 C57BL/6) males 2531 f % T @16 &L O EEE
*'$ CDKL5
TREM2 (-/-) C57BL/6) ‘mixed 1215 34 d » ETH L6 CDKL5
o5
* Behavioural traits related to ASD reported by others in selected models: (1) social behavior deficits; Ak
(2) reduced vocalizations; (3) repetitive behavior; (4) cognitive behavior; (5) motor performance. 1
Construct validity includes: (a) Genetic association; (b) Related syndrome; (c) Autism copy number ® 6
variants; (d) Autistic-like behavior; (e) Serotonin-related phenotype; (f) Synapse related CDKLBHe{CRKL5Het
CO g T
el
4 CDKLsHet‘iDKLsHet
. X i CDKL5Het
uMAP: n_neighbors = 10, min_dist = 0.1
-4 -2 0 2

uMAP_1
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THE AUTISM MOUSE BRAIN CONNECTOME (AMBC

Table 1. Available datasets

ASD mouse model Control Strain | Sex i G S References Scan Site
(weeks) traits * validity }

16p11.2 (df/+) 129/C57BL6] | males 18-20 35 c i ur
BTBR T+tf/] C57BL/6] males 26 12345 d 2 T
CDKL5 KO C57BL/6] males 23-25 35 b,f - ETH
CDKLS5 Het (+/-) C57BL/6) females 17-19 35 b,f - ETH
CHD8 C57BL/6) mixed 15-18 345 a 24 T
CNTNAP2_ETH (-/-) | C57BL/6J mixed 14-16 1,45 af . ETH
CNTNAP2_IIT (-/-) C57BL/6J males 13-14 14,5 af 2 T
En2 (-/-) C57BL/6) mixed 12-16 145 aed A ETH
FMR1.1 (-/y) C57BL/6) males 14-16 1,234 b,f 16 ETH
FMR1.2 (-/y) C57BL/6] males 13-15 1234 b,f % ETH
L6 C57BL/6J mixed 14 14 d - ETH
Mecp2 Het (+/-) C57BL/6J) females 12-14 1,45 b,f - ETH
SGSH (-/-) C57BL/6N mixed 20-22 5 b - ETH
SHANK3b ex4-9 C57BL/6] males 19-21 12345 af 25! T
Syn2 C57BL/6J males 25-31 f = jigy
TREM2 (-/-) C57BL/6) mixed 12-15 34 d », ETH

* Behavioural traits related to ASD reported by others in selected models: (1) social behavior deficits;
(2) reduced vocalizations; (3) repetitive behavior; (4) cognitive behavior; (5) motor performance. 1
Construct validity includes: (a) Genetic association; (b) Related syndrome; (c) Autism copy number
variants; (d) Autistic-like behavior; (e) Serotonin-related phenotype; (f) Synapse related
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TWO IMPORTANT TAKES e!fsm |

Cluster 1 Cluster 2 C

All models vs all wildtype
yp . e
FEES Bl L BELe Rl
@g@’*‘* W7 ~dig, S5 T >
I 17 o ‘ %
mﬁf‘h& \\ L /// )/ . \ \[/ 4 / 4:% C1
\ / % A
%@W =\ / & & 4 %

AN Z\ o el g\ o L {05 o
PES | T | i <
g S A SN =3 o

Fod o - ¥ c2
Y & EA - B n
B : 3 ¢ 3 =
AT ON ST R i \ N o 10 g
R 3 [\ N 4 % =2X [/ \ v =
S ' X Il NN c3 ©
| >
I 05 &

eroreer e 5 - S .
KO vs WT, main effect, p<0.05 KO vs WT, main effect, p<0.05 C4

Cluster 3 Cluster 4

170 B,
RS Horagly

E‘§§§s’g§g§£ i ‘
\i7 st [\l %,
U/ N ‘ ’ 5 D
\\ “‘ y 44 // .
‘ 2= o’ ° e
- 3
o
P
o
<
amydgala v
s 2
. ‘5;; \ \ ot 3 Wb g
Striatum o g “opegs gz o
KO vs WT, main effect, p<0.05 KO vs WT, main effect, p<0.05
- Spearman’sr = -0.48
—— Hyper-connected edges p<0.05, FDR corrected e——e Hyper-connected edges p-value = 1.96¢™"*’
——— Hypo-connected edges e——e Hypo-connected edges P ' o .
Cluster 1 (Z-score)
69
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TAKE HOME MESSAGE g‘!ﬂam _

Good because

Helps understanding pools of genes
that cause similar alterations at the
network level (mechanism)

Proximity in the dys-connectivity
landscape helps to define possible
treatment options (outcome)

Careful at:

Group-level analyses, as done in
humans, may reduce effect size

© CIBM | Center for Biomedical Imaging Zerbi et aI., Mol Psychiatry 2027 70



PART 4. MANIPULATING CELL ACTIVITY
TO OBSERVE NETWORK REACTION




Optogenetics

ChR2(H134R)
ChR2(C128S)

M catenarzzcy

@ Glutamate
® ATP

@ L-lactate
® CNO

Chemogenetics
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CHEMO-FMRI AND OPTO-FMRI e!fam |

Chemogenetic Optogenetics

« AAV delivery « AAV delivery

* Neuron-specific * Neuron-specific

» Activated systemically by drug » Activated locally by light

* Reversible * Reversible

« Excite or inhibit « Excite or inhibit

* No external implant « Requires external implant

« Effect lasts 30min-2h (?) » Millisecond control

© CIBM | Center for Biomedical Imaging
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EXAMPLE 1. EXITATION:INHIBITION IMBALANCE <Y

.CIBI'I'I

SIGNATURE AT THE NETWORK LEVEL? | -

ARTICLE

Top-down input

A
¢C0
& 4 |

ad Behavior g E— ‘ O /_\ ® ‘ ‘
& Free Access ‘I
Model of autism: increased ratio of excitation/inhibition in key Spiking output '
neural systems 1
J. L. R. Rubensteinx, M. M. Merzenich Local feed-forward
First published: 16 October 2003 | https://doi.org/10.1034/j.1601-183X.2003.00037.x | Citations: 1123 inpUtS

Cortical microcircuit model Extended Cortical microcircuit model

-4 5 _J ] csmcH
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Neocortical excitation/inhibition balance
in information processing and social
dysfunction

Ofer Yizhar!?* L ef E. Fenno>*, Matthias Prigge*, Franziska Sc hned 4, Thomas J. Davidson, Daniel J. O’Shea
VlkasSShal , Inbal Goshen', Jo lka]sem Jan.neTPaz Katja S ehfest?, Rmaan.tm CharuRa.makr hnan
JohnR. Hug'uenard Peter Hegemann* & Karl Deisseroth!:”:

P

(Genes, Brain
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'enterfor Biomedical Imaging

EXAMPLE 1. EXITATION:INHIBITION IMBALANCE

DREADDs EXCITATION OF
PYRAMIDAL CELLs
hM3Dq (CamKIla)

A Neuronal firing rate at the right SSctx (DREADD injection site) B Neuronal firing rate at the left SSctx (control region)
Pre Clozapine Inj. (Baseline) Pre Clozapjne Inj. (Baseline)

Post Clozapine Inj. (0-15 min)

|
Pos ilozaime Inj. ( 15idmm

Post Clozapine Inj. (0-15 min

DREADDs manipulation

Post Clozapine Inj. (15-30 min)
3 ' - increased neuronal firing rate

1 sec 1 sec

C Time-resolved firing rate for left and right SSctx D Relative change of averaged multiunit activity ]n th e ta rgete d re g] on

I Right SScix
120°) Clozapine Inj. j |'gh St

Clozapine Inj

(<]
=3
o
=-
Multiunit activity
% change

T ‘ | ‘ T T 1
) 0 15 30

time (min) time (min)
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EXAMPLE 1. EXITATION:INHIBITION IMBALANCE

4>

= ciBm
clozapine ; “Wt‘;.' »medical Imaging
DREADDs EXCITATION OF 0.03 mg/Kg j
PYRAMIDAL CELLS R v N a2
hM3Dq (CamKiIla) o | | ,
<1x103 - T 1 1
gaf’sg}}ﬂe . 45 min active
B — = — ? _’2__ — @ Cluster 1 (20 edges, random sampling)
i—: = @ Cluster 2 (20 edges, ran'domsampling) .
2 :
§ = - = = 0.05
oo e m ® wt-hM3Dq < controls o 30 > o0
tim time [min]

E:I imbalance at the circuit level propagates to the network level as hypo-connectivity
I and are restricted to the targeted network I
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EXAMPLE 1. EXITATION:INHIBITION IMBALANCE $CcEm

a
hsyn-hM4Di Rs

, a Rs
0.
9§ ,
Control
nature > nature communications > articles > article |7 e 2
Article | Open Access | Published: 25 February 2022 B eitonce hM4Di

Increased fMRI connectivity upon chemogenetic
inhibition of the mouse prefrontal cortex

(1) 04

hM4Di - Baseline

Federico Rocchi, Carola Canella, Shahryar Noei, Daniel Gutierrez-Barragan, Ludovico Coletta, Alberto

Connectivity to PFC C Connectivity to Thalamus

o

Galbusera, Alexia Stuefer, Stefano Vassanelli, Massimo Pasqualetti, Giuliano lurilli, Stefano Panzeri & & 100 105 0.6-
Alessandro Gozzi & = o5 — Control = 0.57 i
= '4 — hM4Di sz 04
Nature Communications 13, Article number: 1056 (2022) | Cite this article > :'3 é 0.3
- ~
6338 Accesses | 8 Citations \ 73 Altmetric \ Metrics § ' & 0.21
e 0.2 01
5 3
f O 0.1 0.0
o 18] — cControl 01
T —— hM4Di
©
o
:E 1.0 "\/\/\/\/\/\/“J\/\/\M
w
E \/M
= 05
E
o
=z

0.0+
0 5 10 15 20 25 30 35 40 45 50 55
Time (min)
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EXAMPLE 1. EXITATION:INHIBITION IMBALANCE e!fsm |

a ; ; b kK -
Control hM4Di Control > hM4Di T T
80 0.2 - g
~ g !-; 0.5 *
I 2 k=
nature > nature communications > articles > article 2 ¢§ g - - ,—| [m]
g 40 3 Eoofmw T =D TR =4 s
2 3 o Y §w VY 9V W A4
Article | Open Access | Published: 25 February 2022 g 8 o
[N % =
e _ o ° . = © -0.5-
Increased fMRI connectivity upon chemogenetic 0 — 5§ &
. op o4 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 02 »n = Control = hM4Di
inhibition of the mouse prefrontal cortex Time (min) o et Time (min) ol , , | , |
slow ) 0 o B Y
Federico Rocchi, Carola Canella, Shahryar Noei, Daniel Gutierrez-Barragan, Ludovico Coletta, Alberto (o] i d
Control hM4Di Slow )
Galbusera, Alexia Stuefer, Stefano Vassanelli, Massimo Pasqualetti, Giuliano lurilli, Stefano Panzeri & & 1.5
. * kK * kK
Alessandro Gozzi £ 10 T 1 1
o WVl = e | o D
Nature Communications 13, Article number: 1056 (2022) | Cite this article S band § 0.5 - w
6338 Accesses | 8 Citations \ 73 Altmetric | Metrics -8
£ 0.0 -
> Ty
i o5{ ©F | | ©F
spikes NN I 1 A AR AR OIA N O e )
1s 1s -1.0 T T T T
Control hM4Di Control hM4Di
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OPTOGENETICS-FMRI: IMPLANT pCiem

Hardware constrains

. Non-magnetic

[ = 11
\|

Fiber-optic\implan

Ceramic sleeve

Flat optical
implant

Schlegel et al., Nature Protocols 2019
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OPTOGENETICS-FMRI: CHALLENGES pCiBM

Watch out for:

e 6 °
optical fiber
, ' Dental cement artefacts
?,- ﬁv’h*

-4 5 _J ] csmcH
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OPTOGENETICS-FMRI: EXAMPLE 1 pCiem

RQ: Can we use opto-fMRI to study different cell types
within a circuit?

Mediators
* Dopamine
* GABA

* postural control
* Glutamate
. J

| * muscle tone

' :
Functions
» voluntary movement

£ \
Lstriatal D1 MSNs facilitation of movement (direct pathway)

striatal D2 MSNs  inhibition of movement (indirect pathway)

Grimm et al., 2022

-4 5 _J ] csmcH
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OPTOGENETICS-FMRI: EXAMPLE 1 pCiem

Stereotaxic surgery Step 1

i
Viral opsin injection q C
3 Opsin expression+

n recovery

Opsin*D1R/D2R

D1R/D2R/
A2A-Cre
mouse Optical fiber

implantation

neurons

Opsin expression|

' in targeted
B striatum
' 3-4 weeks
Opto-fMRI data acquisition i
\Step 31
i Data analysis
&/ i . )
Laser ON OFF Data preprocessing \
design I GLM analysis 4/
optical il
stimulation Statistical activation maps 4/
during fMRI il
scan
il
a
Step 4
I
. L]
1 \ Grimm et al., 2022
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OPTOGENETICS-FMRI: EXAMPLE 1 pCiBem

Results: immunohistochemistry and behaviour

AAVS-hEF1a-DIO- hChR2(H134R)-EYFP

regma-0.15

D1r D2r

-4 5 _J ] csmcH
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OPTOGENETICS-FMRI: EXAMPLE 1 ™ e!ﬁam ,

Results: fMRI ﬁi 1A
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OPTOGENETICS-FMRI: EXAMPLE 1 ™ ec:l.am ,

Results: fMRI

)
()
©
—
+—
c
O
o
N
()]
S
—
()]

hot: D1>D2
cold: D2>D1

D1r D2r
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OPTOGENETICS-FMRI : EXAMPLE 2 e!mm |

RQ: Can we use opto-fMRI to perform whole-brain
mapping of effective connectivity?

A B

Surface RF receiver coil
a Dental resin wall

r D:0 agarose gel Y Coverslip

Patterned Optogenetics

Fiber bundle

Thy1-ChR2-YFP mouse Reflectance image at the end facet of the fiber bundle

PE tube filled with
RhB solution in H20

l\\

3 D <~ Reference tubes ———— U
— S S
3 . N\
Registration Dghggel::ttit:r:n = e .,(/ Melt cutting by
<(t Cortex-wide thinned-skull window a heated forceps
Fiber bundle based Target region . o
optical imaging in MR scanner selection Reglon‘a : optggenem
stimulation Mouse brain
fMRI Sequential multi-cortical region stimulation Effective connectivity mapping
I I I I l l I Time D Space transformation matrices
RA*": Mouse Brain template ( RY%P: MR 3D image
Optogenetic R | 5
stimulation . . ‘  d e T2W MRI A, :488 nm
’ A,.: 530 nm
—>
Ml
fMRl e e {
response
Ref. tube
sc Ec 5 . RAlen RMR3D = M]'R"”e" RMR2D — MIDW‘.RMRQD RFluor= Ml,Rva ROMD — Mj.RHJm
Vs comparison '
P - E Generation of DMD input pattern
'
! A
st(rx:t:nrzl :;?:;?:)“y E Allen Mouse Brain Atlas ( RAen : Segmented atlas RY2°: 2D projected MR image RPVP: DMD input pattern Rf"or: Result
E : - MOp
o '
E=1 — —>
% ! A \0 4/’& RO el
o e (6} ' O
Effective Connectivity L ' \’,‘ ' b‘./ imaging
(fMRI response) H D’ N\ A /12 N \
SC strength - A b N
'
'

——> Ket/Xyl > Isoflurane

CIBM.CH
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OPTOGENETICS-FMRI : EXAMPLE 2 pCiBm

RQ: Can we use opto-fMRI to perform whole-brain
mapping of effective connectivity?

A Btir S B 20Hz, 20% duty cycle c
L M ) ® MOp stim. [l \HH Il 10 sec duration
@ MOs
® SSp-ul/ll
® SSp-bfd
® AUD
VISp
o VISa/rl
e VISam/pm
® RSPd/v

w
=4
3
I
I
|
|
I
I
I

Time —

(%)

at stimulated ROIs

fMRI Response

20s

Caudal

© @ m OQ@@ Q@R
| @@ |
PO O@BROB .

Kim et al., 2023
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OPTOGENETICS-FMRI : EXAMPLE 2 pCiBm

A

Photostim. Virus inj. MOs e SSp-ul/ll @SSp-bfd e AUD VISp e VISa/rl eVISam/pm e RSPd/v 1 b
Q. I
.-‘-_l 9 7 7 7 ¢ 7 7 —
&:" /,~ % SJD ."? oo 25
sla; 22 o
= - o E ; o
| S
=
Axonal 2 a A
fMRI projec;tion g g E
tracing 2 o
l l E 2¢ o r=0.7666
= et p <0.001
Effective Structural r_i' o ) o] 3 . . . .
connectivity connectivity € E . 4"‘ . 23 ) -1 0 1
(EC) (sC) 2 ‘ .
: log (Structural connectivity)

Excellent agreement between effective FC and structural axonal connectivity

(but only from the cortex)
Kim et al., 2023
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OPTOGENETICS-FMRI : FIREWORKS IN THE BRAIN e!fsm |

© CIBM | Center for Biomedical Imaging Zerbi et al,, Mol Psychiatry 2021 90



PART 5. TRANSLATING FMRI RESULTS
FROM RODENT TO HUMANS

“Many argue about that we can’t compare mouse fMRI data with
human fMRI data because of the anaesthesia,. Those people forget the
elephant in the room. Of course we can't compare it. We are
measuring fMRI in a bloody mouse!”

Prof. Nicole Wenderoth
ETH Ziirich
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FROM RODENTS TO HUMANS.. AND BACK pCiBM

If our goal is to translate fMRI findings between animals and humans,
which part of the brain (or brain networks) should we study?

What is special about the human brain?

What makes brains different?

-4 5 _J ] csmcH
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http://www.neuroecologylab.org/

FROM RODENTS TO HUMANS.. AND BACK e!fam |

Positive Feedback Cycle of Cross Species Comparision

owN i {
L
T '
OO 1 e
P ! }
sim g mm| = v
ol |
2 :
wof w -
e T
Hij 4 o
s P = 1
P o | o L
Hypo : -
mim s
L}
" “
AUD-VIS| 1]
| b
= Loom

OMN
N
86
Hip
Thit

<
Altered Functional Connetivity _——\\

G\Ieurological DisorderD ( Optogenetics >
CPsychlatnc D|sorders> ( Pharmacology )
“ ( Behavior ) ( Multimodal )
C Cognition > ( Genetics )

© CIBM | Center for Biomedical Imaging 93



 a

MATCHING FUNCTIONAL NETWORKS pCiBm

Comparing network anatomy

Rat DMN Monkey DMN Human DMN

Hanbing et al., PNAS 2012
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MATCHING FUNCTIONAL NETWORKS e!I.Bm |

REVIEW article

Front. Neurosci., 08 March 2022
Sec. Brain Imaging Methods
Volume 16 - 2022 | https://doi.org/10.3389/fnins.2022.816331

Default mode
network

Functional Connectivity of the Brain
Across Rodents and Humans

w

=
* . v
Q Nan Xu®*, Theodore J. LaGrow?, ‘ Nmachi Anumbal, Azalea Lee®*, £
Xiaodi Zhang?, Behnaz Yousefil, ' Yasmine Bassil3, Gloria P.
Clavijo!, Vahid Khalilzad Sharghi?, Eric Maltbie?, Lisa Meyer-Baese!, C
’- Maysam Nezafati’, Wen-Ju Pan®" and Shella Keilholz*" %
g s 3
[T -
! Biomedical Engineering, Emory University and Georgia Tech, Atlanta, GA, United States § 'é
2 Electrical and Computer Engineering, Georgia Tech, Atlanta, GA, United States 3 %

3 Neuroscience Graduate Program, Emory University, Atlanta, GA, United States
4 Emory University School of Medicine, Atlanta, GA, United States
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MATCHING CONNECTIVITY FINGERPRINTS em.sm |

KEY HYPOTHESIS: If we can define a set of homologous anatomical/functional
regions, we should be able to define homologous connectivity fingerprints in

every voxel
[ 9/aed,, T Connectivity
,,,,',’,’,’5"‘){1 &'\"},’?,, Y fingerprints
hippoc / > 8§ O\ \MI ;
palhd ' \ ""‘ \s1 a
capCaud < - || ParOp -~ N
W, ventrStr . "/ / /alPs =
temPol \s\‘ :///"plPs 2
penrhl,'ml R 3gLPL > N
Ic ch min. = s max.

9/46d distance distance

hypotKTA ~A%ma
amygd — . 8m
hlppoc M1
pallid \ |81
capCaud | \ /|| | ParOp
ventrStr . \ 4 /',/ / alPS
temPol - pIPS
penrhllml\ éLPL
FpIC pcé

D
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MATCHING CONNECTIVITY FINGERPRINTS $CcEm
KEY HYPOTH A. Connectivity Fingerprints . bmical/functional

regions, we sh ngerprints in

every voxel
_____ > ® ¢ © ' € €
0@ o . ® ‘ ® ° ' . vity
@ nts
G B. Mouse-Human fingerprint matching Matd1l'/' """

e

e T Q N
1= 2] P

(s D | Balsters et al,, eLife 2019 _ o _
, Trends in Cognitive Sciences, 2018
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FROM RODENTS TO HUMANS e!I.Bm |

mCP NAcc ICP
Lo

RSC RSC RSC
latOFCN3 __—T—___ CG/24 BOFCN3 1 (G/24 lat OFCN3 - — . CG/24

amyg /7N 7 R AN YA Y amyg £ N\ N\ PU32

Connectivity Fingerprint

Ant Hipp ‘l V25 | AntHipp 25 i AntHipp [ 125
PostHipp < N/ [\ ™ L pesthippX N/ [T\ U™ pesthipp X N AT T
M ~—L—"5 ML —"5 M —l—"5
s 51 s1
Human Mouse

* Unassigned voxels accounted for 85% of the caudate nucleus volume, 77% of the putamen
volume, and 5% of the NAcc volume

Balsters et al., eLife 2019
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FROM RODENTS TO MACAQUES S

ciBm
| ¢

enter for Biomedical Imaging

mCP NAcc ICP

- RSC RSC RSC

c ItOFC/13 _——1——_ (G/24 lat OFC/13 _—T——._ CG/24 tOFC/13 _— ——~._CG/24

-g- < o : 3 ,>- : . Py as

5 Amypg NPU2  Amyg L NN/ N M PLER2 P Amyg NO\PY2
o KA : ~ - b H \
E Ant Hipp | IL/25 | AntHIpp —t—t IU25 ¢ AntHipp {3 +— IL/25
-; ,"\". "‘J’ "","' \.7'\ ,"' \ ,'."’. ~¢ W /~_/ B A':. /o~

= PostHippX N\ / T~ \/ /™ PostHipp, N/ [ \ . /TP Post Hipp \ Al
c m L s2 M1 —L—" 52 Mm — s2

(o) S $

O

$

Macaque Mouse

Unassigned voxels accounted for 79% of the caudate nucleus volume, 62% of the
putamen volume, and 9% of the NAcc volume.

Balsters et al., eLife 2019
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WHAT IS UNIQUE OF HUMANS? ;‘!ﬁam .

Neurosynth.org

-34% observed vs. expected probability represent. +396%

Unassigned | : ]

* The unassigned voxels were located to
striatal regions associated with executive
function, social/language, and action value
(Pauli etal., 2016).

Executive

Social/Language

@ Action Value

Stimulus Value

* These unassigned voxels map the expansion
of the prefrontal cortex in primates.

Motor

10 20 30 40 50 60 70 80 90
Probability %

Balsters et al., eLife 2019
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TAKE HOME MESSAGE pCiBM

Microscope - Telescope
€ye Focus eye
point
N
NSO

A

‘T T—TTYHYYI 1 W_YYTUW m I”T"] Al ﬁ_VTWYT 1

1nm 10 nm 0.1 um 1 pum 10 um
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FOR ANY QUESTIONS YOU MAY HAVE,
PLEASE WRITE ME AT:
VALERIO.ZERBI@EPFL.CH




