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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 .. 

ü YOU HAVE DEVELOPED A CRITICAL MINDSET THAT CONSIDERS THE REASONS 

AND PRACTICAL IMPLICATIONS FOR PLANNING AN ANIMAL EXPERIMENT THAT 

INCORPORATES FUNCTIONAL MRI
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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

5

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

Resting-state fMRI Task-fMRI



C I B M . C H

© CIBM | Center for Biomedical Imaging 7

RECAP: NEUROSCIENCE APPLICATIONS OF FMRI

ALWAYS A HOT TOPIC!!
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RECAP: NEUROSCIENCE APPLICATIONS OF FMRI

ALWAYS A HOT TOPIC!!



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?

• INDIRECT MEASURE OF BRAIN 
ACTIVITY
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WHAT ARE THE LIMITS OF HUMAN FMRI?

• LOW SPATIAL AND TEMPORAL 
RESOLUTION

• INDIRECT MEASURE OF BRAIN 
ACTIVITY
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WHAT ARE THE LIMITS OF HUMAN FMRI?

• LOW SPATIAL AND TEMPORAL 
RESOLUTION

• INDIRECT MEASURE OF BRAIN 
ACTIVITY

• INTRINSIC HETEROGENEITY OF 
fMRI RESPONSES AND 
FUNCTIONAL CONNECTIVITY
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WHAT ARE THE LIMITS OF HUMAN FMRI?

dB

dt
=

Changes in “brain activity”
over time

(  STIMULUS   INNER dt

What we can control experimentally What we really want to measure

Everything happening around us
that is not us

Everything we are and feel 
that is us 

Scan STARTS

Scan ENDS

What we measure

)
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ARE THEY DIFFERENT?

PROPRIETIES OF THE FUNCTIONAL CONNECTIVITY

14

CONTROLSSTUDY GROUP
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made of silk made of cotton

CONTROLSSTUDY GROUP

ARE THEY DIFFERENT?

PROPRIETIES OF THE FUNCTIONAL CONNECTIVITY
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BIGGEST ADVANTAGE : MULTI-MODAL FMRI

16

Resting-state	fMRI

Task-based	fMRI

Pharmacological 
interventions (rare & 
expensive)
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BIGGEST ADVANTAGE: MULTI-MODAL FMRI

17

Chemogenetics

Optogenetics

Electrical-stimulation

Pharmacological 
interventions

Resting-state

Genetic models
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BIGGEST ADVANTAGE: MULTI-MODAL FMRI
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Perturbation

Grimm et al., The Neuroscientist, 2020



PART 1. FMRI IN RODENTS. WHAT DO 
YOU NEED AND WHAT SHOULD YOU 
EXPECT
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RESTING-STATE FMRI IN RODENTS

20
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Hardware & Software

RESTING-STATE FMRI IN RODENTS

21

• 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

• Dedicated	(pre)processing	pipeline
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Why we need high-field scanners?

RESTING-STATE FMRI IN RODENTS

22
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Why we need dedicated (pre)processing pipeline?

RESTING-STATE FMRI IN RODENTS

23

Functional connectivity in the rat at 11.7 T: Impact of physiological noise in resting state fMRI. NeuroImage 2010
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RESTING-STATE FMRI IN RODENTS

24

Functional EPI 
20 slices
Spatial resolution 0.15x0.15x0.5mm
TR=750 ms

2022

20162011



C I B M . C H

© CIBM | Center for Biomedical Imaging 

A matter of trust

RESTING-STATE FMRI IN RODENTS

25

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

Default mode network
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Mouse Brain Networks

RESTING-STATE FMRI IN RODENTS

26

Zerbi et al., Cerebral Cortex, 2018Grandjean et al., NeuroImage, 2020

Z-score
0 153.1

Zerbi et al., NeuroImage, 2015
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RESTING-STATE FMRI IN RODENTS

27

● Only 25% of datasets collected from 17 groups worldwide showed specific 
spatial patterns of functional connectivity
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Are rats-fMRI scans better?

RESTING-STATE FMRI IN RODENTS

28
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Some rules of thumb

HOW TO GET REPRODUCIBLE FMRI DATA?

29

• Med/Iso anaesthesia protocols performs better

• Ventilation and head-motion: not too important

• Strive for High SNR

• High field (>7T)

• GE-EPI > SE-EPI

• Awake: higher FC but likely not specific
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ALWAYS MANUALLY CHECK YOUR DATA!

31

“If you can’t replicate your 
findings, 

would you trust your data?”

High reproducibility (r>0.73) of functional 
connectivity between 95 wildtype animals

across in ten different cohorts
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Good because

THE ISSUE OF ANESTHESIA

32

• Rodents are not usually compliant to human indications
• Massively reduce motion artifacts
• Easy handling and positioning
• Allow high throughput
• Remove “emotional” components from brain states

Bad because
• Can change neurovascular coupling
• Many anaesthetics act on vasoconstriction/dilation

Gao et al., Neuroimage 2017
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Be aware, all anaesthetics change the “state” of the brain

THE ISSUE OF ANESTHESIA

33

Paasonen et al., Neuroimage 2018
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PATH TOWARDS AWAKE IMAGING

34

Awake functional imaging setup

Courtesy of Rik Ubaghs, ETH Zürich

Stenroos et al., 2018

Paasonen et al., 2021



PART 2. THE FUNCTIONAL CONNECTOME 

IN RODENTS
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ALWAYS THINK OF YOUR RESEARCH QUESTION

36

■ Q: Is the MRI-based connectome … meaningful?
■ A: To answer this question we need to compare it with the current 

GOLD STANDARD
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THE MOUSE STRUCTURAL CONNECTOME

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

■ EGFP-labelled axonal	projections	were	systematically	imaged	
using	a	two-photon	tomography	system
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THE MOUSE STRUCTURAL CONNECTOME

Tracer Injection data
(Structural Connectome)

Oh et al., Nature 2014
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THE MOUSE STRUCTURAL CONNECTOME

Oh et al., Nature 2014
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THE MOUSE STRUCTURAL CONNECTOME

Kuan L.,	et	al.,	Neuroinformatics of	the	
Allen	Mouse	Brain	Connectivity	Atlas.	

Methods.	2015	Feb;73:4-17.	

One mouse, one tracing experiment



C I B M . C H

© CIBM | Center for Biomedical Imaging 41

THE MOUSE STRUCTURAL CONNECTOME

A GREAT RESOURCE, BUT NOT SCALABLE!
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THE MOUSE STRUCTURAL CONNECTOME

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

https://connectivity.brain-map.org/
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HOW GOOD IS DIFFUSION MRI CONNECTOMICS?

?

Allen	brain	mesoscale connectivity	matrix Diffusion-weighted	macroscale	connectivity	
matrix
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HOW GOOD IS DIFFUSION MRI CONNECTOMICS?

2	mice	(Ex-vivo)
b-value	=	4000	s/mm2
Resolution	=	43um	isotropic
120	directions	+	11b0	
Acquisition	time	=	235h
FSL	PROBTRACKX
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HOW GOOD IS DIFFUSION MRI CONNECTOMICS?
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HOW GOOD IS DIFFUSION MRI CONNECTOMICS?

• Whole brain mouse DWI-tractography connectome

• Good overall similarity with Allen Institute tracer-
connectome

• Requires ultra-high resolution (43um isotropic)

• 235 hours scans (ex-vivo) (!!)
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THE MOUSE FUNCTIONAL CONNECTOME

?

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

Allen	Institute	
Connectivity	
238	injections Multi	Echo	cleaned	rs-fMRI	

AMBMC	template,	238	seeds	
(seed	volume	=	injection	volume)

Normalization
(ANTs)

Allen	Institute	254	target	ROIs

• 238	viral	tracer	experiments

• 238	seed-based	rs-fMRI	experiments

• 14	mice	in	vivo

• 10	minutes	scans

• 9.4T	with	Cryocoil

• GE-EPI	(MultiEcho)



C I B M . C H

© CIBM | Center for Biomedical Imaging 49

THE MOUSE FUNCTIONAL CONNECTOME
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THE MOUSE FUNCTIONAL CONNECTOME

In
je
ct
io
ns
	(n
=2
38
)

Targets	ROIs	(n=254)
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THE MOUSE FUNCTIONAL CONNECTOME

0 1
Spearman’s R correlation

Tracer’s injections Resting-state fMRI

Isocortex left --> Isocortex right“Winner takes all” 
approach
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THE MOUSE FUNCTIONAL CONNECTOME

0 1
Spearman’s R correlation

Tracer’s injections Resting-state fMRI

Isocortex left --> Isocortex right

Isocortex topographical maps

86.9% of contralateral isocortical voxel showed significant Spearman’s correlation
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THE MOUSE FUNCTIONAL CONNECTOME

53

• Whole brain mouse resting-state 
fMRI connectome

• Good overall similarity with Allen 
Institute tracer-connectome

• Bad correlation between cortico-
thalamic connections

• Anaesthesia (?)

• 10 minute scans (in-vivo) à
SCALABLE



C I B M . C H

© CIBM | Center for Biomedical Imaging 

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

THE MOUSE FUNCTIONAL CONNECTOME

54
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TAKE HOME MESSAGE

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.



PART 3. FMRI IN TRANSGENIC RODENT 

MODELS FOR HUMAN DISORDERS
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HOW ARE BRAIN DISORDERS, CONNECTOMICS

AND GENETICS CONNECTED?

Connectomics

Genetics

Psychiatric	conditions

Correlations

Associations
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AUTISM SPECTRUM DISORDERS (ASD)

■ Diagnosis based on behavioural 
symptoms

■ High Prevalence: 1/54 children

■ Highly heterogeneous (in both 
aetiology and symptoms)

■ Genetic alterations are the largest 
contributors to ASD risk

■ Many of these genes are linked to 
neuronal circuit wiring and neuronal 
communication.
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BRAIN CONNECTIVITY AS ASD BIOMARKER: YES OR NO?

ABIDE II
1114 datasets from 521 individuals with 
ASD and 593 controls (age range: 5-64 

years)

ABIDE I
1112 dataset from 539 individuals with 
ASD and 573 controls (ages 7-64 years).



© CIBM | Center for Biomedical Imaging 

C I B M . C H

“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”

"even the basic directionality of effects is still debated (i.e., systematic 
overconnectivity, underconnectivity, both, or neither)"
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HOW ARE BRAIN DISORDERS, CONNECTOMICS AND 

GENETICS CONNECTED?

Mouse
Connectomics

ASD	risk	genes

Causality

Connectomics

Comparative
Functional 
Neuroanatomy
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HOW ARE BRAIN DISORDERS, CONNECTOMICS AND 

GENETICS CONNECTED?

Fmr1−/y mice

Haberl et al., 2015 Science Advances

Filipello, et al., 2018 Immunity

Zerbi, et al., 2018 Cerebral Cortex

Chelini*, Zerbi* , et al., 2019 J Neuroscience

En2−/y mice

Shank3b mice

Pagani et al., 2019 J Neuroscience

Suetterlin et al., 2018 Cerebral Cortex

CHD8 mice
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THE AUTISM MOUSE BRAIN CONNECTOME (AMBC)

Zerbi et al., Mol Psychiatry 2021

• 7T
• GE-EPI sequence
• Cryo-Coil / Room Temperature
• Mechanically ventilated
• Med+Iso / Halotane
• Matched littermate controls

Overarching research question

Do genetic risk factors lead to (specific or 
unspecific) brain network dysfunction?
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THREE POSSIBLE SCENARIOS

1. Each gene : One connectivity profile

2. All genes : One connectivity profile

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

Zerbi et al., Mol Psychiatry 2021
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THE AUTISM MOUSE BRAIN CONNECTOME (AMBC)
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THE AUTISM MOUSE BRAIN CONNECTOME (AMBC)
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THE AUTISM MOUSE BRAIN CONNECTOME (AMBC)
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TWO IMPORTANT TAKES

69

Striatum

Sensory-motor

amydgala
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TAKE HOME MESSAGE

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



PART 4. MANIPULATING CELL ACTIVITY 

TO OBSERVE NETWORK REACTION
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CHEMO-FMRI AND OPTO-FMRI

Chemogenetic
• AAV delivery
• Neuron-specific
• Activated systemically by drug
• Reversible
• Excite or inhibit
• No external implant
• Effect lasts 30min-2h (?)

Optogenetics
• AAV delivery
• Neuron-specific
• Activated locally by light
• Reversible
• Excite or inhibit
• Requires external implant
• Millisecond control 
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EXAMPLE 1. EXITATION:INHIBITION IMBALANCE 

SIGNATURE AT THE NETWORK LEVEL?

75
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EXAMPLE 1. EXITATION:INHIBITION IMBALANCE
DREADDs	EXCITATION	OF	

PYRAMIDAL	CELLs
hM3Dq	(CamKIIa)

DREADDs	manipulation	
increased	neuronal	firing	rate	

in	the	targeted	region
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45 min active

EXAMPLE 1. EXITATION:INHIBITION IMBALANCE
DREADDs	EXCITATION	OF	

PYRAMIDAL	CELLs
hM3Dq	(CamKIIa)

E:I	imbalance	at	the	circuit	level	propagates	to	the	network	level	as	hypo-connectivity	
and	are	restricted	to	the	targeted	network

wt-hM3Dq	<	controls
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EXAMPLE 1. EXITATION:INHIBITION IMBALANCE



C I B M . C H

© CIBM | Center for Biomedical Imaging 79

EXAMPLE 1. EXITATION:INHIBITION IMBALANCE



C I B M . C H

© CIBM | Center for Biomedical Imaging 

Hardware constrains

OPTOGENETICS-FMRI: IMPLANT

80

Flat optical 
implant

Schlegel et al., Nature Protocols 2019

Non-magnetic



C I B M . C H

© CIBM | Center for Biomedical Imaging 

Watch out for:

OPTOGENETICS-FMRI: CHALLENGES

81
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OPTOGENETICS-FMRI: EXAMPLE 1

Grimm et al., 2022

RQ: Can we use opto-fMRI to study different cell types 
within a circuit?
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OPTOGENETICS-FMRI: EXAMPLE 1

Grimm et al., 2022
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Results: immunohistochemistry and behaviour

OPTOGENETICS-FMRI: EXAMPLE 1

84

D1r D2r
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Results: fMRI

OPTOGENETICS-FMRI: EXAMPLE 1

85

D1r D2r
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Results: fMRI

OPTOGENETICS-FMRI: EXAMPLE 1

86

D1r D2r
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OPTOGENETICS-FMRI : EXAMPLE 2

87

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

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

88

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

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

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



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 Zürich
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FROM RODENTS TO HUMANS.. AND BACK

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

www.neuroecologylab.org

http://www.neuroecologylab.org/
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FROM RODENTS TO HUMANS.. AND BACK

93
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Comparing network anatomy

MATCHING FUNCTIONAL NETWORKS

94

Hanbing et al., PNAS 2012
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MATCHING FUNCTIONAL NETWORKS

95
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Mars	et	al.,	Trends	in	Cognitive	Sciences,	2018

96

MATCHING CONNECTIVITY FINGERPRINTS

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
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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

Mars	et	al.,	Trends	in	Cognitive	Sciences,	2018

97

MATCHING CONNECTIVITY FINGERPRINTS

Balsters et	al.,	eLife 2019
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Balsters et	al.,	eLife 2019

98

FROM RODENTS TO HUMANS

• Unassigned voxels accounted for 85%	of	the caudate nucleus volume,	77%	of	the putamen
volume,	and	5%	of	the NAcc	volume
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Balsters et	al.,	eLife 2019
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FROM RODENTS TO MACAQUES

• Unassigned voxels accounted for 79%	of	the caudate nucleus volume,	62%	of	the
putamen volume,	and	9%	of	the NAcc	volume.
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Balsters et	al.,	eLife 2019

100

WHAT IS UNIQUE OF HUMANS?

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

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

Neurosynth.org
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TAKE HOME MESSAGE

Microscope Telescope

eye eyeFocus 
point

Focus 
point



THANK YOU FOR YOUR ATTENTION

C I B M . C H



FOR ANY QUESTIONS YOU MAY HAVE, 

PLEASE WRITE ME AT: 

VALERIO.ZERBI@EPFL.CH


