Introduction to Contemporary
Neuroscience

Will discuss basic principles of the nervous
system functioning and the recent advances
and findings from human brain mapping.

(Reading: Zimmer, C., & Clark, R. (2014).
Secrets of the brain. Nat. Geogr, 28-58.)

Klara Mareckova, Ph.D., M.Sc.



,1he human brain is a three-
pound wad of flesh able to
explore the universe, imagine
a better world, and ponder its
own nature. Armed with far
more sophisticated imaging
technigues, scientists today
are reaching toward an
ultimate understanding of
what makes us us.”

(Visible Human Brain Project).



What do we know
about the human brain?




Big, medium, and tiny brains

h Macaque: 87g
.~ 6 billion neurons

3 ~105 cm?

Mouse: 0.4g
70 million neurons

Chimpanzee: 380g

28 billion neurons Human:1500g

5¢cm | ' 86 billion neurons

« Human vs mouse: >1,000-fold difference in size and # neurons

. vs. macaque: >10-fold
. “ vs. chimpanzee: ~3-fold




Human Brain Numbers

Whole brain: 1500g; 86 billion neurons’

Cerebral cortex:
~80% of brain mass (GM + WM)
16 billion neurons (~20%)
150 tnllion synapses (~10,000/neuron)
160,000 km myelinated WM axons (~1 cm/neuron)

Cerebellum: Rest of brain:
10% of brain mass 8% of brain mass

69 billion neurons (80%) 0.7 billion neurons (0.8%)
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1820s: Mind located in the brain

Jean Pierre Flourens

- Founder of experimental brain science;
through the study of ablations on
animals, he was the first to prove that the
mind was located in the brain, not the
heart.




1860s: Localization of brain function

Pierre Paul Broca

- brains of patients suffering from aphasia
contained lesions in a particular part of the
cortex, in the left frontal region. This was
the first anatomical proof of localization of
brain function.




1906 Nobel Prize in Physiology and Medicine

Camillo Golgi Santiago Ramon y Cajal
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a1 " Neuron as the functional unit of the brain.
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The brain is full of
neurons. These are
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1924: first human EEG

« Hans Berger invented electroencephalogram and recorded first human EEG

.............

« The electrodes attached to the subject's
scalp transmit the electrical signals produced
by the brain to the EEG monitor. Since these
electrical signals are very small (of the order
of 10s of microvolts) the EEG acts as an
amplifier, typically amplifying them by 10,000
times, as well as a device to measure them.




1968: first MEG recordings

intracellular
current
(dendrite)

v,

David Cohen first measured MEG signals

The brain's magnetic field, measuring at 10 femotesla (fT)
for cortical activity and 103 fT for the human alpha rhythm, is
considerably smaller than the ambient magnetic noise inan | -
urban environment, which is on the order of 108 fT or 0.1 puT.

The essential problem of biomagnetism is, thus, the
weakness of the signal relative to the sensitivity of the
detectors, and to the competing environmental noise. Since
the magnetic signals emitted by the brain are on the order of
a few femtoteslas, shielding from external magnetic signals,
including the Earth’s magnetic field, is necessary.
Appropriate magnetic shielding can be obtained by
constructing rooms made of aluminium and mu-metal for
reducing high-frequency and low-frequency noise,
respectively.




First Departments of Neuroscience
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2003 Nobel Prize in Physiology and Medicine

« Paul Lauterbur and Sir Peter Mansfield received the 2003 Nobel Prize in
Physiology and Medicine for discoveries concerning Magnetic Resonance
Imaging (and fast imaging allowing functional magnetic resonance imaging)




Physiological Measures
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Most powerful scanners record activity down to the scale of a cubic millimeter — a sesame
seed’s worth of tissue. But within that space, hundreds of thousands of neurons are firing.



Revolutions in Cartography

Classical maps

Book atlases Ta'ai'a‘f'l?

atlas

~ University of Minnesota |



,1he brain is a world consisting of a number of unexplored
continents and great stretches of unknown territory.”



Contemporary Neuroscience

Molecular Neuroscience —
— biochemistry of the nervous system

Cellular Neuroscience —
— cell biology of the nervous system
— Structure/function at the level of individual neurons

Systems Neuroscience —
— how do neural circuits work?
— Sensory systems, motor systems, etc.

Behavioral Neuroscience —

— how do systems of the brain interact to produce behavior?
— Source of dreams? Mind altering drugs (foods)?

Cognitive Neuroscience —

— How does the activity of the brain create the mind?

— Descartes' Problem - self-awareness, mental imagery,
language




Magnetic Resonance Imaging (MRI)




Brain Structure

Tissue White-matter
Classification Density

“Native” MRI Registered MRI

Deformation field Segmentation Cortical thickness Cerebral sulci

Paus, 2010




Brain Function

PMC/PFC

STS

Paus, 2010




What are the factors that shape our brains and
generate the impressive interindividual variability?

Prenatal & Early Postnatal Adolescence
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Brain Development in First 2 Years of Life

a Total Brain Volume Cortical Gray and White Matter

|

volume in mm

0 12 24 3 0 12 24
Age in months ' Age in months

Knickmeyer et al., 2008




Brain Development during Adolescence

Adolescence is a time of dynamic brain development

Brain

development

Cortical volume

10 15 20 25 30
Age

: : Redrawn from Ostby et al., 2009
Decline in gray matter In Somerville, 2016 Neuron

L
* Increase in white matter

¢ Shift in functional connectivity dynamics

* Neurotransmitter availability and receptor density




Brain Development during Adolescence
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Brain Plasticity

(=3

o — N W s O
1 1 1 1
Hm

Per cent change in
green matter

I
—

Scan1 Scan?2 Scan3

Draganski et al., 2004




Brain Plasticity

b. time as taxi driver (months)
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" Prenatal & Early Postnatal

Previous

Paus, 2010
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generation
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Social: Family, neighborhood, school, peers
Individual's life habits: Diet, physical activity, alcohol, etc
Biologically active substancas: Proteins, nicotine, etc

Parental & Offspring

Offspring: Gene expression
Offspring: Trans-generational transmission

Paus, 2010



Paus, 2010
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Brain Development during Adolescence
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Jl

- reactive - predictive/preventive
- one-size-fits-all model of care - patient centric model of care




How environment and genes

— (| pun: shape human brain & body
M&’Ceﬂ across generations and cultures

Contact Us

Brain & Body Studies

The Toronto Study Participating Communities ‘ Funders | National and Intemnational ‘ Testimonials |

Home » National and International Brain & Body Studies

National and International Brain & Body Studies

© 3) Etude Jeunesse

AR RNy fratin % University of
o BRISTOL

e

Oulu/Lapland, Avon Longitudinal

Saguenay Youth
Study Finland Study of Parents
and Children

Learning to prevent and thrive!




The BRAIN Initiative® About ~ | Resources v | Funding ~ | BRAIN & News ~ | BRAIN U

Monitor Neural Activity

WHAT IS THE BRAIN INITIATIVE?

The Brain Research through Advancing Innovative Neurotechnologies® (BRAIN) Initiative is aimed at revolutionizing
our understanding of the human brain. By accelerating the development and application of innovative technologies,
researchers will be able to produce a revolutionary new dynamic picture of the brain that, for the first time, shows how
individual cells and complex neural circuits interact in both time and space. Long desired by researchers seeking new
ways to treat, cure, and even prevent brain disorders, this picture will fill major gaps in our current knowledge and
provide unprecedented opportunities for exploring exactly how the brain enables the human body to record, process,
utilize, store, and retrieve vast quantities of information, all at the speed of thought.

** Announced by Barack Obama in spring 2013

+* BRAIN 2025: A Scientific Vision — first half to design tools and technology, second half to
use them to make fundamental discoveries about how brain circuits work and what goes
wrong in disease https://www.youtube.com/watch?v=1T5q9NSa3kM



2% USC University of
1V Southern California

USC Mark and Mary Stevens Neuroimaging and Informatics Institute

The NIH Human Connectome Project

nimtConnectome ;. -

Home About Data Informatics Gallery Publications News

The Human Connectome
Project

Navigate the brain in a way that was never before

possible; fly through major brain pathways, compare
essential circuits, zoom into a region to explore the

‘ 7 cells that comprise it, and the functions that depend
onit.

The Human Connectome Project aims to provide an
unparalleled compilation of neural data, an interface
to graphically navigate this data and the opportunity
to achieve never before realized conclusions about
the living human brain.

[ Download Data

https://www.youtube.com/watch?v=i2W570VgV6l
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Young Adult HCP Lifespan HCP Connectomes Related To Disease HCP Software

HEALTHY ADULT CONNECTOMES

The Human Connectome Project (HCP) has tackled one of the great scientific challenges of the
21st century: mapping the human brain, aiming to connect its structure to function and behavior.

HCP Young Adult
Pl: Kamil Ugurbil, David Van Essen

¥ 1200 Subjects, Age 22-35

M 3T MR, 7T MR, MEG ( wL )

® Washington U. in Saint Louis, U. of Minnesota, U. of Oxford, Saint Louis U, Indiana U., U. d’Annunzio, Ernst Strungmann
Institute, Warwick U., Radboud U. Nijmegen, U. of California at Berkeley Get Data «

Current Data Releases (2!l Data Releases)
Jul 21, 2017: 51200 Extensively Processed fMRI Data
Mar 01, 2017: 1200 Subjects Data Release
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LIFESPAN CONNECTOME DATA

HCP Lifespan Projects are acquiring and sharing multimodal imaging data acquired across the
lifespan, in four age groups (prenatal, 0-5, 6-21, and 36-100+). The scanning protocols are similar to
those for the WU-Minn Young Adult HCE except shorter in duration.

Learn More
HCP Aging HCP Development
Pl: Beau Ances, Susan Bookheimer, Randy Buckner, David Salat, Stephen Pl: Deanna Barch, Susan Bookheimer, Randy Buckner, Mirella Dapretto,
Smith, Melissa Terpstra, Kamil Ugurbil, David Van Essen, Roger Woods Stephen Smith, Leah Somerville, Kathleen Thomas, David Van Essen,

Essa Yacoub
T 1200 Subjects, Age 36-100+
M| 3TMRI

® Washington University, University of Minnesota,
Massachusetts General Hospital, Harvard University,
University of California Los Angeles, Oxford University

¥ 1350 Subjects, Age 5-21
B 3T MRI

® Washington University, University of Minnesota,
University of California at Los Angeles, Harvard
University, Oxford University

Recent News (All Study News)

Nov 13, 2017: HCP Aging Releases Task fMRI Scripts Recent News (Al Study News)
Nov 13, 2017: HCP Development Releases Task fMRI Scripts

Lifespan Baby Connectome Project Lifespan Developing Human Connectome Project
Pl: Jed Elison, Weili Lin Pl: David Edwards, Jo Hajnal, Daniel Rueckert, Stephen Smith

T+ 500 Subjects, Age 0-5
M 3TMR
® University of North Carolina, University of Minnesota

¥ 1500 Subjects, Age 20-44 weeks post-conception
M MR

® King's College London, Imperial College London, Oxford
University
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CONNECTOMES RELATED TO HUMAN DISEASE

HCP Disease studies apply HCP-style data collection protocols toward subject cohorts at risk for,
or suffering from, diseases or disorders affecting the brain, with a goal of providing comparable
data to healthy HCP subjects across the lifespan.

Learn More
CRHD Alzheimer's Disease Connectome Project CRHD Amish Connectome Project
Pl: Barbara Bendlin, Shi-Jiang Li Pl: Elliot Hong, Peter Kochunov

T 300 Subjects, Age 55-00
M 37 MRI, PET
® Medical College of Wisconsin, University of Wisconsin

T 450 Subjects, Age 18-85
M 3T MRI
® University of Maryland

CRHD Changes in Visual Cortical Connectivity Following CRHD Connectomes Related to Anxiety & Depression

Central Visual Field Loss Pl: John Gabrieli, Susan Whitfield-Gabrieli
PI: Kristina Visscher

T 225 Subjects, Age 14-15

M 3T MRIL, 7T MRI

® Massachusetts Institute of Technology, Massachusetts
General Hospital, McLean Hospital, Boston University

T 100 Subjects, Age 18-89
M 3T MRI, Retinal Imaging (OCT and SLO)
® University of Alabama
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CONNECTOME SOFTWARE RELEASES

Connectome software has been developed that fully supports browsing, downloading, exploring
and analyzing of HCP data. Connectome software will be downloadable as individual components
with full documentation on installing and using the tools.

Connectome Workbench Connectome MR Pipeline
v1.3.2 v3.4.0

Connectome Workbench is an open saurce, freely available
visualization and discovery tool used to map neurcimaging
data, especially data generated by the Human Connectome
Project.

The HCP Pipelines product is a set of tools (primarily, but not
é exclusively, shell scripts) for processing MRI images for the
[ O ] Hurman Connectome Project. Among other things, these tools
implement the Minimal Preprocessing Pipeline (MPP)

Lol described in Glasser et al. 2013.

Screenshots

HCP MEG Pipelines
v3.0

The analysis of MEG data in the Human Connectome Project
is performed using FieldTrip, a MATLAB toolbox for MEG and
EEG analysis, in combination with additional analysis scripts
and functions that have specifically been written for the HCP.

Resources

== Learn More
>> Tutorial
== Workbench Command Documentation
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aopen science

What is Open Science?

Open Science (05) is the movement to make scientific research, data and their dissemination available to any member of an
inquiring society, from professionals to citizens. It impinges on principles of scientific growth and public access including practices
such as publishing open research and campaigning for open access, with the ultimate aim of making it easier to publish and

communicate scientific knowledge. From development to dissemination of knowledge, several concepts belong under the
umbrella term of ‘Open Science’.

By broadening the principles of openness to the whole research cycle, OS fosters sharing and collaboration, bringing a systemic
change to the way scientific research is done. The transition towards a comprehensive, effective open science is not an easy ane;
albeit challenging, a multifaceted cultural change remains essential to ensure scientific efforts have a real-world impact.

The Facilitate Open Science Training for European Research (FOSTER), a European-funded project, has developed an OS5 taxonomy
tree in an attempt to map the open science field.

Paths to openness

Paths to OS focus on its value in improving research quality and transparency, the public ownership of science, data and resource
sharing, and the policies to put in place to support the EU in this scientific revolution. We are heading for an increased OS5 policy:
new journals with contemporary, innovative editorial formats, more effective data mining and plagiarism detection tools,
embracing of best practices and ethics, improved data management, sharing practices, and sacial sharing.
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https://www.youtube.com/watch?v=JqMpGrM5ECo

Intro https://www.thevirtualbrain.org/tvb/zwei/home#

4 Randy Mcintosh https://www.youtube.com/watch?v=-m5HOILd9BY

vi
Petra Ritter https://www.youtube.com/watch?v=vdE9Rgx vyls

VIRTUAL
|

Overview of TheVirtualBrain

TheVirtualBrain is a framework for the simulation of the dynamics of large-scale brain networks with biologically realistic connectivity. ThelVirtualBrain uses
tractographic data (DTI1/D51) to generate connectivity matrices and build cortical and subcortical brain networks. The connectivity matrix defines the connection
strengths and time delays via signal transmission between all network nodes. Various neural mass models are available in the repertoire of TheVirtual/Brain and
define the dynamics of a network node. Together, the neural mass models at the network nodes and the connectivity matrix define the Virtual Brain.
TheVirtualBrain simulates and generates the time courses of various forms of neural activity including Local Field Potentials (LFP) and firing rate, as well as brain
imaging data such as EEG, MEG and BOLD activations as observed in fMRI.

TheVirtualBrain is foremost a scientific simulation platform and provides all means necessary 1o generate, manipulate and visualize connectivity and network
dynamics. In addition, ThelirtualBrain comprises a set of classical time series analysis tools, structural and functional connectivity analysis tools, as well as
parameter exploration facilities by launching parallel simulations on a cluster.

Aims to create a large-scale neural simulation

Our big vision is for future treatments to be tested on a patient's digital doppelganger.

* By entering data from an individual patient into the model, operators can produce
personalized brain models.

+* 'The Virtual Brain' will ensure access to a validated, well-documented software, thus

avoiding a situation in which individual laboratories develop and work with their own

in-house solutions.
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https://www.youtube.com/watch?v=-m5HOlLd9BY
https://www.youtube.com/watch?v=vdE9Rgx_yls

neurosynth.org

Neurosynth is a platform for large-scale, automated synthesis of functional magnetic resonance imaging
(fMRI) data.

It takes thousands of published articles reporting the results of fMRI studies, chews on them for a bit, and

then spits out images that look like this:

An automated meta-analysis of 671 studies of reward

http://www.neurosynth.org/locations/



Functional Inference

The problem of functional inference

N

Visual search Motor imagery
Manjaly 2003 Binkofski 2000 Viogt 2007

What is the function of
Broca's area?

Mental Algebra Spatial mapping Lexical decisions
Wu 2009 Grol 2007 Heim 2006
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Dopamine has long been thought
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neurodegeneration in Parkinson's neuroendocrine and neural...
disease. The authors show that... show more
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GARRISON KEILLOR: MY HOMETOWN
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The _
New Science

L Brain

» New technologies are shedding light on biology’s greatest unsolved mystery:
how the brain really works.
» Try to volunteer for a study and wonder about the neuroscience research at your
institute of choice.
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Profile > Research > Research Areas ? Brain and Mind Research

Brain and Mind Research

Neuroscience programme aims to develop a unique workplace in the European context
reaching from basic to transitional research of central nervous system; from animal studies
to clinical, social and behavioural research of healthy and diseased brain, in particular
dementia, epilepsy, movement disorders, schizofrenia, depression pain.... are studied with
a core facility enabling most advanced structural, functional and metabolic brain mapping.

Research Groups

Behavioural and Social Applied Neuroscience - Irena Multi-modal and Functional

Neuroscience - Milan Brizdil Rektorova Neuroimaging - lvan Rektor
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