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This course is NOT about

neural networks or deep learning.
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Course Information

Meet on Tuesdays and Thursdays, 2pm–3:15pm, MCB 110A.

Office hours: by appointment and during class times in second half of
semester.

Course website: http://bioinformatics.cs.vt.edu/~murali/

teaching/2022-spring-cs4884/. Consult this website regularly.
Course schedule is subject to change.
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Textbook

Course website contains an online link to the textbook.
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Course Pre-requisite
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Course Structure

Lectures based on the textbook

Assignments (2–3)

Final project

Participation in VTURCS Research Symposium in late April.
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Grading

Assignments: 40%

Final project: 60%
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Assignments

Typically, I will ask you to write code to replicate analysis in one or
two figures in a research paper.

These assignments may organically come about from class discussions.

You will have about two weeks to complete assignments.

What do you turn in?
I Fully working code, e.g., on GitHub.
I A short report on the results of your analysis, including the figures,

discussion of difficulties you faced, how you solved them, and
observations on your results.
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Goals of the Course

Learn computational methods that use network/graph theory to
understand the brain at three levels:

Anatomical

Cellular

Molecular

to gain insights into brain functions in health and disease.
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History of the Brain: Pre-History

Trepanation (6500 BC, Incas, Peru):
drilling holes in the skull to expose dura
mater (outermost layer of the
meninges) to treat health problems.

Egypt (c. 3000 BC): Aware of
symptoms of brain damage, but
considered the heart to the repository of
memories.

India (c. 400 BC): Charaka described
symptoms and treatments of epilepsy.
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Ancient Greece

Study of the brain was not based on
dissection.

Hippocrates (460–379 BC): Brain is the
organ of sensation and intelligence.

Aristotle (384–322 BC): Heart is the
center of intellect.

Brain is a radiator
for cooling blood. Larger brains ⇒
humans are more rational.

Herophilus (c. 325–255 BC):
I Father of neuroanatomy, first dissector

in the Western tradition.
I Discovered ventricles, distinguished

between cerebrum and cerebellum.

T. M. Murali January 18 and 20, 2022 Computing the Brain
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Galen (130–200 AD)

Theories dominated Western and
Byzantine medicine till the 16th
century.

Used animal dissections.

Structure-Function: cerebellum (hard)
receives sensations and cerebrum (soft)
stores memories.

The brain is the location of the mind.

Brain controls senses and motor
functions

by movement of fluids to and
from ventricles through nerves (which
are hollow, cf. arteries).

T. M. Murali January 18 and 20, 2022 Computing the Brain



Course Structure Brain Structure Brain Cells Brain Molecules Network Neuroscience

Galen (130–200 AD)

Theories dominated Western and
Byzantine medicine till the 16th
century.

Used animal dissections.

Structure-Function: cerebellum (hard)
receives sensations and cerebrum (soft)
stores memories.

The brain is the location of the mind.

Brain controls senses and motor
functions by movement of fluids to and
from ventricles through nerves (which
are hollow, cf. arteries).

T. M. Murali January 18 and 20, 2022 Computing the Brain



Course Structure Brain Structure Brain Cells Brain Molecules Network Neuroscience

The Next 1300 Years

Dark Ages in Europe.

Arabs copied Galen’s text among others.

Islamic surgeon Abu al-Qasim al-Zahrawi (1000 AD) described several
treatments for neurological disorders.
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Renaissance (14th–16th Centuries)

Increased recognition of need for dissection to acquire new knowledge
about the body’s internal organs.

Printing press (1439 AD) circulated Galen’s works.

Renaissance and Reformation of the Church promoted fresh thinking.

Dissection resulted in detailed anatomatical drawings.
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Andreas Vesalius (1514–1564)

Used skillful dissection of cadavers.

De humani corporis fabrica:
Documented and corrected 200 errors
by Galen.
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Contemporaries and Descendants of Vesalius
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Gerardus Mercator
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Gerardus Mercator
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Gerardus Mercator
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White Matter and Grey Matter (17th–18th centuries)

White matter Generic term for “stuff” that appears white in freshly
dissected brain.

Grey matter Generic term for “stuff” that appears grey in a freshly
dissected brain.
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Structure to Function

Broca’s area (1861): production of
speech and language

Wernicke’s area (1874): comprehension
of spoken and written word
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Brodmann Areas (1909)

Based on the cytoarchitectural organization of neurons Brodmann
observed in the cerebral cortex using Nissl staining.
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Left and Right Brains (1960s)

If the two hemispheres of the brain are
separated by severing the corpus
callosum,

I information transfer between the
hemispheres ceases,

I an individual has two functionally
different brains.

Left hemisphere: speech, language,
arithmetic, analysis.

Right hemisphere: spatial
comprehension, facial recognition,
emotion.

Roger Sperry received the Nobel Prize
in 1981.

“The great pleasure and feeling in my right brain is more than my
left brain can find the words to tell you.”
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Left and Right Brains in Culture
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Parts of the Brain (Now)

The Brain: Structure and Function (Video, 13:55)
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Automated Parcellation of the Human Brain

(Video, 2”)
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http://www.nature.com/nature/journal/v536/n7615/abs/nature18933.html
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Brain Structure to Graphs
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Cells in the Brain (Late 19th and early 20th Century)

Cell theory: Cell is the fundamental unit of all living organisms (Video,
1:40”)

Brain is an exception: complex
cell shapes, extensive branching,
and dense packing.

How many neurons in the brain?

100 billion and many more glial
cells.

Golgi and Nissl stains: allowed
cells to be visualised and traced
under the microscope.

Cajal: catalogued many
different types of nerve cells.

T. M. Murali January 18 and 20, 2022 Computing the Brain
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Reticular Theory vs. Neuron Doctrine

“Neuron” coined by Waldeyer in 1891.

In 1896, Rudolph Albert von Kolliker coined the term “axon” to
describe the long slender cables that transmit signals away from cell
bodies.

In 1889, William His used “dendrites” to name the thin branching
fibers that ferry signals toward the cell body.

Reticular theory Nerve cells are fused to each other to form a continuous
network, much like blood vessels (Golgi)

Neuron doctrine Nerve cells are discrete entities that communicate by
specialised contacts (Cajal and Sherrington)

Both Golgi and Cajal received the Nobel prize in Physiology or
Medicine in 1906.
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Cells in the Brain
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Ferris Jabr, Scientific American, May 14, 2012
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Cells in the Brain

Types of Brain Cells (Video, 18:54”)
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Types of Neurons

100s of types of neurons, differentiated by structure, function,
genetics ...

neuromorpho.org: archive of digitally reconstructed neurons.
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White Matter and Grey Matter (17th–18th centuries)

White matter Generic term for “stuff” that appears white in freshly
dissected brain.

Grey matter Generic term for “stuff” that appears grey in a freshly
dissected brain.
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White Matter and Grey Matter (17th–18th centuries)

White matter Generic term for “stuff” a collection of axons, which appear
white in freshly dissected brain.

Grey matter Generic term for “stuff” a collection of neuronal cell bodies,
which appear grey in a freshly dissected brain.
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Brain Structure to Graphs

Diffusion tensor imaging.

Tracking white matter (axon) bundles to connect voxels.

Massive graphs: 15M nodes, 50M edges.
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Anatomy and function of an excitatory network in the visual cortex, Lee et al., Nature, 532:370–374, 2016.

http://www.citeulike.org/user/tmmurali/article/13990714


Space–time wiring specificity supports direction selectivity in the retina, Kim et al., Nature, 509:331–336, 2014.
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Cellular Communication: Neuron Firing

Neuron, YouTube, 11:20”
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www.jasonshen.com

https://www.youtube.com/watch?v=FVo04B0_5R4&index=2&list=PLqTetbgey0aekpYHoIPKssY94U-OBMeNE
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Otto Loewi (1873–1961)

Galvani showed that electric stimulation
of sciatic nerve causes muscles in frog
legs to twitch (1780).

How do nerves communicate with
muscles: electricity or chemicals?

Loewi settled this question through his
discovery of vagusstoff (1921).

Later identified as acetylcholine, which
had been discovered in 1914 by Sir
Henry Dale. The first neurotransmitter.

Loewi and Dale received the Nobel
Prize in 1936.
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Neurotransmitters
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Neurotransmitters
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Alzheimer’s Disease

Mechanisms and secrets of Alzheimer’s disease: exploring the brain, Video,
6:26”
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https://www.youtube.com/watch?v=dj3GGDuu15I
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Rita Levi-Montalcini (1909–2012)

M.D. at University of Turin (1936).

Lost her job due to laws barring Jews
(1938).

Secret lab in bedroom to study nerve
growth in chicken embryos (WWII).

Received one-semester research
fellowship at WUSTL (1946).

Isolated nerve growth factor (NGF) by
observing that cancerous tissues caused
extremely rapid growth of nerve cells in
chicken embryos (1952). First growth
factor discovered.

Received Nobel prize (with Stanley
Cohen, 1986).
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Neurotrophins

Family of proteins that induce the survival, development, and function of
neurons.

T. M. Murali January 18 and 20, 2022 Computing the Brain



Course Structure Brain Structure Brain Cells Brain Molecules Network Neuroscience

Neurotrophins

Changes in neurotrophin levels or in the ratio of pro-neurotrophin to
mature neurotrophin can cause and/or contribute to numerous diseases.
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Cellular Communication: Hunger Response
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www.barbellmedicine.com
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Cellular Response to External Signals
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Hanahan and Wienberg. Hallmarks of cancer: the next generation. Cell, 2011.
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A Cell is Like
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Network is Complex

but Very Poorly Understood
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Early Brain Graphs

Large-scale human network for language (Lichtheim, 1885)
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Early Brain Graphs

Neuronal network for psychoanalysis (Freud, 1891, 1895)
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Early Brain Graphs

Hub-and-spoke model of spatial attention (Mesulam, 1990)
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Dawn of Connectomics

Macaque visual cortex (Felleman and van Essen, 1991)
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Dawn of Connectomics

Tract-tracing in the macaque visual cortex (Felleman and van Essen, 1991)
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Dawn of Connectomics

Wiring diagram of macaque connectome (Felleman and van Essen, 1991)
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Dawn of Connectomics

Topological representation of macaque connectome (Young, 1992)
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Human Connectomics

Functional connectivity network from functional MRI data
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Human Connectomics

Modular organisation of network
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Human Connectomics

Connectivity network from diffusion MRI data
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Human Connectomics

Toplogical layout of network
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Human Connectomics

Anatomical layout of network
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