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Nodes and Edges

Nodes and edges are elemental building blocks of networks.

What are the nodes and edges of brain graphs?

Multiscale architecture of brain makes the answer challenging.

There is no single, privileged scale for the analysis of brain networks.

No single technology that can measure brain networks over all
biologically relevant scales of space or time.
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Multiscale Organisation of Brain Anatomy

Broad divisions: cortical lobes,
cytoarchitectural areas

Neurons aggregate into columns,
layers, and other cell groups

N: neuron, BV: blood vessel,
S: soma (cell body), Mi: mitochondria, My: myelinated axon, D: dendrite,
Blue: glial processes, Red: presynaptic terminal, Green: dendritic spines,
SV: synaptic vesicles, SC: synaptic cleft, SA: spine apparatus
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Multiscale Organisation of Brain Anatomy

Neuronal processes such as
dendritic trees and axons

Structure of individual fibers and
dendritic spines
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Three Spatial Scales

Microscopic scale: properties that are too small to resolve with the
naked eye.

I Require the use of microscopic techniques for visualization.
I Scale that is synonymous with networks reconstructed at the level of

individual neurons and synapses.

Macroscopic scale: properties that can be resolved without the aid of
microscopic methods.

I Most commonly refers to analyses of structural and functional
interactions between large-scale populations of neurons.

I Characterized with MRI, MEG or EEG.

Mesoscopic scale bridges the microscopic and macroscopic.
I Analyses at this scale combine microscopic and macroscopic techniques.
I Goal is to understand neuronal connectivity with high precision across

the brain.

Techniques used at each scale constrain the way in which nodes and
edges are defined.
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Three Types of Connectivity

Structural: anatomical connections between neural elements
I Example: axons and synapses between neurons at the microscale.
I Example: Large-scale fiber bundles that link cortical areas and

subcortical nuclei at meso- and macroscales.
I Measured using techniques such as electron microscopy (micro), axonal

tract-tracing (meso), and diffusion MRI (macro).

Functional: statistical dependence between physiological recordings
that have been acquired from distinct neural elements.

I Example: Correlation between spiking output of two neurons.
I Measured by mathematical definitions of correlations.

Effective: direct, causal influence that one neural element exerts
another’s activity.
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Spatiotemporal Resolution of Measurement Techniques

Open areas: measurement, filled areas: perturbation
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Structural Connectivity at the Microscale

Transmission electron microscopy (TEM): a beam of electrons is
transmitted through a specimen to form an image.

Scanning electron microscopy (SEM): produce images of a sample by
scanning the surface with a focused beam of electrons.
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Graphs from Microscale Structural Connectivity

Node ≡ neuron, edge ≡ synapse.

Reconstructing connectomes in this manner is computationally
demanding, time-consuming, and labor intensive.

I One cubic millimeter of rat cortex imaged with a resolution of a few
nanometers will create 2PB of data.

I A complete atlas of rat cortex (vol ≈ 500 cubic mm) will require
around 1 EB (1000 PB).

I A complete human cortex will require about 1000 EB.
I Reconstructing nervous system of C. elegans took over 10 years (White

et al., 1986).
I State-of-the art acquisition methods require 800 h to reconstruct 1

cubic mm of neural tissue.
I One machine will require over a decade to scan the mouse brain in its

entirety.
I Accurate segmentation and annotation is difficult and tedious.
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Functional Connectivity at the Microscale

Measure neuronal activity over time.

I Classic method: Insert electrodes distinct parts of the brain to record
the spiking activity of either individual or multiple cells.

I Multi-electrode arrays: neurons cultured in vitro, i.e., in the lab.
I Calcium imaging can map neuronal interactions across large distances

with cellular resolution.
F Measures intracellular calcium levels by introducing specific molecules

(calcium indicators).
F Can sample only a restricted, superficial patch of cortex at any time.

Define how to compute similarity or statistical dependence of two
time series.

I Pearson’s correlation coefficient.
I Rank correlation coefficients.
I Mutual information.
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From Microscale to Mesoscale

Microscale connectomics
I Pro: offers unparalleled precision for resolving synaptic connectivity and

spiking activity of individual neurons
I Con: Techniques are not scalable to large-scale neural systems.
I Con: High plasticity of synaptic connectivity makes it difficult to

distinguish stable characteristics of neuronal networks from more
transient features.

Mesoscale connectomics
I Pro: Can smooth out some variability.
I Pro: Offers a more robust means for characterizing time-invariant

aspects of brain architecture.
I Con: Not at the level of individual neurons.
I Con: Depends on the parcellation.
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Defining Nodes at the Mesoscale

Goal is to map connectivity between neuronal populations or cell
assemblies, rather than individual neurons.

Exploit aggregation of neurons aggregate into populations that
perform the same or related functions and are spatially proximal.

Treat each volume as a node.
I A volume may contain thousands or millions of cells.
I Size of volume can which can range in size from cortical columns to

larger cytoarchitectural areas and subcortical nuclei.

No gold standard for defining nodes; use approximations based on
cytoarchitecture and anatomical landmarks.

Coarse approach to defining nodes that results in the loss of
information.

Counterbalanced by an improved ability to map network structure
over long distances.
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Tracers for Structural Connectivity at the Mesoscale

Invasive tract tracing is the main technique.

A fluorescent dye or other tracer molecule injected into a specific part
of the brain.

Cellular membranes are permeable to these tracers.

Once the tracer inside the cell, active axonal transport transfers it
from the soma to peripheral axon terminals.

After the tracer has had sufficient time to fill the entire extent,
sacrifice the animal, dissect the brain, and determine sites of tracer
uptake.
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Types of Tracers

Direction of transport distinguishes tracers.

Anterograde tracers: transported from the cell body to the axon
terminal; used to map the efferent projection sites of an injected area.
Retrograde tracers: transported from the cell periphery to the soma;
used to map the upstream sources of afferent projections to the
injection site.
Viral tracers can cross synaptic junctions, allowing the mapping of
polysynaptic pathways.
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Structural Connectivity at the Mesoscale

Parcellate the macaque cortex into 91 areas, defined according to
cytoarchitecture and sulco-gyral landmarks.
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Structural Connectivity at the Mesoscale

Use retrograde tract tracing. Determine edges coming into node representing area
of injection from “labelled” nodes representing neurons that the tracer reaches.
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Structural Connectivity at the Mesoscale

Injection is at X : w(Y ,X ) = number of neurons labelled inY
total number of labelled neurons
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Structural Connectivity at the Mesoscale

Example of connectivity matrix.
Edge weights range over six orders of magnitude.
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Functional Connectivity at the Mesoscale

Please read Chapter 2.2.2 of the textbook.
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From Mesoscale to Macroscale

Experimental methods we have discussed so far for measuring brain
connectivity are invasive.

I Pro: Offer in-depth access to neural structure and function.
I Con: Difficult to apply across the entire brain, particularly in larger

animals and humans.

Use noninvasive imaging techniques (e.g., MRI, EEG, and MEG) at
the macroscale.

I Pro: Can map connectivity across the entire brain, in vivo, in animals
and in humans.

I Pro: Clinically safe, can be used for studies across lifespan and for
brain disorders.

I Con: Can resolve brain connectivity only at the scale of millimeters and
centimeters.

F Typical MRI has a voxel resolution of 1 cubic mm, which contains an
estimated 20,000–30,000 neurons and billions of synapses.

F EEG and MEG have even lower resolution.

Coarse spatial resolution means
I We must aggregate measurements over ever-larger populations of

neurons, axons, and synapses.
I Reduces precision of node and edge definition.
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Defining Nodes at Macroscale

Each voxel is a node. Correlation between measurements for node pairs
defines edges.
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Defining Nodes at Macroscale

Cytoarchitectural atlases mapped to standard stereotactic space. (b)
Macaque brain. (c) Human brain.
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Parcellation Can Affect Network Properties
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Structural Connectivity at the Macroscale
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Functional Magnetic Resonance Imaging

fMRI - How it Works and What it’s Good For, Video, 6:41”

T. M. Murali January 29, 2018 CS 4984: Computing the Brain

https://www.youtube.com/watch?v=Rb_mdzgw-Jc
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