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Optogenetic stimulation using ChR2
(Boyden, Zhang, Bamberg, Nagel, & Deisseroth, 2005)
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Ed S. Boyden, Karl Deisseroth, and colleagues developed optogenetics, a
revolutionary technique for stimulating neural activity.

Optogenetics involves engineering neurons to express light-gated ion channels.
The first channel used for this purpose was ChR2 (a protein originally found in
bacteria which responds to blue light). In this way, a neuron exposed to an
appropriate wavelength of light will be stimulated.

Over time, optogenetics has gained a place as an essential experimental tool for
neuroscientists across the world. It has been expanded upon and improved in
numerous ways and has even allowed control of animal behavior via implanted
fiber optics and other light sources. Optogenetics may eventually be used in the
development of improved brain-computer interfaces.

Blue Brain Project cortical column simulation
(Markram, 2006)

T

In the early stages of the Blue Brain Project, ~ 10,000 neurons were mapped in
2-week-old rat somatosensory neocortical columns with sufficient resolution to
show rough spatial locations of the dendrites and synapses.

After constructing a virtual model, algorithmic adjustments refined the spatial
connections between neurons to increase accuracy (over 10 million synapses).
The cortical column was emulated using the Blue Gene/L supercomputer and the
emulation was highly accurate compared to experimental data.



Optogenetic silencing using halorhodopsin
(Han & Boyden, 2007)

1 Ed Boyden continued developing optogenetic tools to manipulate neural activity.
Along with Xue Han, he expressed a codon-optimized version of a bacterial
halorhodopsin (along with the ChR2 protein) in neurons.

1 Upon exposure to yellow light, halorhodopsin pumps chloride ions into the cell,
hyperpolarizing the membrane and inhibiting neural activity.

1 Using halorhodopsin and ChR2, neurons could be easily activated and inhibited
using yellow and blue light respectively.
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Brainbow
(Livet et al., 2007)

1 Lichtman and colleagues used Cre/Lox recombination tools to create genes
which express a randomized set of three or more differently-colored fluorescent
proteins (XFPs) in a given neuron, labeling the neuron with a unique combination
of colors. About ninety distinct colors were emitted across a population of
genetically modified neurons.

1 The detailed structures within neural tissue equipped with the Brainbow system
can be imaged much more easily since neurons can be distinguished via color
contrast.



1 As a proof-of-concept, hundreds of synaptic contacts and axonal processes were
reconstructed in a selected volume of the cerebellum. Several other neural
structures were also imaged using Brainbow.

1 The fluorescent proteins expressed by the Brainbow system are usable in vivo.
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High temporal precision optogenetics
(Gunaydin et al., 2010)

1 Karl Deisseroth, Peter Hegemann, and colleagues used protein engineering to
improve the temporal resolution of optogenetic stimulation.

1 Glutamic acid at position 123 in ChR2 was mutated to threonine, producing a
new ion channel protein (dubbed ChETA).

1 The ChETA protein allows for induction of spike trains with frequencies up to 200
Hz and greatly decreases the incidence of unintended spikes. Furthermore,
ChETA eliminates plateau potentials (a phenomenon which interferes with
precise control of neural activity).
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Hippocampal prosthesis in rats
(Berger et al., 2012)

1 Theodore Berger and his team developed an artificial replacement for neurons
which transmit information from the CA3 region to the CA1 region of the
hippocampus.

1 This cognitive prosthesis employs recording and stimulation electrodes along
with a multi-input multi-output (MIMO) model to encode the information in CA3
and transfer it to CA1l.

1 The hippocampal prosthesis was shown to restore and enhance memory in rats
as evaluated by behavioral testing and brain imaging.

In vivo superresolution microscopy for neuroimaging
(Berning, Willig, Steffens, Dibaj, & Hell, 2012)
1 Stefan Hell (2014 Nobel laureate in chemistry) developed stimulated emission
depletion microscopy (STED), a type of superresolution fluorescence microscopy
which allows imaging of synapses and dendritic spines.
1 STED microscopy uses transgenic neurons that express fluorescent proteins.
The neurons exhibit fluctuations in their fluorescence over time, providing
temporal contrast enhancement wavelendthhe r es
would ordinarily Iimit the resolution (t
contrast overcomes this limitation.
1 Neurons in transgenic mice (equipped with glass-sealed holes in their skulls)
were imaged using STED. Synapses and dendritic spines were observed up to
fifteen nanometers below the surface of the brain tissue.



Eyewire: crowdsourcing method for retina mapping
(Marx, 2013)

1 The Eyewire project was created by Sebastian S e u n ge<earch group. Itis a
crowdsourcing initiative for connectomic mapping within the retina towards
uncovering neural circuits involved in visual processing.

1 Laboratories first collect data via serial electron microscopy as well as functional
data from two-photon microscopy.

1 Inthe Eyewire game, images of tissue slices are provided to players who then
help reconstruct neur al mor phol ogi es
images which correspond to cells and stacking many images on top of each
other to generate 3D maps. Atrtificial intelligence toolshelppr ovi de i ni
guesseso and gui depetple eltim@atehaperiomghe tagk oft  t
reconstruction.

1 By November 2013, around 82,000 participants had played the game. Its
popularity continues to grow.

The BRAIN Initiative
(AFact Sheet: BRAIN Initiative, o0 2013)
1 The BRAIN Initiative (Brain Research through Advancing Innovative
Technologies) provided neuroscientists with $110 million in governmental funding
and $122 million in funding from private sources such as the Howard Hughes
Medical Institute and the Allen Institute for Brain Science.
1 The BRAIN Initiative focused on funding research which develops and utilizes
new technologies for functional connectomics. It helped to accelerate research
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on tools for decoding the mechanisms of neural circuits in order to understand
and treat mental illness, neurodegenerative diseases, and traumatic brain injury.
1 The BRAIN Initiative emphasized collaboration between neuroscientists and
physicists. It also pushed forward nanotechnology-based methods to image
neural tissue, record from neurons, and otherwise collect neurobiological data.

The CLARITY method for making brains translucent
(Chung & Deisseroth, 2013)

1 Karl Deisseroth and colleagues developed a method called CLARITY to make
samples of neural tissue optically translucent without damaging the fine cellular
structures in the tissue. Using CLARITY, entire mouse brains have been turned
transparent.

1 Mouse brains were infused with hydrogel monomers (acrylamide and
bisacrylamide) as well as formaldehyde and some other compounds for
facilitating crosslinking. Next, the hydrogel monomers were crosslinked by
incubating the brains at 37°C. Lipids in the hydrogel-stabilized mouse brains
were extracted using hydrophobic organic solvents and electrophoresis.

1 CLARITY allows antibody labeling, fluorescence microscopy, and other optically-
dependent techniques to be used for imaging entire brains. In addition, it renders
the tissue permeable to macromolecules, which broadens the types of
experimental techniques that these samples can undergo (i.e. macromolecule-
based stains, etc.)
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Telepathic rats engineered using hippocampal prosthesis
(S. Deadwyler et al., 2013)
1 B e r @ bippdcampal prosthesis was implanted in pairs of rats. Whenid onor 0
rats were trained to perform a task, they developed neural representations
(memories) which were recorded by their hippocampal prostheses.
1 The donor rat memories were run through the MIMO model and transmitted to
the stimulation electrodes of the hippocampal prostheses implanted in untrained
Airecipiento rats. After receshoweshg t he memo
significant improvements on the task that they had not been trained to perform.
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Integrated Information Theory 3.0
(Oizumi, Albantakis, & Tononi, 2014)
1 Integrated information theory (IIT) was originally proposed by Giulio Tononi in
2004. IIT is a quantitative theory of consciousness which may help explain the
hard problem of consciousness.
1 |IIT begins by assuming the following phenomenological axioms; each experience
is characterized by how it differs from other experiences, an experience cannot
be reduced to interdependent parts, and the boundaries which distinguish
individual experiences are describable as having defined i s potemnporal grains. 0
1 From these phenomenological axioms and the assumption of causality, IIT
identifies maximally irreducible conceptual structures (MICS) associated with
individual experiences. MICS represent particular patterns of qualia that form
unified percepts.
1 [IIT also outlines a mathematical measureofan experi enced6s quanti:t
measure is called integrated information or «.

Expansion Microscopy
(F. Chen, Tillberg, & Boyden, 2015)
1 The Boyden group developed expansion microscopy, a method which enlarges
neural tissue samples (including entire brains) with minimal structural distortions
and so facilitates superior optical visualization of the scaled-up neural



microanatomy. Furthermore, expansion microscopy greatly increases the optical
translucency of treated samples.

Expansion microscopy operates by infusing a swellable polymer network into
brain tissue samples along with several chemical treatments to facilitate
polymerization and crosslinking and then triggering expansion via dialysis in
water. With 4.5-fold enlargement, expansion microscopy only distorts the tissue
by about 1% (computed using a comparison between control superresolution
microscopy of easily-resolvable cellular features and the expanded version).
Before expansion, samples can express various fluorescent proteins to facilitate
superresolution microscopy of the enlarged tissue once the process is complete.
Furthermore, expanded tissue is highly amenable to fluorescent stains and
antibody-based labels.

Japands Brain/ MI NDS project
(Okano, Miyawaki, & Kasai, 2015)

T

In 2014, the Brain/MINDS (Brain Mapping by Integrated Neurotechnologies for
Disease Studies) project was initiated to further neuroscientific understanding of
the brain. This project received nearly $30 million in funding for its first year
alone.

Brain/MINDS focuses on studying the brain of the common marmoset (a non-
human primate abundant in Japan), developing new technologies for brain



mapping, and understanding the human brain with the goal of finding new
treatments for brain diseases.

Openworm
(Szigeti et al., 2014)

T

The anatomical C. elegans connectome was originally mapped in 1976 by
Albertson and Thomson. More data has since been collected on
neurotransmitters, electrophysiology, cell morphology, and other characteristics.
Szigeti, Larson, and their colleagues made an online platform for crowdsourcing
research on C. elegans computational neuroscience, with the goal of completing
an entire fisimulated worm. o

The group also released software called Geppetto, a program that allows users
to manipulate both multicompartmental Hodgkin-Huxley models and highly
efficient soft-body physicssi mul ati ons (f or model ing
and anatomy).

The TrueNorth Chip from DARPA and IBM
(Akopyan et al., 2015)

T

The TrueNorth neuromorphic computing chip was constructed and validated by
DARPA and IBM. TrueNorth uses circuit modules which mimic neurons. Inputs to
these fundamental circuit modules must overcome a threshold in order to trigger
Afiring. o

The chip can emulate up to a million neurons with over 250 million synapses
while requiring far less power than traditional computing devices.

Human Brain Project cortical mesocircuit reconstruction and simulation
(Markram et al., 2015)

T

T

The HBP digitally reconstructed a 0.29 mm? region of rat cortical tissue (~ 31,000
neurons and 37 million synapses) based on morphological data, i ¢ oentimity
rul es, 0 a ndatasatsl @hie torticalnmedocircuit was emulated using the
Blue Gene/Q supercomputer.

This emulation was sufficiently accurate to reproduce emergent neurological
processes and yield insights on the mechanisms of their computations.
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