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Agenda

® What is a scientific roadmap!?
® Structural inefficiencies in biology:
® Why does biology need roadmaps?
® Why are there so many hidden gems!?
® Examples of roadmaps, and of hidden gems

® |mproved software for mapping science



¢ Roadmap:A map of constraints, on the
way towards a goal, and of potential
workarounds for those constraints

¢ Engineered Serendipity: Biology
breakthroughs depend on serendipity.
We can make serendipity more likely by
systematically surveying for hidden gems.




Why does biology need roadmaps!

Why are there so many hidden gems?



“Science” does not have a plan for solving
biotech grand challenges
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A ‘“sociological big bang”:

does not scale well with problem complexity




Apprenticeship

Discipline Serendipity
]

New disciplines

Inventions

Discipline

Apprenticeship



The elephant in the room:
to make bio-technological quantum leaps
we must change how biology is done

revolutions revolutions
by chance ! by design




Two conspicuously missing elements
iIn modern biology

maps of entire domains tech architectures / strategies




Well-known “systems engineering”
methods in the sciences of simplicity...
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How to extend to the sciences of complexity?
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innovation “algorithm” & “business model” in bio is ripe for change...



How to create a bio-methods revolution
(only partially joking)

1) Understand landscape of constraints (physics, design robustness)
2) Find a conceptual assumption-violating workaround
3) Find a hidden gem (e.qg., in nature) that implements this concept

#3 can be done via:

a) searching existing knowledge and transplanting to new domain
b) screening libraries of elements from nature (mining evolution)



PCR: a gem “hiding in plain sight”

Goal: make lots of copies of an arbitrary DNA sequence

Thermo-stable

Researchon __
polymerases

archae-bacteria

Mullis 1985
Kleppe, Khorana 1971 (“important but ignored”)

Understanding DNA
hybridization

Custom DNA
primers

Polymerase Chain Vast acceleration
Reaction (PCR) of biomedical research

N,

genome project (1990-2001)

N

2nd-generation sequencing (2004-)

Phosphoramidite
chemistry

D|sc9v§ry of Molecular cloning Need to
restriction - amplify DNA
eénzymes Large-scale efforts

to synthesize

genetic constructs

Temperature control
Automation



Goal: record every “spike” from every neuron
in a mammalian brain

>100 years to record from entire mouse brain

. "0';]9\1 » Visual coupling
o® \Qc’ * Walking spinal cord
Frontal Synfire chains

Movement learning
+ Brain-Machine interface

# neurons simultaneously recorded

2040 2080 2120
year of publication

PRESIDENT OBAMA IS CALLING ON THE SCINCE COMMUNITY
TO JOIN HIM IN PURSUING AGRAND CHALLENGE

A | ERAIN RESEARCH
N THROUGH ADVANCING
NNOVATIVE

INITIATIVE EUROTECHNOLOGIES

A)I!

Konrad Kording 201 3;Alivasatos et al 2012 &3




nobody has written down a designh that clearly
solves the problem
does not violate any laws of physics
does not severely damage the brain




Landscape of constraints on brain activity mapping

< 2C temperature change:
= < 50 mW steady-state power dissipation
< | % tissue volume displacement

A) Electrical B) Optical g

Marblestone et al, Front. Comp. Neurosci (2013): with >17 co-authors http://arxiv.org/abs/1306.5709



http://arxiv.org/abs/1306.5709
http://arxiv.org/abs/1306.5709

Modality

Analysis Strategy

Assumptions

Condusions

Extracellular dectrical
recording

Fnplanted electrical
recorders
Wireless data

Lra nsIIssIONn

Optical imaging

Mulei photon optical
imaging

Beamn scanning

M TOK Opries

Magnetic resonance

imaging

Ultrasonnd

Molecular recording

Compute manimal number
of recorders based on max
distance from recorder to
recorded neuron

Compute channd capaaty
limits to spike sorting

Compute power dissipation
of electronic devices that

digitally sample neuronal ac-
tvity

Compute tradeoff between
power dissipation and chan-
nel bandwidth wsing infor-
mation theory

Relate the scattering and ab-
sorpton lengths of opuical
wavelengths in brain tissue
to signak-to-noise rauos for
optical imaging

Compute minimum total
excitation  light  power
o exate  mulu-photon
transitions from indicators
within each neuron in every
imaging frame

Calculate device and indica-
tor parameters necessary for
fast beam repositioning and
signal detection

Calculate spatial and tempo-
ral resolution of MRI based
on spin relaxaton umes and
spin diffusion

Calculate spatial resolution,
signal strength and band-
width limits on ultrasound

maging

Compute metabolic load
and volume constraint for
rapid synthesis of large
nuclac acid polymers

Evaluate temporal resolu-
ton in simulated expen-
ments using kinetic mod-

els [6)

Decay profile of extracellular voltage
Approximate noise levels at recording site

Physcal limit: kg 7 In(2)/ bit erased
Practical limit: ~10kg 7'/ bit processed
Current CMOS digital circuits:

> IOSkBT/ bit processed

Transmitter must supply enough power to
overcome noise and path loss

Approximate values of scattering and
absorption lengths as a function of
wavelength

Approximate values of mult-photon
Crosssections

Pulse durations similar to those currently
used in multi-photon imaging

Fast optical phase modulators could
reposiion bears at ~1 GHz switching rates

Fluorescence lifetimes in the 0.1-1.0ns range

Proton MR using tissue water

Approximate T, and T, redaxation tmes and
eelf-diffusion times for tissue water

Speed of sound in brain

Attenuation length of ultrasound in brain

Polymerase biochemical parameter ranges

Metabolic requirements of genome
replication

Maximum recording distance 7, & 100-200um from
dlectrode to neuron measured

~10° recording sites are required per mouse brain at cur-
rent noise levels assuming perfect spike sorting

~10" recording sites are required at current noise levels
at the physical limits of spike sorting

~10" recording sites are required using current spike
sorting algonthms

Requires 2-3 orders of magnitude increase in the power
efficency of electronics relative to current devices to
scale to whole-brain simultaneous recordings

Minimalist architectures could be developed to reduce
local data processing overhead

Transmussion at opucal or nearopucal frequencies is
needed to achieve sufficent single-channel data rates us
ing clectromagnenc radianon.  Radio-frequency (RF)
eleciromagnetic transmission of wholebrain activity
data draws excessive power due to bandwidth con-

straints

Bandwidth cannot be split over multiple independent
RF channels, but IR light or ultrasound may allow spa
tial multuplexing

Light scattering imposes severe constraints, but strate
gies exist which could negate the effects of scattening,
such as implantable optics, infrared indicators, signal
modulation, and online inversion of the scattering ma-
trix

Wholebrain mult-photon exataton will over-heat the
brain except in very short experiments, unless ultra-high-
cross-section indicators are used

Beam repositoning ume limits the speed of current sys
tems but these are far from the physical limits

Fluorescence lifetimes of indicators constrain design of
ultra-fast scanning microscopies

Proton MRI is limited by the T relaxation time of water
to ~ 100 ms temporal resolution and by the sdf-diffusion
of water to spaual resolutions of ~40um. T, pre
mapping could allow T, contrast on a ~ 10 ms timescale.
Achieving these limits for functional imaging requires
going beyond BOLD contrast

Autenuation of ultrasound by brain tissue and bone may
be prohibitive at the ~ 100 MHz frequencies needed for
single-cell resolution ultrasound imaging

Ultrasound may be viable for spatially multiplexed data
transmission from embedded devices [70]

Molecular recording devices appear to fall within phys-
ical limits but thar development poses multiple major
challenges in synthetic biology

Synchronization or ume-stamping mechanisms are re-
quired for temporal resolution to approach the millisec
ond scale

many electrodes are needed

embedded electronics are too
power-hungry, at present

use IR or ultrasound, not RF,
for data-transmission

light scattering can potentially be
overcome in several ways

multi-photon optics is too dissipative

requires many parallel scanned beams

MRI needs new contrast mechanisms

ultrasound is potentially powerful

molecular recording is possible but hard



Need for a conceptual work-around




Assumption-violating concept:
what if each cell could record its own activity?

VB ' TAPE 1-7/BIPS W
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$9M NIH grant to pursue this

w/ Kording, Zamft, Church, Boyden et al



Molecular implementation of the concept:

a molecular recording device in each neuron

Encode information via control of DNA polymerase copying error rate

.
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new nucleotides that bind to ] ] l l
an existing strand of DNA

Yuste and Church, Scientific American, 2014
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Figure by Reza Kalhor



Computation Algorithmic/ Neural Brain
representational implementation(s) location(s)
realization
Rapid perceptual Receptive fields, pooinsg and local Hierarchies of simple and Visual system
classification contrast normalization == complex cells*®
Complex Bayesian belief propagation Feedforward and feedback  Sensory hierarchies
spatiotemporal pathways in cortical

pattern recognition
Leaming efficient
coding of inputs

Working memory

Decision making

Gating of information
flow

Gain control

Sequencing of

events over time |

Representation and
transformation of
variables

Variable binding

Sparse coding“

Continuous or discrete attractor

states in networks

Temporal-difference
reinforcement leaming
algorithmsm‘: actor-critic
models®*

Winner-take-all networks®’

Context-dependent tuning of
activity in recurrent network
dynamics68

Shifter circuitsss

Divisive nomualizmionsz

Feed-forward cascades; _
Serial working memories’

-
-

Population coding s

Holographic reduced
E 49,79
representations

Dynamic bindingw'81

hierarchy"9

Thresholting and local
competition

Persistent activity in
recurrent networks

Cortically implemented
Bayesian inference
networks combined with
temporal difference
reinforcement learning via
the dopamine system and
action selection gsﬁems in
the basal gangla
Recurrent networks
coupled via lateral
inhibition®

Recurrent neural networks
implementing line attractors
and selection vectors®®

Divergent excitatory relays
and input-selective
shunting inhibition in
dendrites®

Shunting inhibition in
networks or balanced
background synaptic
excitation and inhibition ™
Synfire chains’~ ;
Thalamo-cortico-striatal
loops

Time-varying firing rates of
cosine-tuned neurons
representing dot products
with encoding vectors
Circular convolution of
vectors represented by
neural population codes

- - -]
Neural synchronnzat:ona“

Sensory and other
systems

Prefrontal cortex

Prefrontal cortex

Prefrontal cortex

Prefrontal cortex

Visual system

Common across
many cortical areas

Common across
many cortical areas

Motor cortex

Cortical areas
involved in
sequential or
symbolic
processing

Mapping out the space of theories about the brain

with Gary Marcus

(NYU + Allen Institute)
and Tom Dean (Google)



Can software tools accelerate the uptake
of cross-disciplinary knowledge, helping us
find the hidden gems!?



Automatically learning the “meanings™ of science words

Word2Vec model trained on |50k PubMed abstracts

prompt> dopamin
dopamine dopaminergic

prompt> dopamine

Similar words:

oroantnes statistical model was only fed raw

striatel text, and knows nothing about

dopaminergic
cholinergic

sonooaine neuroscience (or anything), yet it

nigrostriatal “discovers’ neurotransmitters

norepinephrine
midbrain

striatum
noradrenalin
noradrenaline

mamph




Automatically learning the “meanings™ of science words

Word2Vec model trained on |50k PubMed abstracts

dopamine
gaba
serotonin
5ht

° ° 4 t I h |
electrical interfacing! amate
electrode
stimulator

cognitive
g % behavioral
fs 0 ethological

genetic
biochemical
channel
concentration
dynamics
receptor
antibody
fmri
calcium
nucleus
axon

soma
dendrite
synapse
fnirs

eeg

Principal Components of Word Vectors

parts of neurons!

non-invasive!?

molecular?

<
000 NN EE> -




Identifying the sub-fields/sub-topics:
unsupervised document classification model

amplltude

inhibitiOn

1]

gaba is an inhibitory neurotransmitter

junction
stimulation

connexin

connexin is a gap-junction protein

substantia e+ r

dopamme

release ® muscarinic

dopaminergic < 2

the dopamine system lives in the substantia nigra region of the striatum




Identifying the sub-fields/sub-topics:
community-detection on the citation graph

‘ Efficient discovery of overlappmgcommumtles m
| massnve networks |

Prem K. Gopalan® and David M. Blei

! Depctmemﬁoi (oﬂv.nsf g_ime. ff:&ﬂon Univeryty, Prirceton, NJ 08540




Identifying the sub-fields/sub-topics:
community-detection on the citation graph

The first large-scale publicly available citation graph

Microsoft Academic Graph

The Microsoft Academic Graph is a heterogeneous graph
containing scientific publication records, citation relationships
between those publications, as well as authors, institutions,
journals and conference "venues" and fields of study. This data is
available as a set of zipped text files stored in Microsoft Azure blob
storage and available via HTTP.

N

Update: August 31 2015

An updated version of the Microsoft Academic Graph has been released. This version includes more
papers and citations, improved conflation of duplicate entities, and is provided in smaller downloadable
chunks to improve access.

To download the data you need to first agree to the terms of use.

I agree to abide by the terms of use for the Microsoft Academic Graph.  Get the data!
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part in omaking the observations.
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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nudeic Acid

wish to u strooture for tha aak

of deoxynmbose nuclee ackd (DNA). The

etructure has rovel faaturss which ars of conaiderablo
bologionl interest.

A steactare for nueloic scid has already boen
peoposes] by Pauling and Coceyt. They kindly made
thar manusenpt available to ue in aduvanes of
publicatson. Thar modol consste of three nter-
twinod chams, with the phosphates neoe the fibre
axia, aad she s on the outside, Tn our opnon,
this stroctare s wsstisfctory for swo reasss -
(1) Wa telieve that the matonal which gives the
N -ray dmgroans = the selt, not tho free aaid. Without
the soido hydrogon atoms it is not cloar what forees
woull hold the strustare togetler, ospecially as the
megatively choarged plosphintes eor the axe will
repel each Other. (2) Some of the van der Waak
distances ADpPear 10 be too small

Anothor throo shain structuro has also boon sug
gosted by Frasce (in the press). Tn his model the
puaphates ace on the ouleide and the bases on the
maide, linked togathesr by hydrogen Ixwsls. This
structure as deswribad ic rathor ill-dofined, and for
thas redson we sha 'l ot comsment
on it.

We wish to put forwaed o
roclically differvat structuae for
the salt of deoxyriboss naclolo
acil.  This strocturs has 1wo
beolieal chams cuch codod round
the same ax e (soc dingraen). We

) bove made the ususl chonicol
L assanptions, nemsey, that each

S clwin consists of phosphste di-
N e groups joining Bopdeoxy
nbofurancee rosidues with 3747
lnkags. The two ohains (but
ot their bases) ore related by o
dysd perpendicular to the Ghw
Axi.  Hoth ehains follow rght-
beanded bolies, bt owing to
tho dyad the sogquensos the
atomws i the two chaime run
in opposite directions. Each
clwin  loosely  ssrnblos  Pur-
berg'e' modol No. 1 thar s
the bases are on the inside of
the holix andd the phosphates on

.
| — ~
- \

NATURE 737

is o nsidoe oot chisio svery 3 4 A ia tha sduso.
tion.  We have amwumed an 1 of 38" botween
RAjRoent rosiduss I the same ok, &0 that the
s racture repeats aftor 10 residucs on oachi chain, that
i, aftor M A, The diMance of o phosphorus atom
from the Ghre nxim s 10 A, Ax the phosphestos are on
the outsida, cations have sasy acvess to them.

Tha strueture iz an opon ono, and its wazer content
w rathor high, At lowor water eontonts wo would
expeot the to ls a0 thit the strecture could
beoomne more compact.

The novel fonture of the structure i« the munner
in which the two chams are beld togethor by the
puring and pyrimoidine basos. The plones of the basce
ary wular to the fibre axis, They aro joined
together in pairs, o single base from one chain boing
hydrogeadondad 0 » siogle base Mrom the other
chnin, so that the two lie side by sido with identionl
reo-ordimazes. One of the pair must be & purine and
the other a pyrmadine for bonding te coour. The
hydrogen aro made as follows ;| purine position
1 to pysimdine position 1 pusine position 6 1o
payrirnidine posicin 6

T it s nssumed that ths hases cnly ceenr i the
rmmotiars I tha maost plansible tautcmwrie forma
A it 2. found thet ocaly %““:I

s
bewess can bond together, Thess ,-.z‘:'.'.m ey e
(purine) with thymine (pyrimidine), sl gusnine
(puarine) with osine (pynimedine |,

In other w if an ino forms one mombor of
a pair, on ecither chain, then on these assamplions
the other member must bo thymiow ;. similadly foc
guanine sl cytosmne. The ssgquence of bess on »
angle chain does not appear 10 b restricted in any
way. However, if only specifio pairs of bases can be
formed, it follown that of the soquence of boses on
one ohain in given, then the soquonce on the other
chain is sutometioally deternmiosd.

Tt hins been found expecimentallys that the mtio
of the amoants of adenine to thymine, aad the ratio
of gUATNe 10 eytotine, are alwiys vory olose to wuty
for dooxynibose nusleo acid,

It is prebably impossible to budld \his strusture
with & ribose sugar in place of the deaxyriboss, as
the extrs oxypen stom would make oo cloas A van
der Wasls oontset,

The proviously published X-may daza’® on deoxy-
niboss nucloic acid aro insfficions for o rigorous toss
of our sirwobwre. Bo far as wo can tell, it s roughly
compatible with the expecinental dete, but it oo
bo regurdad as unproved until it bas been obecked

more sxaot resalts, Somo of these Are given
in the following cormmuracations. We were not awace
of tho dotaile of tho results proscnited there when we
devisedd our steucture, whioh rests mninly though nos
entively on publishad experimontal data and stereo-
chemioal :

It has mot esoaped our motieo that the spoodie
poiring we have postulazed immediately suggrete a
possible copying mechaninn for the genetio matecinl,

Full details of the straotum, ineluding the con-
diztons meumed in ballding 11, tagethor with & s
of co-ordinatus for the atoms, will be publibed
clsowheore,

net, Richard Littauer, Ed Boyden

Towards human-computer synergy for accelerated science
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