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• Growth of neuroscience (and neurotechnology) in last century 

• Where are we going? 

• Single-cells to neural networks; systems neuroscience 

• Challenges for the field, particularly trainees 

• (My) DARPA perspective 

 

Outline 
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Neuroscience is Growing (and diversifying) Rapidly 

2014: 
BRAIN 
Initiative  
Launches 

(Tripathy, 2012) 
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Neuroscience and neurotechnologies have  
co-evolved in a synergistic fashion 

neuroscience 

neurotechnologies 

Discoveries 
- Anatomy 
- Physiology 
- Development/Regeneration 
- Plasticity 
- Network dynamics 

Technologies 
- Micro-electrodes/electronics 
- Imaging: structural  

and functional 
- Analytics 
- Immunohistochemistry 
- … 
- Cochlear Implants 
- Brain Machine Interfaces 
- Deep Brain Stimulators 
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• 1928: Edgar Adrian – ‘The basis of sensation’ 

• reported first ‘spike’ recordings using capillary electrometer and cathode ray tube 

• Nobel Prize in 1932 (with Charles Sherrington) 

 

 

 

Understanding function of single neurons (sensory 
coding) 

(Adrian, E.D., 1928) 

2  TH  B  F N T N

f th  t l , b t  th  z  f  h p l  d

n t  v r  n  t h r rd  th r   t h   "  ll r

n t h n  "  r l t n n  th  n r  f br   n th

t r . n  th  pr l n r  x p r nt  t h r  p r

p r t n  r  d   l l , nd d h r  f  t h

 n d r  f nd n  th  n r  n rv  fr

F . 0 . n l  f  l t r t r  r rd  n f . . , D nd  

V N  RR T F R  F P T NT L  H N .

th  n nd fr  th  v r  th pp r p r t  t

l t n f  t h r nd  r n .

Th  n x t  t p   bv . Th  r rd  h d

th  t t l r p n  pr d d h n   n b r f nd

r n  r  t l t d  nd  th  h d h t  r

l t  rt n l  t h  n d v d l r p n  f  t h

d f f r n t  n r  f br . B t  th  v  v r  l t t l

n f r t n  b t  th  n  f  v n t  n n  n

nd  r n , f r  th  n b r  n t n  n n n  nd

th r   n t h n  t  d t n h  th  r p n  f  n

n rv  f br  f r  t h t  f  n th r . T  nv t t  th

n
r

t
d

 f
r 

b
r,

 D
l

 J
h

n
 (

n
v

r
t

 
f 

P
tt

b
r

h
 

n
 2

0
0

4
2

8
 

2
:2

2
 

T
  

  
h

tt
p

:
h

d
l.

h
n

d
l

.n
t

2
0

2
.b

4
2

6
2

2

P
b

l
 D

n
, 

l
d

t
z

d
  

  
h

tt
p

:
.h

th
tr

t.
r

p
d

l

Distribution Statement "A" (Approved for Public Release, Distribution Unlimited) 



• Microelectrode and array recordings have evolved steadily since 1950’s 

 

 

 

Evolution of microelectrode recording techniques 
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accuracy of two commonly used neural data analysis methods scales 

with the number of simultaneously recorded neurons.

Understanding what makes neurons fire is a central question in 

neuroscience and being able to accurately predict neural activity is 

at the heart of many neural data analysis techniques9. These tech-

niques generally ask how information about the external world is 

encoded in the spiking of neurons10. On the other hand, a number 

of applications, such as brain-machine interfaces, aim to use neural 

firing to predict behavior or estimate what stimuli are present in 

the external world. These two issues are together referred to as the 

 neural coding problem. We want to understand how neurons encode 

information about the external world and we want to understand 

how neural signals can be decoded to provide information about the 

external world. In most cases, encoding and decoding models are 

tightly linked; leading decoding models are usually based on explicit 

models of encoding11–13.

We focused on models of neural encoding and two general 

approaches to the neural coding problem. Many methods focus on 

describing how neural firing relates to stimuli or the movement pro-

duced by an animal, using tuning curves or receptive fields. For exam-

ple, in motor cortex, the firing of the majority of neurons appears 

to depend sinusoidally on the direction of the animal’s hand move-

ment. A second class of methods focuses on describing how neurons 

 interact and influence one another14–20 and assume that each neuron’s 

 spiking may influence the spiking probability of other neurons. We 

fitted typical versions of both model classes to multi-electrode data 

recorded from the cortices of awake, behaving (motor task) or anes-

thetized (visual task) monkeys and determined how spike prediction 

accuracy scaled with the number of recorded neurons.

We analyzed datasets of recorded spikes using two models that both 

aim at predicting trial-by-trial spike counts: a tuning curve model that  

makes predictions based on external stimuli and a pair-wise inter-

actions model that makes predictions based on the activity of the other  

simultaneously recorded neurons (Fig. 2a). In both models, we assumed 

that spike counts on a given trial were generated by a linear nonlinear 

Poisson model21, where the firing rate is determined either by a tuning 

curve or by coupling with the other recorded neurons. We estimated the 

parameters of these two models using maximum a posteriori estimation 

and assessed the spike prediction accuracy on trials that were not used 

during the estimation (Supplementary Methods). We were particu-

larly interested in how the number of simultaneously recorded neurons 

affects spike prediction accuracy. For the interaction model, we varied 

the ‘network size’ by using a random subsample of the other recorded 

neurons and examined how prediction accuracy varies with the number 

of neurons used in the model.

Spike data from 143 primary and pre-motor cortical neurons were 

recorded while a monkey performed a center-out reaching task22. In 

addition, spike data from 106 primary visual cortical neurons were 

recorded while an anesthetized monkey viewed oriented gratings23. In 

data from motor cortex, we considered sinusoidal tuning to the direction 

of hand movement, while in the data from visual cortex we considered 

tuning to the movement direction of an oriented grating. As the tuning 

curve model describes each neuron independently, spike prediction 

accuracy is constant as a function of the number of recorded neurons. 

For the interaction model, however, it is possible for spike prediction 

accuracy to vary as a function of the number of neurons (Fig. 2b). We 

found that spike prediction accuracy under the interaction model grows 

with the number of recorded neurons in both motor and visual cortex 
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Figure 1 Exponential growth in the number  

of recorded neurons. (a) Examining 56 studies 

published over the last five decades, we found 

that the number of simultaneously recorded 

neurons doubled approximately every 7 years. 

(b) A timeline of recording technologies  

during this period shows the development  

from single-electrode recordings to multi-

electrode arrays and in vivo imaging techniques. 

Images of recording techniques reprinted 

from refs. 40–43 with permission of Elsevier, 

Springer Science + Business Media, and  

Am. Physiol. Soc. Image of Utah array  

reprinted from ref. 42, © 1999 IEEE. Ca2+ 

imaging reprinted from ref. 33, © 2003 Natl. 

Acad. Sci. USA.
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Figure 2 Approaches to neural data analysis and the scaling of spike 

prediction accuracy. (a) There are two main approaches to modeling 

multi-electrode data: mapping tuning properties to describe how neurons 

relate to stimuli or movement and mapping interactions between neurons. 

These techniques aim to predict spiking based on either external variables 

or other neural signals. (b) In data recorded from motor cortex (top) and 

visual cortex (bottom), spike prediction accuracy grows when modeling 

interactions between neurons, but is constant when modeling tuning 

curves. Shaded regions denote  s.e.m. across neurons. (c) An alternative 

approach is to consider simultaneously recorded neural activity as an 

expression of a latent, low-dimensional state space. These spaces can 

be extracted by first estimating smooth firing rates for each neuron and 

then using a dimensionality reduction technique such as factor analysis. 

Features of these state spaces can then be used to predict reaction times 

or reach targets on a trial-by-trial basis or to describe neural variability. 

Purple and green ellipses represent neural variability at target onset and 

movement onset, respectively.
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(Stevenson, I.H., Kording, K.P., 2011. Nat Neurosci 14, 
139.) 
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Rapid Growth and Diversification of Neuroscience has 
created many tall silos 

molecules networks organisms societies 
Scale 

sensory 

motor 

autonomic 

cognitive 

F
u
n
ct

io
n
 

cells systems 

“Inter-disciplinary” research and training WITHIN neuroscience 
is already challenging 
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• Tools for measuring and probing neural signals at high precision (single 
cells) and full scale (whole networks) 

• Nanotechnologies 

• Optical and acoustic imaging tools 

• Collection and integration of data across large scales in time and space 

• Data management, analytics, and dissemination 

• Standards 

• Sharing 

• Rigorous, hypothesis-driven science (traditionally reductionistic) vs. 
Integrative Neuroscience 

• Model selection 

• Rational, theoretical, impactful 

• Inter-disciplinary 

Moving forward: Technical and Scientific Challenges 

How do we create training opportunities and environments  
that facilitate development of 21st century neuroscientists? 
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• DARPA ignores barriers that emerge as scientific disciplines 
mature – we find process and inspiration to solve problems in 
one space by mining other fields (encourage/force integration).  

• We envision the world ‘as it should be’ … and then develop 
programs aimed at overcoming critical barriers to realizing that 
vision 

DARPA: How we work 
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• Problem: Standard-of-care in prosthetics offers  
limited capabilities to restore sensory and motor  
functions 

 

• The solution often starts with the question: 
Wouldn’t it be great if …? 

Example: Revolutionizing Prosthetics Program 
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• 2 Key Requirements (DARPA-hard problems) required to create transformative 
capabilities for prosthetic limbs 

• Mechatronics: prosthetic limb with  
22 degrees-of-freedom  
(state of the art is ~3) 

 

• Neurotechnology: An intuitive interface  
with the nervous system to communicate  
motor intention and sensory feedback  
• Brain-machine-interface science and technology 

Making science fiction a reality  
(setting and achieving audacious goals) 

© Lucasfilm 

Transformative 
Capabilities 

DEKA ‘Luke-Arm’ completed 
in 4 years 
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Brain-machine-interfaces for Prosthetics 

Multi-channel 

neural  

recording 

Signal 

processing  

and feature 

extraction 

Decoding 

movement  

or intention 

Control signal 

for an external 

device 

Feedback 
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• Solutions require tight integration of neuroscience and technology to communicate 
information in real-time 

• Neuroscience 

• Anatomy and physiology of sensory and motor structures 

• Computational models of neural function in coding information 

• Learning and plasticity 

• Psychology – perceptual functions and embodiment 

• Technology 

• Microelectrodes and other physical interfaces with neural tissue 

• Electronics and systems that incorporate knowledge of neural communication 

• Standardized and automated processes – e.g. neural signal processing – traditionally 
performed by ‘experts’ (trained students) 

Advanced neurotechnologies require inter-disciplinary 
investments; creates unique training opportunities 

Measure/decode neural signals 

Stimulate sensory neurons 
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Tight integration of neuroscience and technology can 
create amazing capabilities 
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• Future of neuroscience will continue to depend on continued co-evolution of science 
and technology 

• Focusing on creating ‘capabilities’ will ensure that knowledge is integrated into 
technology, and that technology will continue to facilitate progress in science 

• ‘Practical’ applications provide a framework for integrating knowledge and 
technology 

• Automate, integrate and systematize 

• Trainees often spend too much time learning techniques and developing 
skills 

• Common workflows need to be automated to enable scientists to do science 
(question, reason, speculate, test) 

• Standardize 

• Terminology 

• Knowledge representation 

• Data management 

• Entice and evangelize – grow and diversify our ‘critical mass’ by recruiting people 
to join the cause; show them the potential to have impact by creating 
transformative capabilities 

 

Summary: Focus on creating capabilities 
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Capability driven co-evolution of neuroscience and 
neurotechnology 

neuroscience 

neurotechnologies 

Discoveries 
- Anatomy 
- Physiology 
- Development/Regeneration 
- Plasticity 
- Network dynamics 
- Mind-body interactions 
- Unknown unknowns 

Technologies and applications 
- Micro-electrodes/electronics 
- Imaging 
- Cochlear implants 
- Vision prostheses 
- Vestibular prostheses 
- Spinal Cord Stimulation 
- Deep Brain Stimulation 
- Bioelectronic Medicines 

Distribution Statement "A" (Approved for Public Release, Distribution Unlimited) 



www.darpa.mil 

Distribution Statement 17 


