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ultimate Interdisciplinary Instrumentation!

Interdisciplinary Instrumentation Colloquium – Oct. 29, 2014 
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A “Multiscale” Problem 

Human Brain Project            2012 



Daunting                  but… 

! Length scale !m (s) 
! Micro / Nano technology to the rescue? 

BRAINBOW: http://cbs.fas.harvard.edu/science/connectome-project/brainbow 

Hippocampus Cortex 

100 !m 



! Presidential Initiative 
! April 2013 
! “The BRAIN Initiative will accelerate the development 
and application of new technologies that will enable 
researchers to produce dynamic pictures of the brain 
that show how individual brain cells and complex 
neural circuits interact at the speed of thought.” 

 

BRAIN Initiative 

“Grand Challenge” - observe 1 million 
neurons, on ms timescale with “markedly 

reduced invasiveness”



Ⓒ!

Ⓐ!

Ⓑ!
Ⓑ!

Ⓐ!

Ⓒ!

Ⓐ!

Shielded Coaxial Waveguide (with capacitance reduction) 
Nature is an Electrical Engineer? 



“Non-Invasive” 

! Not for you? 
! Study model systems. 

“Grand Challenge” - observe 1 million 
neurons, on ms timescale with “markedly 

reduced invasiveness”
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! and in 3D 
! and non-invasive 
! and and and 

! +other current methods (PET, MEG, …) 

(some) Current Human Neuroscience Tools 



Optical Sensors of Neuronal Activity 



! Calcium indicators 
! Genetically targetable 
! Optical properties can be tailored 
! Amenable to two-photon techniques 

! Better sensors? 
! Other ions (Na+, K+) 
! Neurotransmitters 
! Improved voltage sensors 

Technique (and Needs) 
Stunning successes 
! Optically active: 

! Sensors (report activity) 

! Actuators (stimulate or silence neurons: Optogenetics) 

! Many techniques 

 

! Improved microscopies? 
! Deeply penetrating NIR wavelengths 

! Single neuron resolution 

Photoacoustic 

! Live animal capabilities 



Many Ways to use Light 

! CLARITY (Clear, Lipid-exchanged, Acrylamide-hybridized Rigid, Imaging/immunostaining compatible,  
Tissue hYdrogel) 
! Renders tissue transparent 
! Replaces lipids with hydrogel 



“probe” – detector or transducer of neuronal activity (electrical, optical, chemical !) 
“recorder” – receives information from “probe”, “communicates” the information (and, perhaps, 
position !) to outside world; harvests energy 
“communication and data acquisition system” – means for transmitting the information to the 
outside world, and capturing it; potential power source 
“computing” – processing the acquired data 

probe 

recorder 

computing 

Tools to Track Neurons — What’s Needed? 

This is the
 problem 



! Optical 
! Penetration depth* 

! Large variation* in absorption 

! Scattering* 

! Optical sensors and actuators prefer 
visible light 

! Depth 
! Scanning 

! Electrical 
! Skin depth* 

! Acoustic 
! Ultrasound - 10s MHz 
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Communication 

*Variation (tissue, bone, …) in all of these values 



An Inconvenient Truth 

! It’s true: we are really thick-headed! 
! Simultaneous 3D, spatial, temporal resolution “challenging” 
! 106 x 103 Hz (! > 103 Hz) x _ bits = (many) GHz BW 

! Not light, sound or RF 

“Grand Challenge” - observe 1 million neurons, on ms timescale 
with “markedly reduced invasiveness”
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RF Visible 



How to 
! Goals: 3D, N = 106, t = 1 ms, (x = _ !m)  
! Nano-Archeologist – tag neuronal activity ex post facto 

!  3D ! N ? t " x ? (! in principle) 
! Nano-Tweeter – optogenetics 

! 3D " N " t ? x !
! Nano-Reporter – microelectronic reporter (analog) 

! 3D " N ? t ! x ?
! Nano-Detective – microelectronic reporter (digital  
– only if neuron fired) 
! 3D ? N ! t ! x ?



Not so Easy 
! Goals: 3D, N = 106, t = 1 ms, (x = _ !m)  
! Nano-Archeologist – tag neuronal activity ex post facto 

!  3D ! N ? t " x ? (! in principle) 
! + microscopy (EM …) 

! Nano-Tweeter – optogenetics 
! 3D " N " t ? x !

! Nano-Reporter – microelectronic reporter (analog) 
! 3D " N ? t ! x ?

! Nano-Detective – microelectronic reporter (digital  
– only if neuron fired) 
! 3D ? N ! t ! x ?

Can’t fry your brain: "T ~ 1°C 
 
Can’t blow your mind: "V/V ~ % 



“BRAINseed” 

17!

! Clinical!
! Neuroscience!

! Neuroscience!
! Technology!

! Technology!
! Scale!
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Electrical Recording 

Somewhat invasive 

Somewhat less invasive 



Problem Statement 
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Under 1 electrode: 10N (N=4+) neurons with ~104 synapses 
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State-of-the-Art (Human) 

! 2 !V noise (0.3 - 7 kHz) 
! 0.35 Hz - 7 kHz BW 
! !50 kHz sampling 

16 x 16 elements!
8 x 8 cm2!

(~5 mm pitch)!
Amplifiers!
Digitizers!

Wires!
("V level signals)!



Sophisticated Electrodes 

Utah Array (Si - 1990s) 

Berkeley Array (paralyne) 
semi-transparent 

Robinson et al. 2012 

1 "m!

10 "m!

Passive – 1 wire/electrode Multiplexed - SNR 

TFT on Kapton 
500 "m pitch 

Viventi et al. 2011!

+ … + … 



50!m 

Preamp 

Discr. 
Trim 
DACs 

(Thresh) 
(Shaping) 

Pixel Control 
and 

Calibration 
(charge injection) 

“Obvious” Solution 
! Passive – 106 electrodes = 106 wires 
! Multiplexed – fewer wires, but S/N degradation 
! Problem is to get 106 signals off the brain 
! Put amplifier behind each electrode 

! Target: 100 !m “pixel” 
! 4 mW/cm2 ! 400 nW/pixel (“very hard”) 

Custom IC 

HEP analogy: “strip” (1D) and “pixel” (2D) detectors 
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Getting the Signal 

Most typical: 
! AC-coupled 
! Gain = CI/CF 

#LF = RFCF 
! e.g. CI = 10 pF, Gain = 100 ! CF = 100 fF  
#LF ~ Hz ! RF = 1 T$ 

! (and, CMOS generally ~1 fF/!m2) 
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e-chip 
Passivation opening ~15 "m!

Planar electrode ~90 "m!

0 – 500 µm !

! 100 !m pixels 
! 20 kHz / pixel 
! 1 wire / 1,000 pixels 
! Grow electrodes on chip 

! (or bump bond chip to array) 

BRAINseed!

IN!

“  ” 

Offset Trim!

Anti- 
Aliasing 

Filter 
MUX 

Later – an app for this 



Interrogating the Brain with Light 

BRAINseed!

visible 
NIR-I 

NIR-II 

How deep can we go? 

mouse optogenetics!



Nanocrystals as Optical Transducers 

BRAINseed 

NaYF4 – host matrix 

2%   Er+3  - emitter 
 

20% Yb+3 - sensitizer 

980 nm 

Yb3+
Er3+

Yb3+

visible 
UCNP 

…require new light  
sources and detectors 



Nanocrystals as Optical Transducers 

BRAINseed 

UCNP 
NIR-I (700 – 1200 nm)!

Wish list 
cw NIR lasers! 

! better IR detectors! 
! acoustic imaging  

    microscope! 
 
 



Sensing Na+ ions with NIR light 

BRAINseed!

with Chris Chang, UCB/LBNL 



Activating neurons with NIR light 

BRAINseed!

with Udi Isacoff, UCB/LBNL 

Light-activated neuronal firing:! Shifting to NIR wavelengths:!



10 nm gap 

Plasmonic optical antennas - as single photon detectors (or re-radiators) 

! "m-scale device!
! est. 5 aF capacitance!

! 1 e#/5 aF = 160 mV!

!"#$%&'(&)*&"+(&,"#-.)*/)012"+)&$)/."#34.&56-*-7)*)2*-/&)#6"#2)7&89&"&#)"/03#:/"/)7&735-+)&"#*)##"(&,"*4/)&;6-*-#&<%&<<=><<?&@<AABC(&

A few technical details remain!

Micro-cantilevers as (photo) acoustic (ultrasound) sensors 

Nanotech-inspired Approaches 

75 nm 



! Surface + Depth 

! Optical excitation!

! Electrical Excitation!

Excitation and Sensing 



An App 



Closed-loop Brain Machine Interfaces 

Large-Area 
High-Density 



Advancing BMI will benefit from: 

1)! instrumentation for high spatio-temporal resolution 
recording of neural activity from many sites 
 

(Today: ~102 electrodes, Goal:104 -105 electrodes,100 "m pitch) 
 
2) computational methods for extracting structure from 
the resulting massive amounts of data in real-time  

  
(Goal:104 -105 x16B x 20kHz ! 4 Gb/s ~ 350Tb / day) 

[Neuro: " / Light Source: Lots! / HEP: That’s It?] 
 
3) high-throughput experimental preparations that engage 
multiple neural circuits during complex behaviors 

(rapid turn-over of tech to testing) 



Sensors! DAQ! PC!
Controlled!

System!
Signal extraction!
Filter Calculation!

Control!
Signal!

Raw!
Signal!

Off-the-shelfToday: R&D Today: R&D

Hardware/Computing in Current BMI pipeline 



1mm
10mm

1)! large area for diversity of independently controllable sites 
2)! technologically scalable to high spatial resolution 
3)! high-temporal resolution 
4)! long-term stability 
5)! large magnitude, robust, meaningful field potential signals 
6)! able to detect action potentials with uECoG 
7)! rapid translation to humans 

Human ECoG!
Eddie Chang!

Rodent ECoG!
Kris Bouchard!

Advancing BMI through ultra-high density ECoG 



Functional Visualization!

Activity pattern detection!
for closed loop stimulation!

Real-time decoding/BMI!

FPGA!
for online!
extraction!
of specific!
frequency !
bands!

20MHz!
Multiplexed!1mm!

0.1mm!

Storage for off-line 
analysis!

e-Chip!

~1600!
Channels!

online processing

data acquisition

Massive Channel Count,  
High-density Electrophysiology 

3BRAINseed!



Time t 
Time t+1 ms 

Time t+2 ms 
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! 106 recorders at 1 kHz 
! Look for correlations (in a 106 x 106 recorder x ms x N space) 

! Spatio-temporal correlations 
! Over large spatial and 
temporal domain 

 

Massive Channel Count & Computational 
Challenges 

Raw data 
! 

“Information” 
complex 

! How to analyze? 

! Dimensionality reduction 
! Coding schemes 
! Visualization 

106 x 1 kHz # 1,000 Megapixel/s 
Consecutive Measurements are not Independent 

Long-distance/time correlations 



Sparse neural activity for !
human speech production!

HDF5 format and data model for!
high-performance computing!

CRCNS portal and repository for 
community access to data!

BRAINseed!

Advances in HPC for Neuroscience 



Neuromorphic Computing 
! The brain is pretty good at certain tasks 
! Brain-inspired computing? 

! Neural networks 
! IBM TrueNorth 

“Thomas” “Tom”



“Instrumentation” BRAINseed!

Complex Tasks for Rodent Experiments 

Not Plug-N-Play 

Develop in Model Systems 



B. Olveczky - Harvard!

High-throughput Rodent Experiments 

“Instrumentation” 
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Eddie Chang, Human ECoG!
Philip Sabes, S1 Stimulation!
Jose Carmena, BMI Control!

“Speak your Mind” speech prosthetic 



! Lots of practitioners 
! Lots of directions 
! (largely single-PI) 

! What are the questions? 

! Much known at the single 
neuron level 

! Can now observe ~100 neurons 
! To understand circuits, need to 

observe much larger numbers 

! Better tools can point to the 
right questions 

! Described above is only a 
fraction of what we are doing 
! and a small fraction of what is 

being done 

Neuroscience is a Large and Diverse Field 



Cusp 
! Micro / Nano technology is now within reach (10 – 50 years) 
of providing fundamental understanding 

View 1 

" BRAIN / TECH ! 

View 2 

BRAIN / TECH ! 

View 3 

BRAIN \ TECH ! 



Opportunities - Federal Agencies 

! NIH 
! DARPA (IARPA) 
! NSF 
! FDA 
! (DOE) ? 

47!

THE BRAIN INITIATIVE and !
BRAIN RESEARCH THROUGH !

ADVANCING INNOVATIVE !
NEUROTECHNOLOGIES are !

service marks of the U.S. !
Department of Health & Human !

Services (HHS). 



Cal-BRAIN 

48!



Interdisciplinary Instrumentation 
! Hard problem! 

! 106, kHz, !m, 3D, … 

! Requires all of our skills* 
! Biology 
! Computing 
! Engineering 
! Physical Sciences 
! … 

! Plus 
! Clinical / Medical 
! Neuroscience 
! … 

! DOE has unique ability to 
systems-engineer science-
based technology 

! LBNL has unique ability to 
collaborate, interdisciplinate 
(and execute) 
! Now have a group of *these 

people working together pigeon cerebellum by Santiago Ramón y Cajal, 1899!


