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Dynamic i s within and across brain areas underlie behavioral and cognitive functions. To
understand is of these processes, the activities of distributed local circuits inside the brain of

a beha al must be synchronously recorded while the inputs to these circuits are precisely

A

manipulated. Even though recent technological advances have enabled such large-scale recording
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capabilities, the development of the high-spatiotemporal-resolution and large-scale modulation
techniques to accompany those recordings has lagged. A novel neural probe is presented in this
work tIM simultaneous electrical monitoring and optogenetic manipulation of deep
neuronal cj t large scales with a high spatiotemporal resolution. The ‘hectoSTAR’ ULED
optoelectr@s 256 recording electrodes and 128 stimulation ULEDs monolithically
integrated lommthensurface of its four 30-um thick silicon micro-needle shanks, covering a large
volume wiw x 0.9-mm cross-sectional area located as deep as 6 mm inside the brain. The
use of thism behaving mice for dissecting long-distance network interactions across cortical

layers an

hectoSTARmtoelectrodes enables will open up new possibilities for the cellular and circuit-
ti
1. Introdu!on

The underm of the neural basis of behavioral and cognitive functions begins from the

observ ow the communication among neuronal ensembles across different brain areas

ampal regions is demonstrated. The recording-and-stimulation capabilities

based inve of brain functions in behaving animals.

occur. Impo vances have been achieved by recording and manipulating neural activity in in

vitro , in particular regarding the detailed synaptic organization of neuronal
microcircuits via observation of sub-threshold intracellular activities such as post-synaptic

membranehals“’zl. However, in order to understand how neuronal activities give rise to

complex b tions, it is necessary to monitor and control the activity of neurons in behaving
animals at atiotemporal resolutions. Recent technical developments have provided new
methomrge—scale, in-vivo recordings across brain areas with single-cell resolution either
using logical®” or imaging®'® approaches. These developments have enabled

importa]Hs in our understanding of the neural mechanisms of behavior, moving from a
single braiBntric perspective to a dynamically interacting distributed circuits view.™*? A

deeper un
to behavior cognitive functions, however, requires an additional capability to precisely perturb
the acti he specific neuronal subset. A powerful perturbation method is optogenetics,™**
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[20-27]

and the development of optoelectrodes paved the way forward to a more precise interrogation

of neural circuit function.

A commohn allenge for combining electrophysiological recordings with optogenetic manipulations

in behavin is the delivery of light to deep brain structures with high spatial resolution,

ideally to indiv ells. Two well-known approaches for light delivery are integrating light-guide

W S [22-26] : . . . . [28-32] :
structures an electrode array and optics-assisted multi-photon stimulation. While each
of these ahs provides unique advantages, neither of them is suitable for applications that

require lar@e-scalefjhigh-resolution probing of deep neural structures. These approaches can neither

SC

provide stimu n at sufficiently high resolution (light-guide approach) or deliver light into the

deep brain ti-photon approach). One promising, yet challenging, method for light delivery is the

use of minij ight sources, such as ULEDs, directly located at the target region, so that multiple

el

light sources cangselectively modulate neurons whose activities are actively monitored by the

27] 27.331 and the limited

electrodes ver, due to the existence of large stimulation artifacts

surface ar n the device, the uLED optoelectrodes could not be scaled up to enable sampling from

Fl

a large vol e brain.

d

In this work; port a novel optoelectrode that provides the capability of large-scale neuronal

activity ings, combined with the ability to precisely stimulate neurons located at more than a
hundred (h

The he

imulation Targets Across Regions (STAR) using monolithically integrated pLEDs.

M

D optoelectrode features several engineering innovations in the nanofabrication

and assembly of integrated components to provide an order of magnitude increase compared to

i

33

previous d in the number of recording and stimulation sites with a three-fold higher

density w y compensation of the recording and the stimulation performances. The

O

engineerin tions include the multi-metal-layer architecture for the mitigation of stimulation

artifacts “resolution metal patterning and higher-density integration of optoelectronic

n

compo e use of a microfabricated interposer for the area-efficient packaging of a high-

channel uct. Thanks to these innovations, 256 recording sites and 128 ULEDs on the

[

hectoSTAR toelectrode span a 900 x 1,300 um brain area which allows the investigation of

U

interaction brain areas. In addition to the optoelectrode, we introduce a custom-developed
FPGA-base ler for the independent manipulation of each uLED with arbitrarily defined pulse

shapes mics. With the hectoSTAR ULED optoelectrode and the controller, we conducted the

A

first-of-a-kind experiment in behaving mice in order to address questions that were not tractable
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before with existing technology. As a demonstration, we present the utility of the hectoSTAR

optoelectrode for dissecting network interactions across cortical layers and hippocampal regions.

{

2. Results

2.1. HectoS#AR D optoelectrode allows for large-scale in vivo opto-electrophysiology

Gl

Author Manus
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Figure *R ULED optoelectrode enables high-precision and large scale deep-brain opto-

electrop : A conceptual drawing of a large-scale in vivo opto-electrophysiology experiment

conducted toSTAR ULED optoelectrode. HectoSTAR pULED optoelectrode can deliver arbitrary optical
stimulation o multiple deep-brain locations within a large area, spanning from the whole cortical

layers to CAl of dorsal hippocampus, while simultaneously recording single units and local-field

potenti e region. Brain schematic (left) is in scale with the length of hectoSTAR optoelectrode. Grey

objects indicate ctive neurons and colored objects active neurons. White rectangles show the locations

of the recording sites, and the blue glowing spots represent an example stimulation pattern generated from
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multiple uLEDs. b) A 3D model of a hectoSTAR ULED optoelectrode generating a complex optical stimulation
pattern. The hectoSTAR PLED optoelectrode has four, 6-mm long and 30-um thick shanks, and the pitch
between tw@ neighlapring shanks is 300 um. Each shank can record and stimulate across 1.3 mm along the
dorsovenHetailed schematic diagram of a tip of a shank. The inset shows the dimensions of and the

distances bé @ dium electrodes (recording sites, 64 per shank) and blue-light-emitting GaN/InGaN uLEDs

(stimulation'sites, 32 per shank). Recording sites are arranged in a ‘staggered’ configuration with less than 40-
I .

pum center-tscenter pitch. uLEDs are located along the center of the optoelectrode shank with 40 um center-

to-center p

hectoSTAR @ode is photographed next to a U. S. quarter in d. Scale bar is 300 um long in e. Note blue
light being

d e) Microphotographs of a fabricated hectoSTAR ULED optoelectrode. A packaged

d from active pLEDs. f) Example of local field potential recordings from a hectoSTAR

optoelectro ich induced response resulting from an optical stimulus provided from a single uLED

(blue) is shoWwA?”Gr&Y traces are non-functional channels.

-

The hectos:: uEED optoelectrode was designed to enable high-resolution, large-scale opto-

electrophy ore specifically, the optoelectrode was designed to record extracellular spikes

and local-fie Otentials (LFPs) from a large brain area and deliver optical stimuli to selected

neurons within®e regions it can record, while recording each neuron’s spikes with multiple
electro e probe geometry was designed to optimally record from 2-dimensional laminar
structures several cortical columns or hippocampal subregions in rodents (Figure 1a). A
hectoS toelectrode contains 256 electrodes and 128 puLEDs monolithically integrated on
its four shanks, each of which is 6-mm long. The recording and stimulation sites span a brain area as
large as 1.&(900 um x 1,300 um; Figure 1b). At the same time, the cross-sectional area of

each shan ptoelectrode was minimized to reduce the acute damage induced in the tissue

0

during inse pporting Note).

As shown i Figure 1c, each shank of an optoelectrode contains 64 electrodes and 32 LEDs on its tip.

q

Two rows @f iridiugs electrodes, each of which contains thirty-two small (11 um x 15 um) electrodes,

His

are located along the center of the shank. The vertical distance between two adjacent electrodes on
each column and the horizontal distance between the columns were chosen to be 40 um and 27 um,

respectively, so the distance between any two adjacent electrodes is no larger than 40 um. As

ated less than 60 um away from the soma (or the axon) of a neuron can reliably
record action tials generated from the neuron®%, the dense electrode configuration allows
multiple electrodes to simultaneously record the action potentials (spikes) of individual neurons

This article is protected by copyright. All rights reserved.
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facilitating spike sorting (Figure S1, Supporting Information).®”

ULEDs with dimensions comparable
to the size of a neuronal soma (8 um x 15 um) are located at the center of the shank, allowing a
precise,w optical stimulation of the neurons recorded by nearby electrodes. The vertical
distance b two adjacent LEDs was set as 40 um, identical to the vertical pitch of the
eIectrodes&umn, so that a neuron whose activity is being recorded can be illuminated
with atpeastsemesmlED. As shown in Figure 1d and e, blue light is emitted from each pLED, and its
spectrum Mm nm) is ideal for the activation of channerhodopsin-2 opsins. The on-and-off
timing anmensity of the optical stimulation each LED generates can be independently

controlled ny intricate stimulation patterns, an example of which is shown in Figure 1d, can

be genera v moment, either pre-defined or on-the-fly through an open-loop setup, during

S

an experimé®t (M6vie S1, Supporting Information).

Example neural sighals recorded from a hectoSTAR ULED optoelectrode, shown in Figure 1f, clearly

J

demonstra ptoelectrode’s recording and stimulation capability. As shown in Figure 1f,

neuronal jvities occurring at different locations on several deep-brain regions — here cortical

1

layers and pal CA1 — can be easily captured with a single insertion of the optoelectrode. In

the traces @2channel-count recording are examples of population activities (high-frequency
fluctuati d from the sites in CA1 and intermittent ‘dips’ in recorded from sites in the
cortex), all re from a precise optical stimulation of a small brain region (CA1 pyramidal layer,

indicat e highlight).

[

2.2. High-density, large-scale integration of ULEDs and electrodes on a minimal-form-factor

platform

Auth
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8



WILEY-VCH

a LED wafer LED structure Metal layers Optoelectrode
formed defined released

W

MW

Si substrate
mwomm | ED stack
ez Metal
—— Insulators

64 - [m

'y

O wodoN

w)

=

2%
o

S20 T

0 ES

2 25 3 3.5 1 1.5 2 o 32 -
Vieo (V) IZ| @ 1 kHz (M) b

ﬂﬂ'ﬂ'ﬂﬂmm
27 30 33 36 3

ILED @ 35V (}J.A) (DLED @ 75 |.I.A (}.LVV) Shank

. -

Figure 2. Monolithically integrated components of hectoSTAR ULED optoelectrodes are ideal for high-precision
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in vivo optg hysiology. a) Snapshots of an imaginary cross-section view (top row) and a top view

(bottom row) ofa@®part of the hectoSTAR ULED optoelectrode shank after each of three key fabrication steps. In

the cross£navlews, the scales along x (width) and y (thickness) axes are not identical with each other for

illustrati b and c) Microphotographs of the surface of a shank after formation of the ULED

structuréHer the formation of the interconnects for the signal recording electrodes (c). Both scale

bars are 20 Ed) Microphotograph of a shank of a released hectoSTAR ULED optoelectrode. Scale bar is
a

100 pm lon ge-current relationship of the ULEDs on a typical hectoSTAR pLED optoelectrode. The

he median, and the shadowed area the separation between the minimum and the

solid line indicg
s at each forward bias voltage. f, g and h) Histograms showing distributions of electrical and
optical characte s of the electrodes and the LEDs on a typical hectoSTAR ULED optoelectrode. The

impedance magnitude of the electrodes measured at 1 kHz, the current of the LEDs with 3.5 V forward biased

This article is protected by copyright. All rights reserved.
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voltage and the radiant flux from the LEDs with 75-pyA current are shown in f, g, and h, respectively. i)

Heatmaps showing the spatial distribution of the electrode impedance and the LED radiant flux on a typical

optoelectroﬁ. '
]

The hectohelectrodes incorporates heterogeneous components on its surface at both high
density an@cale, and the integration is realized by advanced fine-pitch metal patterning
ti

together wi

-layer metal stacking. In the uLED optoelectrodes that had been developed to

[27, 33]

date, efhumber of integrated ULEDs and electrodes per each shank has been limited to a

small number (~ 10 total) due to the large space that the metal traces occupy on the surface

(approximately 4itm per each trace). Significant amount of engineering development and

optimization was undertaken to break through limits in the existing ULED optoelectrode fabrication

process soflthat the optoelectrode can accommodate a number of ULEDs and electrodes at an

approximately three-fold higher density within a given constraint of shank dimensions to mitigate
tissue danflag re 2a shows schematic diagrams of the cross-section of a hectoSTAR ULED
optoelectrode after a few key steps of the fabrication process. The interconnects for both LED drive
signals a orded neural signals are formed at 0.7-um half-pitch, which can provide
approxi 0 metal-trace lines per millimeter. With these extremely fine-pitched metal traces,

the narrow shank profile (tapering to 50 um at the bottommost uLED, 140 um above the top ULED)

could be aghieved.

An innovati erning technique was introduced to enable the formation of high-density metal
traces wit?@se of expensive e-beam or EUV lithography. Both the ULED and recording traces
were built thick gold layers, and patterns with sub-micron features were formed on each
layer usingWift- rocess following an i-line photolithography step using a step-and-repeat wafer

exposurWi—layer resist stack with a contrast-enhancing top layer®*” was used for the

reliable fo iefng of the ideal retrograde sidewall profile (Figure S2, Supporting Information)
uniformly ENhole 4-inch wafer. One hundred-nanometer thick gold (90 nm Au on 10 nm Ti)

layer was depgsit@ over the resist sacrificial layer using electron-beam evaporation, and then lift-off

patterneg arm bath of N-Methyl-2-pyrrolidone(NMP)-based solvent. Figures 2b and 2c show

the microphotogfaphs of a hectoSTAR PLED optoelectrode shank after LED formation and electrode

This article is protected by copyright. All rights reserved.
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definition steps, respectively, illustrating the reliable formation of the submicron interconnects on

both metal layers.

Despite hlg!—density integration of heterogeneous components, the hectoSTAR uLED

optoelectr@o jbit excellent performance comparable to those of previously reported low-LED-

for in vivo ctrophysiology experiments (Figure 2e-i). A typical uLED allows 1 pA of current

when bias 1+ 0.04 V, and 30.3 £ 1.52 pA at 3.5 V (both mean % SD, n = 121), respectively.

The maximum _current was set at 75 pA, the recommended maximum current for the safe
o)

continuou atlon of the LEDs given the dimensions of the interconnects.*" At 75 pA, the pLED
generates 5 uW of radiant flux (mean £ SD, n = 121) which is equivalent to approximately
60 mW/cm? surface of the ULED. Most electrodes had impedances between 500 kQ2 and 2
MQ at 1 igure 2f), and the median impedance of these electrodes was 1.40 MQ. The
performan s and the electrode impedance showed narrow distributions (Figure 2e-h), and
neither ha orrelation with the location of the pLEDs and/or the electrodes on the
optoelectrmk (Figure 2i). The electrode impedances are sufficiently low for the required

llular electrophysiology*? and the LEDs can efficiently generate more than

multipl
sufficient light 2l
Results -element-method (FEM) based simulations further validated the reliable operation

of the hecjiSTAR ULED optoelectrodes suitable for in vivo opto-electrophysiology. Some important

device ch ics are difficult to directly measure but can be accurately estimated from
simulation@ the crosstalk between the recorded electrical signals, the illumination profile of
a ULED, an heating due to pLED operation. First, the combined electrostatic and circuit
simulation OSTAR ULED optoelectrode (Figure S3a-c, Supporting Information) showed that
the vol eaching the electrode is reliably recorded with a minimal loss (< 1 dB) and the

crosstalnghboring channels (< - 88 dB) is negligible over the frequency band of

physiologi vant signals (0.1 Hz < f < 10 kHz, Figure S2d, Supporting Information). The
simulated e profile resulting from illumination of a uLED showed that the illumination
volume . < 0.1 mW/mm?) is confined to a close vicinity of the LED and is within a nearby
electrode S4a, Supporting Information). Finally, simulation of tissue heating confirmed that

the temperature increase of the tissue is not higher than 0.6 °C when a WLED is driven at the

This article is protected by copyright. All rights reserved.
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maximum safe power (Weec =4 V x 75 pA = 300 uW, Figure S4b and c, Supporting Information). All

these results indicated that the hectoSTAR optoelectrode can safely operate at high-spatiotemporal-

resolutinrecision in vivo opto-electrophysiology.

P

2.3. Independentseontrol of uLEDs for arbitrarily patterned optical micro-stimulation

An open—sutom-built multi-channel pLED controller system with a graphical user interface

was desigfed ffo fenable the independent control of multiple uLEDs on the hectoSTAR pLED
optoelectrod€ (s€ Methods). At the core of the system is a 12-channel Field-Programmable-Gate-

Array (FPGA)-baii optical stimulation controller (Optical Stimulation Chip Version 1-Light,

OSClLite; a and Figure S5, Supporting Information). OSClLite was designed to allow

independes manipulation of current output from multiple channels in a closed-loop setting. In

addition, a aveforms can be generated from the output of each channel so that a variety of
stimulatiom¥pr can be generated (Figure S6, Supporting Information). The current output from
each channél i dated every 17.2 us at 1 pA resolution so that arbitrary current signal can be

high fidelity (Figure 3b). OSClLite responds to trigger-in pulses by immediately
er-out pulse within 17.25 + 0.04 us (Figure 3c; mean £ SD, n = 500) and generating
the current signal within 30.8 = 1.3 ps (Figure 3c; mean £ SD, n = 500, measured at 50 % transition
points). A:;VR—based microcontroller board (Arduino Mega2560, Arduino, ltaly) was utilized to

generate t nals for 48 individual channels (Figure 3d). As shown in Figure 3d, the trigger-out

pulses genom OSCllLite channels were multiplexed into 4 analog signals and then fed into
the electrop ogy signal recording system (RHD USB Interface Board, Intan Technologies), so that
the accuraf€é timestamps of the optical stimulation can be recorded by the recording system and

synchr lectrophysiology recordings.

=

Composed ustom-built ULED controllers connected in parallel, the system allowed real-time
control of up to independent LEDs on a pLED optoelectrode during in vivo experiments. The

system was buil#with commercially available off-the-shelf circuit components and therefore

provideSgan pctive yet economical way to utilize the high-precision optical stimulation capability

of hectoSTAR puLEBYoptoelectrodes.

This article is protected by copyright. All rights reserved.
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Figure 3. In@lependent, highly-multiplexed control of YULEDs using OSClLite. a) Schematic diagram of an
OSC1Lite® mercial off-the-shelf IC components for each current output channel are shown. b)
SnippetsHurrent waveforms generated from an OSC1Lite channel. Thanks to the fast sampling rate
(~ 60 kS/s) bitrary waveform generation feature of the controller software, the shape of the current
pulse’s risiman be easily modified into different shapes. Note negligible signal distortion due to

guantization er Plots of the trigger-in signal, trigger-out signal, and the current output, into and from an

Fifty individual traces are shown in grey, overlaid with averaged traces in color. The mean (+
SD) delay betwee e rising edges of a trigger-in signal and the following trigger-out signal is 17.25 (£ 0.04)
ps, and that between the trigger-in and the current output is 30.8 (+ 1.3 ps), n = 500. d) Circuit diagram of the
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48-channel system. Forty-eight TTL pulses generated by an AVR-based microcontroller board (Arduino Mega
2560) trigger the current output. A voltage divider combines 48 TTLs into 4 analog signals which then are fed
into analogl'nput crnnels of the electrophysiology recording system. e-g) High-density and high-channel

count electrodes and pLEDs combined with independent control of any uLEDs enable multilayer optotagging

(e), neural s peneration (f), and closed loop optogenetic (g) experiments. e) Schematic of cortical and

hippocampal circuitry
H I . .
somatostatigs#+ interneurons, respectively). Note that hectoSTAR optoelectrode can record from and stimulate

blue triangles, green and purple circles represent pyramidal cells, parvalbumin+ and

neurons in pyramidal layer of CA1 simultaneously. Optoelectrode shank schematic (middle) and

stimulation @attern (hight) used in head-fixed mice experiments. 12 uLEDs/shank were used in this stimulation

sequence (5 imulation interleaved with 100 ms no stimulation). f) OSC1Lite-controlled time-varying
neural sequm be generated in CA3 and the resulting activity can be recorded along the CA1-CA3 axis of
the hippoca s. 8Y Behavioral or neural events can trigger OSC1Lite which in turn can deliver current to any
ULED within .Bepending on the animal position OSC1Lite can activate uLEDs while a mouse is running on
a track (locati mulation is shown by infrared LEDs).

combined

short latency between the trigger-in signal and current generation allows the

The erxibime patterns that can be generated from each channel of the controller system

utilizati tem in multiple experimental designs (Figure S7, Supporting Information). Figure

3e-g illustrates e examples of unique experiments enabled by this technology. HectoSTAR ULED

probes aneous optogenetic tagging of genetically defined cell types across layers and

structures and the study of their functional interactions (Figure 3e). To understand how upstream
inputs arem by downstream target structures, artificial input patterns can be generated in
the former ecording both neural populations (Figure 3f). Finally, the short latency of the

controller ven allows closed loop optogenetics experiments to be performed, with

stimulard by either behavioral or neural events (Figure 3g).

2.4. Invest:f inter-areal cell type-specific interactions

This article is protected by copyright. All rights reserved.
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Figure 4. M onal recording in a head-fixed mouse using hectoSTAR ULED optoelectrode. a) LFPs
recorded o els in a PV::ChR2 mouse. Left: single shank layout shows the location of activated uLEDs
used in i iment (dark blue). 50 ms light pulses delivered by LED-15-25 (horizontal blue lines) induced

spiking aHle units (blue shaded area). Raster plot at the bottom shows the activity of two single

units durin imulation. Putative position of the example neurons relative to the recording sites is
shown on the left. BY Mean waveforms and autocorrelation histograms indicate well isolated single units. On

the right, single L riggered raster plots are shown for the two cells. Cell in cyan was significantly modulated

by shan (p < 0.01, bootstrap test), and the cell in magenta was modulated by shank-4 LED-17 (p <

0.01). c) LED tr mean spiking rate is shown for each cell. Each row represents the average spiking rate

of the neuron triggered by an LED (n = 396 trials, LED1-12 is on shank-1, LED13-24 is on shank-2, LED25-36 is
This article is protected by copyright. All rights reserved.
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on shank-3 and LED37-48 is on shank-4, white dashed lines show the onset and offset of light stimulus). The
cells are significantly modulated by the following LEDs (cyan cell: LED43-45, spiking rate: 4 Hz, 14.2 Hz and
26.75 Hz, CI' 0.8-3.' magenta cell: LED42-46, spiking rate: 10.64 Hz, 48.44 Hz, 105.64 Hz and 15.9 Hz, Cl = 4.3-

10.4). d) Probe_layout is shown with the putative location of recorded neuron somata (n = 61 putative

pyramidal cgl rrow interneurons and 12 wide interneurons). Single units were clustered in the cellular

layers of cor Ippocampus (0 um represents brain surface). e) Clustering of neurons by through-to-peak

| |
time of theigwaveform and burst index. Note the separation of narrow waveform interneurons and pyramidal

|
x|
Q)
3|
O

cells. Blue s te the optotagged PV+ cells recorded during the same session as in a.

To demonstrat€ the capabilities of the hectoSTAR ULED optoelectrode for in vivo interrogation of

SC

neural circuits, we performed acute recordings in head-fixed mice (Figure S8, Supporting

Information). The lhectoSTAR probe was inserted in the dorsal hippocampus targeting cortex and

Gl

CA1 simultaneously (Figure 4a and d). Some of these experiments also targeted dorsal CA1, CA3 and

dentate gWrus subregions (Figure S9a and Figure S10, Supporting Information). Laminar LFP

A

recordings allowed the identification of cellular and dendritic layers based on electrophysiological

markers. Il a n to wide-band LFPs, low impedance electrodes enable high signal-to-noise

d

recordings of extracellular spikes, with more than 2004V in many cases (Figure 4a, Figure 4b, and
rting Information). Spikes from individual neurons were recorded from multiple
taneously (3-5 electrodes typically) due to their high-density and staggered
arrangement in the probe shank. After semi-automatic clustering of recorded spikes, more than 700
single unitggwere isolated across 9 recording sessions (84 * 28 single units/session, mean £ SD; n=7
mice). The& were classified into putative cell types based on waveform and spike train

characteris re 4b and e, criteria of this classification can be found in the Methods section).

Physiologica ification of cell types is prone to errors and only allows a coarse division into broad

categories8uch as excitatory or inhibitory cells. To further refine such classification and provide
ground , we performed optogenetic ‘tagging’ of genetically defined cell types by delivering
brief puwt through individual pLEDs in different transgenic mice lines expressing ChR2
selectively in parvalbumin expressing (PV+) or somatostatin expressing (SOM+) inhibitory cells or
CamKiIl ex xcitatory cells (CamKIl+). 50 ms light pulses delivered by individual uLED elicited

reliable es of action potentials with short latency in nearby cells expressing ChR2 (Figure 4b,

Figure 4c, a re S9, Supporting Information). Illumination of ULEDs on neighboring shanks did
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not induce time-locked spiking of neurons (Figure 4c). This approach provided ground truth data to

guide the classification of these three cell types in our recordings (Figure 4d and e).

The capahl y of multi-region recording and identification of genetically defined cell types with the

hectoSTAR @ trode enabled a novel approach to study circuit interactions in behaving animals.
We focused™© e circuit integrated by the hippocampal CA1 area and its main input region, the
||

CA3 area. first identified putative monosynaptically connected pyramidal — interneuron cell pairs
he cross-correlograms of their spike trains. The presence of a significant short-
ms) pBak in the cross-correlogram denoted a functional monosynaptic cell pair (Figure

). We found multiple examples of such functionally connected cell

S11a, Supporti nformation
pairs acros8l hi@pogampal subregions, including from optogenetically tagged CamKIl+, PV+ and SOM+
cells (Figu Supporting Information). Taking advantage of the 2D recording with the
hectoSTAR optoelctrode, we characterized the spatial distribution of monosynaptic interaction
motifs in Il types. The number and strength of pyramidal-interneuron monosynaptic

connection§followed a log-normal distribution, with most cells having few and weak connections

and a minQgi ing a large number of connected pairs (up to 14). We found that PV+ had on
average m@re ctions per cell than SOM+ or CamKll+ cells (3.53 + 2.63 connections per cell for
PV+, 2 OM+, and 2.13 + 1.42 for CamKll+). The strength of these connections (spike

transmission ility) decayed as a function of the distance between the two cell somas for all
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Figure 5. Unvei Il type-specific interactions in the CA3-CA1 circuit. a) Example response elicited by a 100

ms singl activation in the CA3 (blue globe in shank 1). Top: raster plot of spikes shows sequential
activation of cells recorded by each shank. Each dot is one spike and each line an individual neuron. Bottom:

depth profiles of LFPs superimposed on CSD (‘current source density’) color maps. Note that oscillatory

higher for CA1 stimulation (p < 0.001, rank-sum test, for sites 1-3 shanks away). d) Unit firing

I

responses unit firing was elicited in the four shanks. b) Same plot as in a but in this case the

activated CA1 (top on shank 1). Strong LFP and unit response was elicited only in shank 1. c¢) High-

frequency LF (80-200 Hz) in CA1 as a function of the horizontal distance from the activated uLED was

n

respons Iso stronger for CA3 than CA1 simulation for sites 1-3 shanks away of the activated pLED

(p<0.01 - st). e) Location of recorded neuron somatas (n = 89 pyramidal cells, 19 narrow-waveform

{

interneuron ide-waveform interneurons, red, dark blue and light blue, respectively) imposed on probe

layout (CA1 and CA3lare shown in yellow and orange, respectively). Raster plots show single cell responses to

5,

120 ms light pulsesgdelivered by individual uLEDs in CA3 (blue globes). f) Top left inset: Example functional

nnection identified from the CCG between a putative pyramidal cell and interneuron.
Different fun onnectivity motifs from the same session are illustrated with directed graphs (arrows

indicate the direction of connection between neurons). Autocorrelation histograms and CA3 optogenetic
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sequence triggered raster plots are shown for each highlighted neuron. g) Correlation between the firing rate

elicited by CA3 stimulation of CA1 cells with mutual monosynaptic connections (r = 0.51, p = 0.0008; n = 50

pairs). I '

We then asked a guestion that was difficult to tackle with conventional optogenetic tools: Is CA3 to
| i prog

CA1 in viv@ffunctional connectivity related to downstream cell types and local connectivity? Short

pulse stimulatioga(120 ms) with a single uLEDs located in the CA3 pyramidal layer elicited a strong

response ifdboth A3 and CA1 regions in the four shanks (a spread of activity of more than 1 mm)

(Figure 5a-gj. ever, the same stimulation delivered with single pULEDs located in the CAl
pyramidal ited a strong response but only locally (Figure 5b-d), likely due to the lack of
strong rec itatory connections as in CA3. We found responses of different cell types in both
CAland C local stimulation (Figure 5e). Response latencies were longer for CA1 than CA3

CA3 stimu n CA1 CamKIll+ or SOM+ cells (52/5/27 % of responsive PV+/SOM+/CamKII+ cells)

and did so mter latencies (p < 0.05, rank-sum test).

In each recording session we found multiple motifs of local functional connectivity in CA1l, i.e.,

cells (p = (ka—sum test). CA1 PV+ cells were more likely to discharge in response to local
&

several in ons connected to the same pre-synaptic pyramidal cell or vice versa (Figure 5f and

Figure S orting Information). We thus analyzed if downstream connectivity (in CA1) was

related to upstream inputs (form CA3). Indeed, we found that the magnitude of response to CA3
stimulatiosas significantly correlated for CA1 cells that had local monosynaptic connections (r =

0.51,p<0 not for un-connected cells (r = -0.014, p > 0.05), revealing the existence of inter-

regional fuonnectivity motifs (Figure 5g).

2.5. Dis&put-output transformation across brain regions

in which fire during SPW-Rs recapitulates recent experience, and it has been suggested that

The CA3/C enerates synchronous network patterns known as sharp-wave ripples (SPW-Rs)
that prc{Al eliciting a strong activation of local cell ensembles. *¥ The sequential order
it constituted a cellular mechanism for memory consolidation and action planning.”) Two main
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patterns of activity during SPW-Rs have been described. Hippocampal cells can reactivate in the
same order that they fired during behavior (‘forward sequences’) or in reverse order (‘reverse

sequeant functional roles have been attributed to either type of pattern,'>“*® but their
underlying isms remain unknown. A pre-requisite for such neuronal sequences role in
memory is&ream regions can effectively distinguish among them.

I I

L
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Figure 6. Reanut: input patterns from upstream population activity. a) Experimental design. Individual

ULEDs from k (bottom; blue globes) were sequentially activated in a forward or reverse manner (top)

to stimulate urons. b) Example response in CA1 to forward (left) and reverse (right) CA3 stimulation.

CA1 filt 80-300-Hz) is shown on top and unit population response below (only CA1 pyramidal cells
that fired during thése events were included). In the first column units were sorted according to their firing

order during forward CA3 stimulation, and on the second column by their order during reverse stimulation. c)

This article is protected by copyright. All rights reserved.

20



WILEY-VCH

Rank order correlation for CA1 sequences during forward and reverse CA3 stimulation events (n = 120/120
forward and reverse events) *** p < 0.001, rank-sum test. d) Schematic of decoding approach. Spike trains of

CAl pyramiﬁl cells'uring CA3 stimulation events were used as input features for the linear SVM to decode

input pattern (either forward or reverse stimulation). e) Decoding accuracy compared to shuffle distribution.
Red line in

shuffles).

pcoding accuracy (71.4%) and black histogram shuffle distribution (p = 4e-4; 10,000

We took a@lvantagé of our simultaneous CA1-CA3 recordings to test this hypothesis. We delivered
two patterns of CA3 stimulation in an interleaved manner by sequentially activating uLEDs located in

the CA3 pyramidaljlayer of each shank in either a forward or reverse sequence (120 ms partially

SCrI

overlappin Figure 6a). This experiment was conducted in CamKIl::ChR2 transgenic mice

(n=3), so onl ramidal cells were directly activated. Such stimulation entrained local CA3 cells and

Ll

induced a S upstream CA1 (Figure 6b). CA1 neurons were activated in a different sequential

pattern du forward and reverse CA3 stimulation (Figure 6c).

1

To quanti henomenon, we analyzed the rank-order correlation of CA1l activity during

d

stimulation 451 CA1 sequences in response to the same type of CA3 stimulation were more

correla an when forward versus reverse events were compared (Figure 6c). To directly test if

CA1 ensem Id distinguish between forward and reverse input sequences, we employed a

\

Suppor chine (SVM) decoding approach. We used SVM to perform a binary linear
classification of CA1 population responses to CA3 forward and reverse stimulation patterns (Figure
6d). We to ike trains of CA1l neurons during the 120 ms of CA3 stimulation and used them as

input feat e SVM decoder. Half of the data was used to train the decoder (n = 120 events)

or

and decodi acy was tested on the remaining half. We found that our decoder predicted the

correct C attern 71.4% of the time, which was highly significant compared to a shuffle

n

distribui A3 input labels where randomly assigned (Figure 6e; p = 4e-4; bootstrap test).

These r t that CA1 can effectively readout the sequential order of its CA3 inputs.

ut

3. Discussio

A
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We have presented here the fabrication and testing of the hectoSTAR ULED optoelectrode. This
silicon-based probe features 256 electrodes and 128 LEDs, distributed on four shanks and covering a
large VOM cross-sectional area of 900 um by 1,300 um. The highest packing density of light
sources an ctrodes combined to date, to the best of our knowledge, was achieved with the
integratiormr of magnitude more electrodes and pLEDs than on any other previously
reportegh opteeiestrodes. In addition, we developed a micro-controller for independent control of

ULEDs to Mmulation light with arbitrary patterns. We demonstrated the unique capabilities

of the devjge f igh-resolution selective neuronal modulation and recording in behaving mice.

Previous o odes also enabled the recording and stimulation of neurons with high spatio-
temporal 1, but they spanned a very limited volume of tissue (~¥250 x 800 um) (Table S4,
Supporting riation). These reduced dimensions made it impossible to simultaneously record

with one o: t:esievices more than one brain area. Although it would be theoretically possible to
record wit han one of those devices in the same animal, such experiments have not been
conductedf8o far due to their technical difficulty, even more when the regions of interest are very

closely loc yastit is the case of the CA1 and CA3 hippocampal areas. The main feature of the

hectoSTAR trode is the ability to perform multi-region (such as neocortex and hippocampus,

or CAl1 and“€A ppocampal subregions) high-density recordings of neuronal ensembles together
with o etic stimulation with near single-cell resolution at scale. This allows us to dissect

network in s of defined cell types across hippocampal sub-regions.

The hectoSTAR optoelectrode is particularly suitable to address one of the main goals in systems
neurosciers — to understand input-output transformations in neural circuits. To date, such

inference is ically done by simultaneously recording connected regions and correlating the

patterns o across regions. While such correlational approaches have provided valuable

insights on the mechanism of neural communication, perturbation methods are needed to test the

conclusion§ibased on correlations. The hectoSTAR optoelectrode enables one to investigate in vivo
the propesiies of gCA3 to CA1 functional inputs. First, we demonstrated that low-intensity local
stimulation with an individual uLED (likely only directly depolarizing a few pyramidal neurons in the
immediate vicinitylof a given ULED) can synaptically entrain their partner interneurons in both CA1

and CA3 regions, Bifferent types of postsynaptic CAl cells were activated by optogenetically driven

showed different response properties. PV+ cells (a group that includes subsets of
basket, bistra and axo-axonic interneurons)*”’ were more likely to be activated by CA3 inputs
than SOM+ or CamKII+ cells and responded with shorter latencies (Figure 5). This confirms previous
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observations of a strong feedforward inhibitory component of the CA3 to CAl input and suggests
that it is mediated by PV+ interneurons.”® Furthermore, we also found that the local motifs of
connectwnfluence the response to extrinsic CA3 inputs. CA1 cells that shared functional
monosynapi ections were more strongly correlated in response to CA3 stimulation, compared
to other, med CA1 cells (Figure 5). This result suggests the existence of inter-areal
functiones| commestivity motifs. Further research is necessary to investigate the origin and functional

role of suc in CA3 to CA1 communication.

[

The secon@ novelfobservation enabled by the hectoSTAR optoelectrode was that CA1l neuronal

C

ensembles can teliably read out the sequential order of their CA3 inputs (Figure 6). This is an

important ffinfingfbecause SPW-R-associated sequences have been postulated as the cellular

S

hallmark o and memory in the hippocampus.* The order in which hippocampal cells fire

7

during SPW-R reg@pitulates recent experience, a phenomenon termed ‘replay’.®*" Replay can

Ll

proceed in e or opposite order as the neurons that were active during behavior (‘forward

replay’ or iRithe opposite order ‘reverse replay’). Numerous studies have suggested that the content

[l

of replay, j hey order of activation of neuronal ensembles, is fundamental for learning and

memory.[4 pre-requisite for this hypothesis is that these sequences need to be read out by

downst regions. CA1 neuronal population could distinguish between the forward and
reverse orde tivation of their upstream CA3 pyramidal cells (Figure 6). In these experiments,

the sa

M

cells were activated in response to both types of inputs, the main difference was
only the order in which they fired. Overall, these results provide support for the hypothesis that

neuronal s@guences are an effective code of communication between brain regions.

.

The utility hectoSTAR uLED optoelectrodes may further be improved with additional

O

engineerin tions. A key step is the miniaturization of the back end of the device to enable

experimen ly moving mice and other small animals. Here, we demonstrated the capabilities

N

of the LED optoelectrode in head-fixed animals. The size of an unpackaged device is

|

quite s ing 4.2 x 11.1 x 0.03 mm (W x L x T), including the backend for the external

connection:. nted circuit board, on which the connectors for the interface with the recording

U

and the sti n system are integrated in the current instantiation is large and prevents its
practical u ely moving small rodents. It is expected that, if miniature-sized interface circuit(s)

with wi ng pads in appropriate dimensions and layouts can be integrated with the circuit(s)

A

This article is protected by copyright. All rights reserved.

23



WILEY-VCH

[53]

by the means of a flexible cable (i.e., using microflex technology),”” the size of the packaged device

can be reduced enough so that it can be mounted on the head of a freely moving mouse.

Previousmr as demonstrated the utility of flexible electrode interfaces to record the same

neurons fa ed periods of time.[® > A caveat of our approach is the rigidity of the silicon

substrate en the fabrication of the probe. Thus, a promising future extension of this work

. H I . . .
will be thegevelopment of version of the hectoSTAR ULED optoelectrode in a flexible (e.g. paralyne)

instead of on substrate. Towards that goal, a number of engineering challenges remain to

be overcome, inclfiding the monolithic integration of multi-color LEDs on a silicon substrate, the

high-yield transfer of ULEDs onto a flexible substrate, and a defect-free yet flexible polymer

5759 3nd those for the

encapsula niques for the monolithic integration of multi-color LEDs
wafer-leve of ULED from a rigid substrate to a flexible substrate’®®®? have been recently
demonstrated by s€veral research groups. We anticipate that these techniques will come to maturity

in the net and be incorporated for the fabrication of next-generation hectoSTAR uLED

optoelectr
Another p avenue of future development is the integration of nanoscale electrodes that
enable intracel electrophysiological recording'*? onto the hectoSTAR ULED optoelectrode. Such

intracel ecording capability would certainly provide a great advantage of being able to monitor
important s shold neuronal activity, to which extracellular recordings do not provide access.
At the ,;one must carefully evaluate the intrinsic limitations of intracellular recordings:
typical short duration recordings (< 30 minutes) due to membrane damage (and thus cell death), low
cell yield, hxperiments that require a continuous monitoring of large neuronal populations
over a coumended time, the use of intracellular electrodes will be sub-optimal; however, its

combinatio imultaneous large-scale extracellular recordings and optogenetic manipulations

could offerﬂ.lable tool for the dissection of neural circuit mechanisms.

4. Method:

HectoSTAR uLED gptoelectrode fabrication and packaging:

All the brication steps were carried out in Lurie Nanofabrication Facility, University of

Michigan, Ann Arbor, MI, USA. The procedure for the fabrication of uLED optoelectrodes in a multi-
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B3] was utilized, and a fine-pitch photolithography technique was employed

metal-layer configuration
to define narrow metal lines, serving as LED and electrode interconnects, on the surface of
optoeleWe specifically, 100-nm thick and 700-nm wide gold (Au) lines were defined by lift-
off patterni ess utilizing a thin bilayer resist and a 5 x image reduction i-line step-and-repeat
projection &raphy tool (GCA AutoStep 200). A thin layer of contrast enhancing material
was spimrcoatedmem top of the resist stack just before the exposure and was immediately rinsed
away. ForMetal layer, a 90-nanometer thick Au layer was electron beam evaporation
depositedm Denton Vacuum, Moorsetown, NJ, USA) on the patterned wafer after a 10-nm

titanium ( adhesion layer. Dissolution of the bilayer resists in a warm (40 °C, overnight soak)
bath of NAWe -pyrrolidone(NMP)-based solvent (Remover PG, Kayaku Advanced Materials)
completed liff*off process.

Fabricated hecto3JAR optoelectrodes were packaged on printed circuit boards that provide
interface t al signal conditioning electronics. Two-layer printed circuit board with 2-mil

(0.051 m alf-pitch, 0.7-mil thick (half ounce, 0.018 mm) copper traces were fabricated at a

commercia rication facility (Hughes Circuits, San Marcos, CA, USA). Electrical connectors for
the connedtio e PCB with neuronal signal recording headstage (Molex SlimStack 502430-6410,
Molex i USA) and LED drivers (NPD-36-AA-GS, Omnetics Connectors Corp., Minneapolis,

MN, USA) we w soldered on the PCB before attaching the optoelectrode to the printed circuit

board.

531 were utilized to provide

A separately fabricated, 4-um thick polyimide flexible interposers
electrical a anical connections between the printed circuit board and the optoelectrode. The

polyimide @ ontaining embedded metal lines was fabricated on a silicon wafer and then

released fro@ wafer. Gold ball bumps were formed on both ends of the metal lines to form
verticalﬂ from the metal lines on the cable to the pads located underneath. A ball bonder
(K&S 4 ke and Soffa Industries, Inc., Fort Washington, PA, USA) was utilized for the

formatiwmps. After all the components were attached to the printed circuit board, all the

exposed nﬂrfaces were covered with thermal epoxy (EPO-TEK 353ND and 353ND-T, Epoxy
Technologi ica, MA, USA) for protection.

Electrical and optical characterization of hectoSTAR ULED optoelectrode:
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The current—voltage (I vs. V) and the radiant flux-current (®. vs. 1) characteristics of each uLED on
the packaged hectoSTAR uULED optoelectrodes were measured. A source meter (Keithley 2400,
KeithleyMs, Cleveland, OH) was utilized to provide voltage across the anode and the
cathode ofmthe optoelectrode, and a multiplexer (Keysight 34908A on 34970A, Keysight

Technologi sa, CA, USA) was placed between the source meter and the optoelectrode to
providenth esamtem@tic channel multiplexing capability. An optical measurement system consisting of
an integraMre (FOIS-1, Ocean Optics, Largo, FL, USA) and a spectrometer (Flame, Ocean
Optics) wagfutili for the optical measurement. First, the tips of the optoelectrode were moved
until the sh re completely inside the integrating sphere, ensuring that all the light generated
from the um;e collected. The DC voltage across the terminals of each LED was swept from 0V
to 6.5V wit current compliance, and the current output from the source and the spectral flux
the spectrometer§detected were recorded. The radiant flux was calculated by integrating the

spectral fl avelengths from 350 nm to 600 nm.

The 1—kHz@ce of each recording electrode on the hectoSTAR ULED optoelectrode was

measured usi Intan neural signal recording headstage (RHD 128-channel headstage, Intan
Technologmngeles, CA, USA) inside 1 x phosphate-buffered saline (PBS) solution (prepared

using 1 ased from MP Biomedicals, Solon, OH, USA). Impedances of the electrodes were

measured usi euronal signal recording system (RHD2000, Intan Technologies, with RHD2000

interfa

1.5.2), 128 channels at a time. First, a 250 mL beaker was filled with 1 x PBS.
After connecting the headstage to a pair of Molex connectors on the optoelectrode PCB, the uLED
optoelectrSe was lowered into the container until the bottom halves of the shanks (~ 3 mm) were

submerged ingthe PBS. Exposed tips of the reference wires, whose other ends are soldered to the

vias of the ponding pins on the headstage, were also submerged in the PBS. After measuring

impedance irst 128 electrodes using the automatic impedance measurement feature of the

Intan softWare, the headstage was moved to the other pair of the Molex connectors and the

impedanc*f the 'st of the electrodes were measured.

Simulations for hegtoSTAR ULED optoelectrode performance:

The atte insertion loss, IL) and the crosstalk (far-end crosstalk, FEXT) of recording electrode

signals were simulated for a hectoSTAR PLED optoelectrode. First, an equivalent 3D model was built
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for a 100-um portion of an optoelectrode shank (Figure S2a, Supporting Information) using COMSOL
(COMSOL Multiphysics 5.4, COMSOL Inc., Burlington, MA, USA). The capacitance values in the
equivalWodel (Figure S2b, Supporting Information) were calculated using a stationary
electrostati sis, and the resistance values were calculated from the measured sheet
resistivitie&esponding metal layers. Then, a netlist of a circuit, consisting of a T-network
(unit cesl s_ Figure S2c, supporting information) and the other components in the signal
recording as built and simulated using LTSpice (LTSpice XVII, Analog Devices, Wilmington,
MA, USA). nitudes and the phases of the voltage signals recorded at the target node (V1)
and the neug node (V,,) were calculated V;; = 1V, for the 1 mHz - 1 MHz frequency band. The

values oft tance and the resistances are shown in Table S1, Supporting Information.

m light source representing a ULED. A Helmholtz equation describing the light

Light mten ibution in the brain tissue was simulated using a model of a brain tissue and a
planar 8 p

fluence ra G turbid medium with large scattering and absorption coefficients'®*** was solved
t

using CO h the surface of the optoelectrode modeled as an ideal reflective surface.

Absorptlo (12) and reduced scattering coefficient (p') utilized were 4.47 cm™ and 50.5
! resp

as simulated using a model of a brain tissue (7 mm x 7 mm x 7 mm, W x H x L) and

a 6-mm | on needle implanted inside the tissue. Heat equivalent to the amount of electric
power provided to the LED (300 uW) was assumed to be generated from an 8 um x 17 um x 0.5 um
(W x L x H} volume, which corresponds to the location of the lowermost pULED. The silicon needle
was built hnsions identical to those of a shank of the hectoSTAR optoelectrode, and a 1-um

thick silico 2 layer was assumed to be covering the top surface of the 30-um-thick silicon

shank. All m&t@®™races and the GaN/InGaN LED stack were ignored for simplicity, as their thicknesses

are negligi!e and their thermal properties comparable to those of silicon. Pennes’ bioheat transfer
equatio ved using COMSOL, with the top surfaces and the exposed sides of the silicon
needle a 0 be thermally insulating and the rest of the surfaces assumed to be isothermal.

The thermal propities of the brain tissue and the implanted optoelectrode are provided along with

the coeffic ioheat transfer equation in Table S2.

Acute animal experiments:
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The animal procedure was approved by the Institution Animal Care and Use Committee of the
University of Michigan (protocol number PRO-7275). One male transgenic mouse (JAX stock
#00761Med for the experiment. Electrophysiology recordings were made using two RHD
128-chann ing headstages (Intan technologies, Los Angeles, CA) connected to the PCB on
which themmounted via two pairs of Molex SlimStack (502426-6410, Molex, Lisle, IL)
connectarsAsREGmENNning Intan data acquisition software, connected to an Intan USB interface board
via a USB meas utilized to acquire and save data in real-time. NeuroScopelGe] was utilized for
the real-ting® vis@alization of data collected from all the 256 channels. Voltage signals for the LED
driving weued using a function generator (33220A, Keysight Technologies, Santa Rosa, CA).
Rectangul pulses with 0 V low-level voltage and 3.5 V high-level voltage were used as the

driving sign@®an@one-hundred-millisecond-long pulses were applied every 5 seconds in cortex and

hippocampus En =j60 pulses, Figure S12 and Figure S13, Supporting Information).

Head-fixe‘;xperiments:

All experimre approved by the Institutional Animal Care and Use Committee at New York

Center. Animals were handled daily and accommodated to the experimenter

nd head-fixed recording. Mice (adult male n = 4 CaMKII-ChR2, n = 2 PV-ChR2 and
in-ChR2 mice, 26—31 g) were kept in a vivarium on a 12-hour light/dark cycle and
were housed two per cage before surgery and individually after it. Atropine (0.05 mg kg—1, s.c.) was
administers after isoflurane anesthesia induction to reduce saliva production. The body

temperature was monitored and kept constant at 36—37 °C with a DC temperature controller (TCAT-

LV; Physite on, NJ, USA). Stages of anesthesia were maintained by confirming the lack of a
nociceptive reflex. The skin of the head was shaved, and the surface of the skull was cleaned by
hydrogen geroxide (2%). A custom 3D-printed headpost'®” (Form2 printer, FormLabs, Sommerville,
MA) was aitachedgto the skull using C&B Metabond dental cement (Parkell, Edgewood, NY). The
Iocationﬁniotomy was marked and a stainless-steel ground screw with header pin was
placed above the gerebellum. Each animal recovered for at least 7 days prior to habituation of the

head-fixation. Anignals were allowed to walk freely on a low-friction rodent-driven belt treadmill

during 4@ g sessions (Figure S8, Supporting Information).®® The day before recording, a
craniotomy wa rformed (2 mm posterior from Bregma and 1.5 mm lateral to midline) and the
dura was removed. After the surgery, the craniotomy was sealed with Kwik-Sil (World Precision
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Instruments, Sarasota, FL) until the recording. On the day of the recording the animal was head-
fixed, the craniotomy was cleaned and the headpost was filled with sterile saline. The ground of the
probe PWected to the header pin and the probe was inserted to the target depth using a
manual mi ipulator (MM-33, Sutter Instruments, Novato, CA). We constantly monitored the
eIectrophymnal during insertion. The collected data was digitized at 20 kS/s using an
RHD200@ neeemdimg system (Intan technologies, Los Angeles, CA). We waited at least 15 minutes
after reacm target depth. Baseline session and optogenetic stimulation session(s) were

recorded f@ mouse. After the recording session, the craniotomy was sealed with Kwik-Sil,

and the an s put back into its homecage. If more than one session was recorded from an

animal, a mtomy was prepared as described above on the contralateral side.
MLED cont:

Current-coRtrolled stimulation was used to drive individual uLEDs (OSC1Lite, 12-ch current source

/YoonGroupUmich/oscllite). Each shank was controlled by an OSClLite. The

location o th ivated ULEDs were selected before the experiment and remained the same

throug ding session. The stimulation amplitude and waveform were defined using
rce graphical user interface. Current was delivered to the individual uLEDs using

r
OSCllLite’s o
a 36-pi ics cable (A79029-001) attached to a solderless breadboard (Figure S6, Supporting

Information). 48 digital outputs of an Arduino Mega 2560 microcontroller were connected to the

trigger inps of 4 OSClLites. Predefined stimulation sequences were uploaded to the Arduino board

before the experiments and a manual switch triggered the sequence. The Arduino code was running
until the itch was turned off. All stimulation parameters are listed in Table S3.

-

Local field potential analysis:

Ripple det d wavelet spectrogram calculation were performed as previously described.!**
To detect ri

LFP signal and-pass filtered (difference-of-Gaussians; zero-lag, linear phase FIR), and
instanta ower was computed by clipping at 4 SD, rectified and low-pass filtered. The low-pass

filter cut-off was at a frequency corresponding to p cycles of the mean band-pass (for 80-250 Hz

ingle electrode in the middle of the pyramidal layer was selected. The wide-band
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band-pass, the low-pass was 55 Hz). Subsequently, the power of the non-clipped signal was
computed, and all events exceeding 4 SD from the mean were detected. Events were then expanded
until thWed) power fell below 1 SD; short events (< 15 ms) were discarded. To analyze
high-frequ illatory activity in the LFP at a high resolution in time and frequency, the complex
wavelet trmthe LFP was calculated using complex Morlet wavelets.”” Wavelets were
calculated fomeweny 2 Hz frequency step in the 50-150 Hz band. Spectrograms were calculated for

each dete -R or stimulation pulse in a [-150, +150] ms window using the LFP from every

1

individual trofle. Spectrograms for individual events were averaged to construct final plots.

The pyramid er of the CA1 region was identified physiologically by increased unit activity and

characterisic lFPpatterns.** The identification of dendritic sublayers was achieved by the

SC

applicatio nd ICA analysis to the LFPs."*7?

U

Single unitQnalysis:

F)

A concate al file was prepared by merging all recordings from a single animal from a single

a

day. To im e efficacy of spike sorting, stimulation induced onset and offset artefacts were

remov re automatic spike sorting (1ms before and 5 ms after the detected artefacts, linear

en timestamps). Putative single units were first sorted using Kilosort®” and then

interpolatio

M

sing Phy (https://phy-contrib.readthedocs.io/). After extracting timestamps of

manual

each putative single unit activity, peristimulus time histograms and firing rate gains were analyzed

[

using a cus LAB (Mathworks, Natick, MA) script.

Cell type ¢ on:

no

In the progessing gipeline, cells are classified into three putative cell types: narrow interneurons,

L

wide interneurons, and pyramidal cells. Interneurons are selected by 2 separate criteria; narrow

interneuron is asgigned if the waveform trough-to-peak latency is less than 0.425 ms. Wide

U

interneuron is assigned if the waveform trough-to-peak latency is more than 0.425 ms and the rise

time of ocorrelation histogram is more than 6 ms. The remaining cells are assigned as

pyramidal ce & 3751 Autocorrelation histograms are fitted with a triple exponential equation to
supplement the classical, waveform  feature based single unit classification
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(https://cellexplorer.org/pipeline/cell-type-classification/).’® Bursts were defined as groups of
spikes with interspike intervals < 9 ms. We have isolated 762 putative single units from 7 animalsin 9

sessionMutative pyramidal cells, n = 152 putative narrow interneurons — 10 of them are

parvalbumi itive interneurons, and n = 66 putative wide interneurons — 4 of them are
somatosta interneurons).

H I
Optogenetiftag of PV and SOM cells:
To optogenetic tag PV and SOM cells in cortex and hippocampus, PV-Cre::Ai32 and SOM-
Cre::Ai32 miicg®wele used, respectively. 50 ms light pulses were delivered every 100 ms for at least
200 times wsi ULEDs across 4 shanks. The spiking activity of each neuron was resampled 500

times between th€ first and last light pulses to build bootstrap samples. Then we calculated a

bootstrap ton and confidence interval (0.001-0.999) for each single unit. The putative single
ori

unit was c ized as optogenetically activated if the peak spiking rate of the neuron was outside

of the bootmwfidence interval in a 5-8 ms window following light delivery.

Analysifofznaptic cell pairs:
Cross-c CG) analysis has been applied to detect putative monosynaptic connections.”*””?

CCG was calculated as the time resolved distribution of spike transmission probability between a

reference &n and a temporally shifting target spike train. A window interval of [-5, +5] ms
with a 1-0& was used for detecting sharp peaks or troughs, as identifiers of putative

monosyna ections. Significantly correlated cell pairs were identified using a previously

ground-tru ted convolution method.”® The reference cell of a pair was considered to have
an exci synaptic connection with the referred neuron, if any of its CCG bins within a
windowH reached above confidence intervals.

-

Analysis of oked sequential activity:
To analyze t ked population activity in CA1 due to CA3 sequential stimulation, spikes from

isolated CA1 pyramidal cells during forward and reverse stimulation periods were collected. Pairwise
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rank order correlation was calculated either between forward and reverse stimulation events or for
each type of events separately. CA1 pyramidal cell unit activity during each stimulation event was
transforw normalized sequence, using the center of mass of each unit’s spikes. Rank
distributio correlation values was tested against shuffle correlations (1000 shuffles,
significancm) using Pearson correlations. To classify CA1 population responses according
to the pattemmmefestimulation in CA3, a linear support vector machine (SVM) classifier was used. The
features feMe classifier were the spike trains of each CA1 unit during stimulation events. The
classifier tr d using half of the data in the session and its performance evaluated with the
remain da ding accuracy was computed using a bootstrap test with 10,000 surrogate

shuffling e Is.

Statistical :

Statistical g;l;ses were performed with MATLAB functions or custom-made scripts. No specific

analysis wa p estimate minimal population sample or group size, but the number of animals,

sessions a 170,72,

78-82] Th

ed cells were larger or similar to those employed in previous related works.

lysis was typically identified as single neurons or assemblies. In a few cases, the

unit of analy sessions or animals, and this is stated in the text. Unless otherwise noted, non-
param -tailed Wilcoxon rank-sum (equivalent to Mann-Whitney U-test) or Wilcoxon signed-
rank test was used. For multiple comparisons following ANOVA, Tukey’s honesty post-hoc test was
emponed.Sn box plots, the central mark indicates the median, bottom and top edges of the box

indicate the h and 75th percentiles, respectively, and whiskers extend to the most extreme data

points not red outliers. Outliers are not displayed in some plots but were included in

statistical analysis. Due to experimental design constraints, the experimenter was not blind to the

Supporting Information

Suppor%tion is available from the Wiley Online Library or from the author.
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A novel ne_u?lprgbe that enables simultaneous electrophysiological recording and
optogenetic manipulation of deep neuronal circuits at large scales with a high spatiotemporal
resolution is presented. The hectoSTAR PLED optoelectrode, featuring 256 recording
electrodes and 128 stimulation yLEDs densely integrated on the tip of four micro-needles,
allows for cellular and circuit-based brain mapping in behaving animals.
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