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ABSTRACT

The optogenetic approach to studying the primate brain has unparalleled

potential for uncovering circuit-based mechanisms of cognitive functions. Here, |

describe a series of works on the application of optogenetics to primate deep brain

structures. For photostimulation and electrophysiological recording, | developed a

glass-coated tungsten optrode that has a rigid, smooth, thin structure and can be

inserted deep into the brain. For precise targeting of virus injection into deep brain

structures, | developed a stick-shaped ultrasmall syringe-pump system mounted on a

hydraulic manipulator that uses the same coordinate system as electrophysiological

mapping of the target area. | also developed a metal-backboned glass injectrode that

enables electrophysiological recording and pressure-injection at the same locus,

enabling the target area to be identified using neural activity. | applied these

optogenetics methods to in vivo models. The injection system resulted in a

successful expression of channelrhodopsin-2-enhanced-yellow-fluorescent-protein

even in the perirhinal cortex, the deepest part in the macaque brain. In vivo,

fiber-optic fluorescence measurements made with the optrode clearly detected

channelrhodopsin-2-enhanced-yellow-fluorescent-protein expression. In the rat,

functional magnetic resonance imaging during photostimulation of the thalamic

posterior medial nucleus revealed a focal activation in the secondary somatosensory
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area corresponding to the histologically identified thalamic projection. In the

monkey thalamus, light-responsive single units were isolated and categorized

according to spike discharge probability. These methodologies have had substantial

impact on the field and have already been put to use. They enable neural circuits of

cognition to be studied, even at the bottom of the macaque inferior temporal cortex.



Abbreviations

ANOVA, analysis of variance

AP, anterior-posterior

ChR2-EYFP, channelrhodopsin-2- enhanced-yellow-fluorescent-protein
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Ex, excitation

EYFP, enhanced yellow fluorescent protein

fMRI, functional magnetic resonance imaging

GFAP, glial fibrillary acidic protein

IA, interaural line

LM, lateral-medial

MRI, magnetic resonance imaging

PSTH, peri-stimulus time histogram

Rfas9, reflection in 469-nm band

ROI, region-of-interest

TE, echo time

TR, repetition time



INTRODUCTION

The optogenetic approach to the primate brain is a breakthrough research

model that has huge potential to advance our understanding of the neural

mechanisms of cognitive functions. In the field of memory research, optogenetics

has primarily been applied to study the rodent brain during simple conditioning

paradigms [1-3]. Study of the monkey brain will contribute to this field by allowing

researchers to elucidate circuit-based mechanisms underlying the formation and

retrieval of explicit memories for episodes or objects. In the rhinal cortex of

macaque monkeys, which is located in the bottom of the brain, bridging the

hippocampus and the ventral visual stream, learned visual objects are coded by a

population of neurons [4-6]. Optogenetic dissection of the macaque rhinal cortex

will reveal how mnemonic information is processed and used for adaptive behaviors

of monkeys.

However, the macaque brain is structurally complex and several times

larger than the rodent brain, and only a limited number of animals are trained for

cognitively demanding tasks; therefore, significant technical advancements are

required before optogenetics can be used to study the deep regions of macaque

monkey brain during cognitive tasks. In macaque monkeys, opsin genes for
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light-gated ion channels or ion pumps [7] are introduced by localized injection of

viral vectors into the target of interest [8, 9]. The target region must be accurately

localized in each animal, without miss-localization or injection fault. Light for

photostimulation is delivered by optical fibers inserted into the brain with or without

a combined recording-electrode [10]. The optical probe used for the

photostimulation must correctly target the virus-injected region to ensure effective

photostimulation. All of these procedures (virus injection, photostimulation and

physiological recording) should be minimally invasive to allow reproducible results

to be obtained over long experimental periods from individual animals.

Addressing these issues requires the development of a new methodological

infrastructure that has been optimized for deep brain structures in the primate. First,

a minimally invasive combined optical and electrical probe (optrode) is required to

allow simultaneous photostimulation and electrophysiological recording. Second, an

adaptable coordinate management system for virus injection is required to allow

accurate injection of the virus into a target region-of-interest that has been

electrophysiologically mapped. Third, a minimally invasive combined injection

needle and electrode (injectrode) is required to allow the position of the injection

needle to be guided by electrophysiological monitoring of neural activity.



Introduction

Successful application of optogenetics in vivo requires successful

expression of the transgenes, and tools that can accurately measure the effect of

photostimulation at a global as well as a local level. In long-term experiments with

chronic preparations, the expression of the transgenes introduced by the virus

injection should be confirmed before photostimulation experiments are conducted in

task-playing animals. This can be done by measuring the fluorescence of the marker

proteins via optical fibers within the optrode [11, 12]. The impact of

photostimulation on remote brain regions is of a major interest in living animals.

Functional magnetic resonance imaging (fMRI) measures hemodynamic responses

across the whole-brain, and can be used to visualize whole-brain activity [13]. For

the electrophysiological analysis of optogenetically activated neurons, the quality of

extracellular recordings made with the optrode should be sufficient to allow isolation

of single units. The spike discharge probability of single units in response to

high-frequency repetitive light pulses [14] is another point to be discussed in

optogenetics-assisted electrophysiology to putatively categorize the recorded units

into directly or indirectly photoactivated cells.

In this thesis, | describe the details of these methodological developments

and present results from the application of these methods to rats and monkeys.



MATERIALS AND METHODS

All experiments except for the preparation of viral vectors were conducted

by the author.

All animal procedures complied with the National Institutes of Health

(NIH) Guide for the Care and Use of Laboratory Animals and were approved by the

Institutional Review Committee of the University of Tokyo School of Medicine. All

surgical procedures were performed under aseptic and analgesic condition, and all

efforts were made to minimize the suffering and number of animals used.

Anatomical brain areas were identified according to a rat brain atlas [15]

and a macaque brain atlas [16].

Fabrication of the glass-coated tungsten optrode

In the first process, optical fibers and tungsten wires were sharpened. To

obtain sharpened optical fibers that efficiently conduct light to the tip, the graded

index silica fibers (cladding, 125 um; numerical aperture, 0.275; GIF625, Thorlabs)

were selected and pulled by a micropipette puller. The pulled fiber had a conical tip

with a 5 mm taper. The tungsten wires (diameter, 50 um; #715550, A-M Systems)

were electrochemically etched. In the second process, four optical fibers were thinly
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coated with an appropriate amount of silicon lubricant (see below) and assembled

together with the tungsten wire in polyimide tubes (i.d., 300 um; 0.d., 350 um; #120,

MicroLumen) and a glass capillary (i.d., 400 um; o.d., 500 um, PYREX) so that

these fibers symmetrically surrounded the centered tungsten wire (Fig. 1A, right).

The assembly was fixed at the base with cyanoacrylate adhesive. In the third process,

by pulling the capillary, the optical fibers and the tungsten wire were integrally

coated with a thin layer of glass (Fig. 1B). Finally, the glass coating at the tungsten

tip was removed so that the optrode had the impedance suited for

electrophysiological recording.

In the glass-coating process, the amount of lubricant was critical. Excess

lubrication prevented the glass coating from adhering to the tungsten, while

insufficient lubrication caused cracking of the optical fibers due to adhesion. The

specifications of the optrode were adjusted as follows: exposed tip length, 30-70

um; impedance, 0.2-1.2 MQ (1 kHz); inter-tip distance (tungsten wire to optical

fibers), 300-700 um; and total length, 4-5 cm (for rats) or 10-12 cm (for monkeys).

The basal part of the optrode was reinforced with a semi-hard type heat shrink tube.

The optrode could be held and manipulated by a conventional manipulator.
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Inspection of the illumination property

The light emission property was examined by a stereoscopic fluorescence
microscope (VB-GO05, Keyence) and ImageJ software (NIH). For the lateral view,
the optrode was observed in fluorescein solution. For axial views, the optrode was
positioned so that its tip lightly touched a fluorescent screen made of two small
fragments of cover glass sandwiching a drop of fluorescein solution (Fig. 3C). The
light spot on the screen was observed from the opposite side in five different
illumination conditions: four single-fiber conditions in which the light is conducted
to only one of the fibers 1, 2, 3 or 4; and an all-fibers condition in which the light
was conducted to all of four fibers (Fig. 3D). Emission from a single optical fiber
was observed in the air.

The spatial illumination pattern was analyzed in the axial images. In every
single-fiber condition, a triangular dark quadrant was inevitably generated due to
shading by the tungsten tip. In order to analyze the spatial distribution of the
intensity, a cross-shaped region-of-interest (cross-ROIl) consisting of two long
rectangular ROIs (2x0.2 mm?) crossing at right angles was defined. The cross-point
of the cross-ROI located on the center of the spot and one of the four arms of the

cross-ROI divided the dark quadrant in half. Small ROls (0.2x0.2 mm? square) were
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defined on every arm of the cross-ROI at the point 0.5 mm from the cross-point

(named 0-, 90-, 180-, and 270-deg ROI; the ROI on the dark quadrant was defined

as 0-deg ROI). In the all-fibers condition, four small ROIs were defined in the

positions corresponding to 0-deg ROIs, which were defined in every single-fiber

condition. A cross-ROI was also defined in the same position as that of the

single-fiber condition with fiber 1. Intensity was normalized to the maximum for

each image to evaluate the relative distribution within each light spot. The numerical

aperture was calculated from the angle of the light cone measured in the lateral view

image. For the statistical analysis, the following tests (significance criteria) were

used: paired t-test (P < 0.05), and one-way ANOVA (P < 0.05) followed by t-test

with a Bonferroni correction (P < 0.05/6).

Fabrication of the stick-shaped syringe-pump system

A stick-shaped syringe-pump was customized for the purpose of virus

injection into the brain from a commercially available model (SAP series, Takasago

Electric Inc) by changing the column size to 10 uL and the minimum step of the

plunger to 2 nL. Different column sizes were also available for different volumes of

the injected viruses. The power and the step pulses for the built-in stepping motor
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were supplied by USB ports of a controller PC. The stick-shaped syringe-pump was

directly connected to the replaceable injection needle or injectrode and was held by

a hydraulic manipulator (MO-95C, Narishige) when inserting the injectrode or

injection needle into the brain.

Fabrication of the metal-backboned glass injectrode

A pipette design that coupled a glass pipette and a stainless steel needle [17]

was modified to make an injectrode that was suitable for the deep structures of the

monkey brain. First, a glass capillary (length, 15 cm; i.d., 400 um; o.d., 500 pm;

PYREX) was pulled by a pipette puller to make a thin, closed tip with a taper longer

than 10 mm (Fig. 5D top). Second, a parylene-coated ultrathin tungsten wire (length,

>20 cm; diameter, 12.5um [approx. 1.2 MQ at 1 kHz] or 20 um [aprox. 0.5 MQ at 1

kHz]; California Fine Wire Company) and a blunt-end stainless steel injection

needle (length, 11 cm; replaceable needle type; 30 G; ILS) was inserted into the

pipette as far as the diameters allowed (Fig. 5D middle). Visible-light-curable

adhesive (LocTite 4304, Henkel) was actively permeated from the back end of the

pipette by providing negative pressure with a normal micro syringe connected to the

stainless steel needle. The motion of the adhesive was carefully observed and

12
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permeation was stopped just prior to the tip of the stainless steel needle. Third, after

curing the adhesive by illuminating with a halogen lamp, the tips of the pipette and

the wire were ground together using a pipette grinder (EG-3, Narishige) at an angle

of 30 deg to form a sharp tip with the desirable diameter (aprox. 70 um for the

perirhinal cortex of monkeys; Fig. 5D, bottom). The free end of the tungsten wire

was stripped of insulation and connected to the amplifier.

Viral vector preparation

Adeno-associated virus vector, AAV5-CaMKIlla-ChR2(H134R)- EYFP was

purchased from University of North Carolina Vector Core.

Lentiviral vectors were kindly produced by Dr. Y. Ohashi (The University

of Tokyo) [18, 19]. For the generation of the transfer vector pCL20c-MSCV-hChR2-

EYFP-WPRE  (Lenti-MSCV-ChR2-EYFP-WPRE), Spel/Xbal-digested hChR2-

EYFP fragment from pcDNA3.1-hChR2-EYFP (kindly provided by Dr. K.

Deisseroth) was inserted into EcoRI/Notl-digested pCL20c MSCV-GFP (kindly

provided by Dr. Arthur W. Nienhuis) [20] by blunt-end ligation to replace the GFP

coding sequence. The Clal-digested WPRE fragment from CS-CA-MCS (kindly

provided by Dr. H. Miyoshi) [21] was subcloned into the Clal site of the above
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constructed plasmid, pCL20c-MSCV-hChR2-EYFP. For the generation of the

transfer vector pCL20c-CMV-hChR2-EYFP-WPRE (Lenti-CMV-ChR2-EYFP-

WPRE), EcoRI/Agel-digested CMV promoter from CS-CDF-CG-PRE (kindly

provided by Dr. H. Miyoshi) was inserted into MlIul/EcoRI-digested

pCL20c-MSCV-hChR2-EYFP-WPRE by blunt-end ligation to replace the MSCV

promoter. With cultured HEK293T cells, two lentiviral vectors were prepared as

described previously [18, 19]. For the titration of viral stocks, cultured HEK293T

cells were transduced, transfection efficiency was estimated by counting the

EYFP-positive cells using an EPICS XL flow cytometer with EXPO32 software

(Beckman Coulter), and the functional titer was calculated from a linear range.

Anesthesia procedures

Monkeys: during general anesthesia in all operations, SpO2, heart rate, and
blood pressure were continuously monitored and body temperature was maintained
by a heat pad and a blanket. In surgical operations for implanting recording
chambers, general anesthesia was induced by a mixture of medetomidin (0.03 mg.
kgBW™, im.) and midazolam (0.3 mg. kgBW™, im.), and maintained by

pentobarbital (4 mg. kgBW' h?, i.v.) and xylazine (0.2 mg. kgBW™, im.)

14
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supplemented as needed. Adequate anesthesia was confirmed by the lack of
withdrawal responses to skin pinching. Before scalp incision and suturing, local
anesthesia (lidocaine, 1 mg. mL™) was added. During surgical operation, antibiotic
(cefazolin, 10 mg. kgBW™ h™, i.v.) was administered. During the postsurgical
recovery period, monkeys were received analgesics (ketoprofen, 1.5 mg. kgBW™
day?, i.m.) and antibiotics (ampicillin, 20 mg. kgBW™ day™, i.m.), and their
behavior and food intake were observed carefully in their home cages for a week.
For the MRI acquisition, virus injection, electrophysiological recording,
photostimulation and fluorescence measurements, general anesthesia was induced
by a mixture of medetomidin (0.03 mg. kgBW™, i.m.) and midazolam (0.3 mg.
kgBW™, i.p.) and maintained by continuous administration of propofol (6 mg.
kgBW™ h, i.v.) and xylazine (0.4 mg. kgBW™ h™, i.m.) supplemented as needed
[22].

Rats: rats were anesthetized by pentobarbital (40 mg. kgBW™, i.p.), or a
mixture of ketamine (90 mg. kgBW™ i.p. ) and xylazine (10 mg. kgBW™, i.p.) in
surgical operation for virus injection and fluorescence measurements, and by
urethane (1.2 g. kgBW™, ip.) in fMRI acquisition. Adequate anesthesia was

confirmed by the lack of withdrawal responses to hindlimb pinching. During all
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procedures, body temperature was maintained by a heat pad. After the surgery,

antibiotic ointment (gentamicin, 0.1%) was applied to the scalp incision.

Viral vector injection

For the virus injection in the primate thalamus (mediodorsal, ventroanterior

and ventrolateral nuclei) and the inferior temporal cortex (perirhinal cortex), four

male macaque monkeys (Macaca mulatta, 7.5 kg, monkey 1; Macaca fuscata, 7.8

kg, monkey 2; Macaca mulatta, 9.5 kg, monkey 3; Macaca fuscata, 7.6 kg, monkey

4) were anesthetized and implanted with a MRI-compatible chamber (LM, +15.5

mm, and AP, +9.5 mm from interaural line (IA) for thalamus; LM, 0.0 mm, and AP,

+11.0 mm from 1A for perirhinal cortex in monkey 3; LM, -14.0 mm, and AP, +17.5

mm from IA for perirhinal cortex in monkey 4). After the recovery over a week, the

depth of the target area was checked by conventional microelectrode recordings.

Then, the viral vectors were injected using the recording chamber under anesthesia.

The functions of the viral vector stocks had been checked in the rat thalamus before

the injection into the monkeys.

MRI images of the monkey brain were obtained prior to the injection using

a 4.7-T MRI scanner (Bruker) [23] with a three-dimensional modified driven
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equilibrium Fourier transform (MDEFT; TR/TE = 2560/15 ms, matrix =
256%256x240, voxel = 500x500x500 um®). To estimate the coordinates in the
chamber on MRI images, a plastic grid (1.5-mm spacing square grid) filled with
Isodine® ointment (Meiji) was attached to the chamber during the scan.

For the monkey thalamus (monkey 1 and 2), the viral suspension
(Lenti-CMV-ChR2-EYFP-WPRE, titer 1.3x10"® TU. mL™) was injected at a depth
of approximately 18 (monkey 1) or 24 mm (monkey 2) (pre-determined by MRI and
electrophysiological profiles; 2 uL. site™; 1 (monkey 2) or 2 (monkey 1) sites. track™
separated by 1 mm; 8 tracks in a 1.5 mm grid; 200 nL. min™) by the stick-shaped
syringe-pump connected to a beveled 30 gauge stainless steel needle.

For the monkey perirhinal cortex (monkey 3 and monkey 4), the viral
suspension (AAV5-CaMKlla-ChR2(H134R)-EYFP-WPRE, titer 4x10* GC. mL™)
was injected using the stick-shaped syringe-pump connected to the metal-backboned
injectrode. The manipulator holding the syringe-pump system was attached to a
recording chamber with a tilt angle of 10 deg from medial to lateral in monkey 3 and
a tilt angle of 7.5 deg from posterior to anterior in monkey 4. The injectrode was
slowly inserted into the brain while unit activity was monitored on the oscilloscopes.

The bottom cortex was identified by the transition of neural activity from white
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matter to gray matter at a depth of approximately 40 mm from the dorsal surface of
the brain. Then, the tip was positioned so that it was located below the border of
white matter and gray matter and kept shallower than the bottom surface of the brain
by carefully monitoring neural activity to ensure that there was no spillover outside
of the cortex. Injection was made after a 10 min rest (2 pL. site™, 1 site. track™
separated by 3 mm, 200 nL. min™ in monkey 3; 1.5 pL. site™, 2 site. track™
separated by 1.5 mm, 200 nL. min™ in monkey 4).

For the injection into the rat thalamus, Wistar rats (10-20 wks old, 170-360
g) were anesthetized and small craniotomy was made. Using a metal-backboned
glass micropipette  without a tungsten wire, the viral suspension
(Lenti-MSCV-ChR2-EYFP-WPRE for the fiber-optic fluorescence detection and the
functional MRI, titer 1.6x10° TU. mL™; or Lenti-CMV-ChR2-EYFP-WPRE for a
function-check, titer 1.3x10* TU. mL™) was injected into ventral posterolateral
nucleus (LM -2.5 mm, and AP, -3.0 mm from bregma; -5 mm from dura; 2 L. site™,
1 site, 100 nL. min™®) or posterior medial nucleus (LM, -2.25 mm, and AP -3.75 mm

from bregma; -5 mm from dura; 2 uL. site™, 1 site, 100 nL. min™).

Fiber-optic fluorescence detection
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EYFP expression was examined in vivo by fluorescence measurements via
the optical fiber [11, 24]. For the excitation of EYFP, three of four optical fibers of
the optrode were connected to the 473-nm laser system described previously [19]
and a train of light pulses was applied (200-ms pulse duration, 0.2-0.5 Hz; 110-220
uW at input, kept constant during the sessions). For the detection of fluorescence
emission, the optical path of the remaining fiber was split and connected to either of
two high-sensitive photodetectors (PDF10A, Thorlabs) installed with a bandpass
filter (535/22 nm or 469/35 nm, Thorlabs). The 535-nm photodetector measured
EYFP emission (Emsss), while the 469-nm photodetector measured the reflection
and fluctuation of excitation light (Rfs9). Photodetector output signal (voltage) was
stored in a PC (Recorder, Plexon) and analyzed by MATLAB (Mathworks).

The performance of the fiber-optic fluorescence detection system was
examined in the rat thalamus. A rat that had been injected with the viral vector
(Lenti-MSCV-ChR2-EYFP-WPRE) was anesthetized (pentobarbital, 40 mg.
kgBW™), and the optrode was inserted into two sites: the first track for the
expressing site (“on-track”; LM -2.5 mm, and AP -3.0 mm from bregma) and the
second track for the non-expressing site (“off-track”; LM, -0.5 mm, and AP, -3.0 mm

from bregma). Intensity profiles of Emsss and Rfss9 Were obtained in 200-um steps,

19



Materials and Methods

and the values were normalized to each baseline (the mean across the depth from 0.5
mm to 2.0 mm). Electrolytic lesion marks were created (negative current, 20 pA;
120 s. site™) at the following depth: 1 mm and 3 mm for “on-track™; 1 mm and 5
mm for “off-track”. The rat was left to recover for an additional 5 days. In the
subsequent histological analysis, the recording tracks and the depths were
reconstructed by observing the lesion marks in the nuclear-stained sections. The
intensity profile along the “on-track” was obtained from the EYFP image (ImageJ).
To compare the Emszs profile obtained in vivo and the EYFP fluorescence profile
obtained by histology, the baseline (the mean across the depth from 0.5 mm to 2.0

mm)-subtracted value was normalized to the maximum for each profile.

fMRI during photostimulation

Images were obtained using a 4.7-T MRI scanner (BioSpec 47/40,Bruker
BioSpin) with an actively shielded gradient coil (100 mT. m™), and a quadrature
surface RF coil for rats (Bruker). For anatomical images, a fast-spin-echo sequence
(TR/TE = 3000/24 ms, matrix = 256x256x17, voxel = 200x200x650 pum®) was used.
For functional images, a gradient echo echo-planer-imaging sequence (EPI; TR/TE=

3000/23.5 ms, flip angle = 80 deg, 1shot, matrix = 95x60x15, voxel = 600x600x650
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um®) was used.

The rat was anesthetized and then fixed on an MRI compatible cradle
(SRP-AR, Narishige) that was customized so that the surface RF coil with an open
window was mounted just on the head of the rat (Fig. 7A). The eyes of the rat were
covered by surgical tape to ensure that there was no visual input from the
photostimulation. The glass-coated optrode (45-mm long) was inserted into the POm
through a small craniotomy by the MRI-compatible micromanipulator [23], while
the neural responses to the photostimulation were electrophysiologically monitored
on oscilloscopes (473-nm laser, 1 mW at input, 50-ms pulses at 0.2 Hz). The tip of
the optrode was positioned at 500 um deeper than the depth which the light-evoked
neural responses were maximal, where 500 um is the approximate distance between
the tungsten tip and the tip of the optical fibers. After setting the optrodes in the
stimulation position, the exposed skull was covered with agar gel (2%) to reduce
susceptibility artifacts in EPI.

Functional imaging during photostimulation was performed using a
standard block design (Fig. 7B) [22, 25]. Each run of functional imaging was
consisted of 12 simulation-ON blocks (7 EPI volumes [21 s] per block) interleaved

with stimulation-OFF blocks (14 EPI volumes [42 s] per block). The four initial
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volumes of each run were discarded to obtain a steady-state EPI signal.

Photostimulation was delivered during stimulation-ON blocks using the following

parameters: 473-nm light (4 mW in four fibers, at input), and 15-ms pulses at 20 Hz

[13]. In total, six runs of functional imaging were conducted.

Whole-brain activation maps were calculated as described previously [22,

25] using the  statistical  parametric  mapping  toolbox  (SPM5;

http://www.fil.ion.ucl.ac.uk/spm) on MATLAB. Functional images were realigned

and then smoothed with a Gaussian kernel (1.0-mm full-width at half-maximum).

Activation maps (t-score maps) were computed using voxel-wise statistics based on

the general linear model implemented in SPM5. The significance level of activation

was set at P < 0.05 and corrected for multiple comparisons using the false discovery

rate (FDR) [26].

Fluorescence measurements, photostimulation and recording of single-unit activity

For the electrophysiological recording of neural activity, the neural signal
was amplified (2x10%), filtered (low cut, 50~500 Hz; high cut, 10 kHz) and stored in
a PC (20~50 kHz, Recorder). Unit activities were isolated offline with the Offline

Sorter software (Plexon) by feature-based (e.g., principal components) waveform
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analysis [27, 28]. A given unit was considered as a single-unit when the number of

spikes within the interspike interval of 2 ms did not exceed 1% of the total in the

autocorrelogram, which is an indicative of the refractory period [27-30]. Response

properties of isolated units were analyzed by NeuroExplorer (Nex Technologies) and

MATLAB (Mathworks).

For fiber-optic measurements of the depth distribution of ChR2-EYFP

fluorescence in the monkey perirhinal cortex, the optrode was gradually inserted into

the vector injected region, and the fluorescence intensity was measured in 500 um

(30-38 mm from the dorsal surface) or 250 um steps (38-43.5 mm from the dorsal

surface). The depth of the measurements was confirmed by the depth of the bottom

of the brain (please note that the perirhinal cortex locates at the bottom of the brain)

that was identified according to the change in the electrophysiological signal. The

fluorescence intensity was normalized to the baseline (mean across the depth from

30 to 35 mm).

For the electrophysiological recording and photostimulation in the monkey

thalamus, the optrode was inserted into the vector-injected region of thalamus.

While repetitively applying photostimulation of 473-nm light pulses (10-, 200- or

500-ms pulse duration, 0.5 or 1 Hz; maintained at ~ 3.9 mW from input), single-unit

23



Materials and Methods

activities that changed firing rate during the photostimulation periods were searched

for along tracks down to the bottom of the thalamus by audio and waveform

monitoring.

For the comparison between the depths distribution of light-responsive

units and EYFP fluorescence in the monkey thalamus, the approximate minimum

light power for unit excitation was measured online by audio monitoring of its

activity for each light-responsive unit encountered on the track. The response for an

additional 60 photostimulation pulses was then recorded with a light power

approximately twofold to the threshold of each unit (as a population, 30-750 uW

from input). The fluorescence profile along the same track was obtained in 250 um

steps with the fiber-optic measurements, and the value was normalized to the

baseline (mean across the depth from 21.5 mm to 24.5 mm).

For the precise control of the action potential generation, and for the

categorization of recorded units into light-activated and synaptically-activated cells,

trains of short light pulses (5-ms duration per pulse; 1, 5, 10, 20 and 40 Hz per unit;

10 pulses per train in 15-second interval; 10 trains per frequency) were delivered [1,

14, 31, 32]. Then, the dependency of the spike latency and spike reliability on the

frequency of light pulses was examined. Spike response reliability at each frequency
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of light pulses was calculated as the probability that at least one action potential is
generated during a time window in the 2" to 10™ light pulse delivery of each train.
50 ms (at 1, 5, 10, and 20 Hz) or 25 ms (at 40 Hz) from the light pulse onset was

used for the time window.

Histological analysis

Monkeys and rats were deeply anesthetized by pentobarbital and then

perfusion fixed with and 4% paraformaldehyde and subjected to histological

analysis as described previously [18, 19].

For immunofluorescence staining of macaque thalamus, 28-um thick

sections were incubated for 12 hours at 4 °C with three primary antibodies; rabbit

anti-GFP (1:2000, MBL), mouse anti-NeuN (1:1000, Millipore), and chicken

anti-GFAP (1:500, Millipore). Then the sections were incubated for 1 hour at 37 °C

with three secondary antibodies: AlexaFluor488-conjugated goat anti-rabbit-1gG

(1:1000, Invitrogen), AlexaFluor546-conjugated goat anti-mouse-1gG (1:1000,

Invitrogen), and AlexaFluor647-conjugated goat anti-chicken-lgG(Y) (1:1000,

Invitrogen).

For the histological analysis of EYFP expression in the rats, coronal brain
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sections of 40-pum thickness were observed. To visualize the gliosis by electrolytic
lesion marks or the cortical laminar structures, some sections were stained for nuclei
(Hoechst 33258, 1 mg. mL™; MolecularProbes).

Fluorescence images were obtained using a fluorescence microscopy

(BZ-9000, Keyence) or a confocal laser scanning microscopy (TCS-SPE, Leica).
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Optimization of optogenetic approach

Glass-coated tungsten optrode

Background concepts: To optically manipulate and electrophysiologically

record neuronal activity in vivo, optrodes, combined optical/electrical probes, have

been utilized [10, 27, 29, 33, 34]. Among previous studies conducted with rodents,

the majority of optrodes have been fabricated by directly gluing a bare optical fiber

to the outside of an independent electrode. While this is a simple design for coupling

the two materials, there are some concerns about its invasiveness in recording:

roughness of the surface and the tip, toxicity of a chemical glue, and fragility of the

materials coupling. Another factor to be considered is the size of the monkey brain:

perirhinal cortex, for example, is located 45 millimeters from the dorsal surface of

the brain. Given these issues on the invasiveness and the brain size, optogenetic

investigation in the deep areas of primate brain in chronic experiments [35] requires

an optrode incorporating the following characteristics. First, the tip should be sharp

and smooth to reduce friction that causes tissue damages. Second, the shank should

be sufficiently long, straight, and stiff for correct insertion into deep targets. Third,

the illuminated area by the optrode should be wide for manipulating substantial
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population of neurons [11, 32].

The glass-coated tungsten microelectrode [36, 37] has been widely used in

single-unit recordings in chronically prepared animals. This popularity is partly

because the metal tip is more robust and enables stable recording with a high

signal-to-noise ratio compared to other electrodes, such as glass micropipette

electrodes, and also because the glass has more suitable characteristics as a coating

material with regard to its impedance, durability, and surface smoothness compared

to resins such as epoxy and parylene [38]. In a method for fabricating a glass-coated

tungsten microelectrode, a glass capillary into which a sharpened tungsten wire is

inserted is pulled by a pipette puller to collapse the glass onto the tungsten wire for

insulation. This method is potentially general enough to enclose other materials in

addition to the tungsten wire.

Realization: | fabricated an optrode by glass-coating a tungsten wire and

optical fibers. Figure 1A shows the design of the glass-coated tungsten optrode. A

single optrode consisted of four sharpened graded-index optical fibers, one

sharpened tungsten wire, and the glass coating. To illuminate the region around the

tip from multiple directions, optical fibers surrounded the tungsten wire

symmetrically (Fig. 1A, right). The assembly of materials was integrally coated with
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a thin layer of glass by pulling a glass capillary over it. The silicon lubrication was

essential to avoid cracking of the optical fiber (for details of the fabrication, see

Materials and Methods).

Figure 1B shows a finished glass-coated optrode. The tips of the sharpened

optical fibers were tightly bound to the tungsten wire by the inward collapsing force

of the coating glass. Except for the tungsten tip, the optrode was totally covered with

the thin glass layer. This resulted in the smooth transition of the surface structure

from the tungsten tip to the optrode shank without a substantial gap, compared to a

conventional design in which the blunt-end optical fiber is directly glued to the

electrode (Fig. 2A). The glass-coated tip was durable enough for repeated

penetrations of the rat brain through intact dura matter (Fig. 2B) and remained intact

after multiple uses in monkeys.

I examined how the glass-coated optrode illuminated the region around the

tip. A bare sharpened optical fiber emitted light from the conical part of the tip

(approximately 50 um) but not from the tapered side wall (Fig. 3A), suggesting that

the photoconduction property of the graded index optical fiber was maintained after

the sharpening process. From the glass-coated tip of a typical optrode, light was

emitted in a conical pattern (Fig. 3B), which had a half angle of 45 degrees and
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numerical aperture of 0.71. This value was substantially larger than that of a cleaved
non-sharpened fiber (numerical aperture of 0.275; data from the spec. sheet).

The light cone was further observed from the axial direction (Fig. 3C) in
five different illumination conditions: four single-fiber conditions and one all-fibers
condition (Fig. 3D). In every single-fiber condition in which one of four optical
fibers was recruited, a dark triangular area (“quadrant”) was inevitably generated
due to shading by the tungsten wire (four images at the corners in Fig. 3D; the
asymmetric distribution in Fig. 3E, left). The intensity of the dark quadrant (defined
as 0-deg ROI) was significantly smaller than those of the other three bright
quadrants (90-, 180-, and 270-deg ROIs in Fig. 3F, left; P < 3x10” by one-way
ANOVA and P < 5x10° by t-test). In the all-fibers condition, however, dark
quadrants that had been observed in single-fiber conditions disappeared (the center
image in Fig. 3D; the symmetric distribution in Fig. 3E, right), as confirmed by the
significant increase of the 0-deg ROl intensity (3F, right; P < 3x10 by paired t-test).
Thus, with illumination from multiple directions, the glass-coated optrode
illuminated the region around the tip without generating a dark quadrant otherwise

shaded by the optrode itself.

30



Results

Stick-shaped syringe-pump and metal-backboned injectrode

Background concepts: To massively express transgenes in the target region,

viral vectors are injected through an injection needle by pressure exerted by a

microsyringe. It is critically important to inject viruses and insert optrodes into the

same location. An implantable cannula-system is the standard for reproducible viral

injection and optrode targeting in rodents [39]; however, there is no established

method for reproducible viral injection and optrode targeting in deep brain structures

of macaques. To share the same coordinate system, the microelectrode, injection

needle, syringe-pump and an optrode should be handled by the same hydraulic

manipulator that is used to electrophysiologically map the target region. To control

injection pressure and speed, the needle should be connected directly to a

microsyringe that is mounted on a syringe-pump without any tubing [40] to reduce

dead volume.

The shank of the injection needle should be long and rigid so that it can be

inserted deep into the brain. The tip should be thin and smooth like a glass pipette to

minimize tissue damage and reduce the backflow of the injected solution [41]. It is

highly desirable for the injection needle to be used to monitor neuronal activity at

the injection site so that this information can be used to finely adjust the position of
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the tip. For this purpose, some studies have reported the use of injection-electrodes,

or injectrodes, made of an electrode and a stainless steel or glass pipette injection

needle [8, 42-44], and other studies have reported injectrodes made of a multi-barrel

glass capillary [45-49] or a metal-plated glass pipette [50]. However, the structural

invasiveness, the complexity of the fabrication procedure, and the complexity of the

overall setup of these designs are not optimal.

Realization: | used a stick-shaped ultrasmall syringe-pump with built-in

mechanics that had been originally developed for a different purpose and attached a

glass column and a plunger that had been customized for virus injection to the

stick-shaped stepping motor drive (Fig. 4A). The minimum injection step was 2 nL

for a 10-uL design. The length, diameter and weight of the full syringe-pump system

(column plus motor drive) were 12 cm, 8.8 mm and 30 g respectively. This

syringe-pump was small and light enough to be mounted on the hydraulic

manipulator conventionally used for recordings in chronically prepared monkeys

(Figs. 4B and 4C). By directly connecting this syringe-pump to the injection needle,

injection pressure was provided with minimal dead volume to increase the control

accuracy. By using different adapters for the syringe-pump, microelectrodes and

optrodes, it was possible to hold and insert each piece of equipment into the target in
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the coordinate system that was defined by the manipulator and the recording

chamber.

| developed a glass pipette-based injectrode for performing virus injection

and unit recording at the same location in the brain (Fig. 5A). A glass pipette was

backboned by a stainless steel injection needle (Figs. 5B, top, and 5C, left) and used

to enclose a parylene-insulated ultrathin tungsten wire (Figs. 5B, bottom, and 5C).

At the tip, the tungsten edge shared the same tilted plane as the edge of the pipette

(Fig. 5C), allowing extracellular recording within the diameter of the tip of the

pipette (approx. 70 um; Figs. 5A, insets, and 5C, right). The lateral surface of the

injectrode was seamless along the 12-cm-long shaft and rigid enough to be inserted

to deep brain locations. In fabrication (Fig. 5D), the stainless steel needle and a

parylene-coated tungsten wire inserted into the glass pipette and sealed with

light-curable adhesive. Then, the tip was ground to obtain a co-ground surface of the

tungsten and the pipette (for details, see Materials and Methods).

Optogenetic study of in vivo models

Fiber-optic detection of gene expression

To detect the expression of the transgenes that was introduced by the virus
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injection in vivo, | constructed a fiber-optic fluorescence measurement system and

examined the performance of the glass-coated optrode in the readout of the

fluorescence emitted by the marker protein EYFP in vivo (Fig. 6). Figure 6A shows

the diagram of the readout system. The 473-nm excitation light illuminated the

region around the tip. The 535-nm fluorescence emission (Emsss) and the 469-nm

background reflection (Rfs9) Were collected from the optical fiber tip, and measured

separately by the photodetectors installed with bandpass filters.

The optrode was inserted into the rat thalamus injected with a lentiviral

vector carrying the ChR2-EYFP transgene (Fig. 6B). On the track near the injection

site (“on-track™), the Emsgs profile showed a prominent peak around the depth of

4-6 mm (yellow trace in Fig. 6C). At the “off-track” site located 2 mm from

“on-track”, in contrast, the Emsss profile did not show a substantial peak (orange

trace in Fig. 6C, inset). Ems3s profiles were macroscopically independent of the Rfseg

profile (blue traces in Fig. 6C). Thus, the Ems3s peak was location-specific and did

not correspond to the increase in the 469-nm band, indicating that the Emsss peak

represented the wavelength-elongated fluorescence signal.

To confirm that the observed fluorescence signal was emitted by EYFP, the

Emsss profile was compared with the actual EYFP expression pattern via histological
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analysis (Figs. 6D and 6E). In the coronal histological section (Fig. 6D), the

recording tracks (yellow and orange arrows) and the depths (vertical scale bar) were

reconstructed by identifying the electrolytic lesion marks (arrow heads). The

“on-track” EYFP fluorescence profile scanned from the histological section

consistently overlapped with the “on-track” Emsss profile recorded in vivo (Fig. 6E).

These results indicate that the glass-coated optrode can be used for detection of the

EYFP expression in vivo.

fMRI of the photoactivated thalamocortical system

During fiber-optic observation of ChR2-EYFP fluorescence in the rat

thalamus, neurons at the stimulation site responded to the photostimulation. To

examine whether the local activation of the thalamus with the glass-coated optrode

propagated to more remote regions, | conducted fMRI during photostimulation (Fig.

7). The glass-coated optrode was inserted into the posterior medial nucleus of

thalamus (POm) of an anesthetized rat in which ChR2-EYFP was expressed. fMRI

was then performed using an EPI sequence to visualize the whole-brain

hemodynamic response to the photostimulation (Figs. 7A and 7B). When repetitive

473-nm light pulses were applied to the POm, a significant increase in the blood
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oxygenation-level-dependent (BOLD) signal (t = 7.88, P < 0.001, corrected for

multiple comparisons) was observed in the lateral part of the cortical region

ipsi-lateral to the stimulated site (“+4-mm” slice in Fig. 7C, and Fig. 7D). This

cortical activation site was located 4 mm anterior to the optrode track and was not

affected by susceptibility artifacts or heating [51] caused by the optrode. At the local

stimulation site in the POm, a relatively weak BOLD signal response (t = 4.18, P <

0.05, corrected for multiple comparisons) was observed (“0O-mm” slice in Fig. 7C).

The low strength of this response may be due to a lower cell density [52], a smaller

number of intra-area excitatory connections [53], and a lower intra-area interaction

[54] in the thalamus than in the cortex, which could all result in less oxygen

consumption in the thalamus than in the cortex. The longer distance between the

thalamus and the receiver RF coil and susceptibility artifacts caused by the optrode

may also have reduced the MRI signal in the thalamus.

Subsequent histological analysis of the same rat revealed focal expression

of ChR2-EYFP at the injection site (POm; “O-mm” slice in Fig. 7E). In the

ipsilateral cortical region, axon terminals that originated in the POm were clustered

mainly in the granular layer of the secondary somatosensory area (SlI; Fig. 7F),

which is the primary target of POm [55]. This cluster of POm axon terminals was
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located 4 mm anterior to the histologically identified optrode track, in a location that

was consistent with the fMRI results (compare “0-mm” and “+4-mm” slices in Figs.

7C and 7E). These results indicate that the focal BOLD signal in the cortex reflected

the activity in the area SIlI that received the axonal projection from the

optogenetically-activated POm neurons. Thus, the local neural activity evoked by

the glass-coated optrode propagated toward a more remote brain region in

accordance with the anatomical connectivity.

Gene transfer in deep region of macaque brain

By the stick-shaped syringe-pump and the metal-backboned injectrode, 1

performed the injection of a viral vector (AAV5-CaMKIlla-ChR2(H134R)-EYFP)

into the perirhinal cortex of the macaque brain, a deep region 45 mm below the

dorsal surface of the brain (Fig. 8A, left). The hydraulic manipulator (Figs. 4B and

4C) was used to finely adjust the depth of injectrode based on neural activity. The tip

of the injectrode was positioned in the middle depth of the gray matter by carefully

identifying the point at which the activity transitioned from the white matter

characterized by the lack of unit activity to the gray matter characterized by frequent

unit activities. Six weeks after injection, the expression of ChR2-EFYP was focally
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confined to the perirhinal cortex of a macaque monkey (Figs. 8A, right, and 8B).

This demonstrates that the injection system can be used to inject a viral vector into

targets located deep within the brain, with neural activity used to guide the

injectrode position.

The expression of ChR2-EYFP in the perirhinal cortex was measured in

vivo by the fiber-optic fluorescence detection system in another monkey. The

glass-coated optrode was inserted into the target while repeatedly measuring the

fluorescence of EYFP (Fig. 8C, left). The Emsss profile showed a prominent peak

around the depth of perirhinal cortex, about 43 mm from the dorsal surface of the

brain (yellow trace in Fig. 8C, right). Emsss profiles were macroscopically

independent of the Rfyeg profile (white trace in Fig. 8C, right). Thus, the expression

of transgenes in the deep region of the macaque brain can be checked by the

fiber-optic fluorescence detection system.

Recording of the photoactivated single units

Finally, I conducted the fluorescence detection, the photostimulation and

the extracellular recording of single-unit activities in the monkey thalamus.

Monkeys were injected with a lentiviral vector carrying the ChR2-EYFP transgene
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into the thalamic region (Fig. 9A). Immunohistochemical analysis revealed the

expression of ChR2-EYFP in neurons that were positive for a neuronal marker

NeuN and negative for a glial marker GFAP (Fig. 9B). The glass-coated optrode was

slowly inserted while repetitive photostimulation pulses were applied via its optical

fibers.  Light-responsive single-units that changed firing rates during

photostimulation were searched for along tracks down to the bottom of the thalamus.

Light-responsive single-units were successfully isolated from the monkey thalamus

(Figs. 9C to 9F). In unit separation, spike waveforms of the isolated unit recorded

during light-off and light-on periods were similar to each other (Fig. 9C), and were

separated from waveforms of other units (Fig. 9D). Autocorrelograms in both

periods revealed the existence of the refractory period (Fig. 9E). These results

demonstrated that the increase in the number of spikes during light-on period (Fig.

9F) reflected the increase in the level of spike generation by the isolated unit but not

the infiltration of other multiunit spikes.

The light-responsive single-units recorded in the monkey thalamus

generated spikes in response to repetitive short light-pulses (Fig. 10). Their response

properties were consistent with those in previous studies in rodents [1, 14, 31],

reporting that spike reliability at higher frequencies of light pulses is higher in
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ChR2-expressing neurons that are directly activated by light, but lower in neurons

that are indirectly activated by synaptic input from other ChR2-expressing neurons.

In the monkey thalamus, putative ChR2-expressing units (units 1 and 2 in Fig. 10)

reliably generated spikes even at higher frequencies of light pulses (Figs. 10B, and

10C, top), and their response latency and the jitter of latency were smaller (Figs.

10A, and 10C, bottom). By contrast, putative synaptically-activated units (units 3

and 4 in Fig. 10) generated spikes only at lower frequencies of light pulses (Figs.

10B, and 10D, top), and their response latency and the jitter of latency were

relatively larger (Figs. 10A, and 10C, bottom). These results demonstrate that by

using the present optrode, individual action potentials of ChR2-expresing neurons

can be triggered using short light pulses in a time-locked manner.

Next the depth distribution of light-responsive units and EYFP fluorescence

were compared (Fig. 11). In a track near viral injection sites (dotted line in Fig. 11A,

left), 10 light-responsive single-units were encountered in total (PSTHSs of all units

in Fig. 11B). Also, a substantial increase in Emsss intensity was detected on the same

track (yellow trace in Fig. 11A, right). The peak in Emsss profile and the depth

distribution of the light-responsive single-units consistently overlapped with each

other (Fig. 11A, right). Thus, by using the glass-coated optrode, the
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ChR2-EYFP-expressing region was macroscopically localized in the monkey brain
in vivo, and neuronal activity was successfully manipulated and recorded in that
region. These results demonstrate that the present optrode enables optogenetic

investigation even in deep areas of the primate brain.
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I have developed methodological infrastructure for chronic optogenetic

experiments in macaque monkeys, which includes a glass-coated tungsten optrode, a

stick-shaped syringe-pump system and a metal-backboned glass injectrode. | have

shown that these devices can be used for in vivo optogenetic experiments, as they

can be used to effectively inject viral vectors into deep targets, detect fluorescence

fiber-optically, and photostimulate and record neural activities at single-cell and

whole-brain.

Compared with a conventional optrode, in which a thick optical fiber is

glued to an electrode, the glass-coated optrode described in this work is likely to

have less friction with the brain tissue, thus reducing the risk of mechanical damage

and optical deterioration due to tissue or a blood clot. In addition, the

biocompatibility is likely to be better because no chemical glue used to bind the

materials is exposed. The structural and optical specifications of the glass-coated

optrode can be optimized for different purposes by changing the materials and the

fabrication protocols. Thus, the glass-coated optrode is a minimally-invasive and

adaptable tool that is well suited for repeated uses in monkeys trained to perform

cognitively demanding tasks.
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The stick-shaped syringe-pump and the metal-backboned injectrode

successfully injected the ChR2-EYFP-carrying viral vector into the perirhinal cortex

of the macaque monkey. The stick-shaped syringe-pump weighs 30 g and is more

than ten times lighter than other syringe pumps that have been popular in rodent

experiments [18, 19, 39, 40, 56], which weigh a few to several hundred grams. The

metal-backboned injectrode allowed unit recordings and pressure-injection at

exactly the same site, which is usually possible only with an iontophoretic

micropipette electrode. The external structure of the present injectrode is

indistinguishable from a glass pipette, which can be taken to reflect the simplest and

least invasive injection needle [41]. These properties will enable site-selective

pressure-injections into brain regions including cortical columns/layers and

subcortical nuclei that can be identified by neural activity in vivo. Thus, the

combination of the stick-shaped syringe-pump and the metal-backboned injectrode

held by a hydraulic manipulator provide an optimal injection setup for

chronically-prepared macaque monkeys.

The site of ChR2-EYFP expression was macroscopically identified in vivo

using fiber-optic fluorescence measurements. Fluorescence measurements were

made using two independent optical fibers within a single glass-coated optrode: one
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for excitation light delivery and one for fluorescence emission readout. This separate

excitation/readout design with the glass-coated optrode could allow the detectors to

measure small changes in the light collected from the tip of the readout fiber without

being affected by substantial internal reflection of the excitation light within the

fiber-optic system. The present system will be beneficial not only in checking the

expression of the transgenes, but also in experiments in which a

fluorescently-labeled region is targeted in vivo (e.g., a retro- or antero-gradely

labeled population of neurons or axons). Fiber-optic measurements of population

calcium signals [57, 58] with reporters like OGB-1 or GCaMPs in the deep regions

of behaving monkeys during fMRI is one interesting application of this method.

In the fMRI study, BOLD signal activation was present in the cortex not

only in the local activation site in the thalamus. The present result is promising, as it

indicates that optogenetic activation of the local circuits by using the glass-coated

optrode effectively propagated toward downstream neural circuits, which is a

prerequisite for behavioral impacts. This effective activation is partly supported by

the wide illumination property of the glass-coated optrode which can activate a

larger population of neurons within the thalamus.

The activity of light-responsive single-units in the thalamus of the monkey
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was successfully recorded during photostimulation. The performance of the

glass-coated optrode in isolating and holding single-unit activities was comparable

to that of conventional glass-coated tungsten microelectrodes that have been widely

used in chronic recordings from the macaque brain [59], possibly owing to the sharp

and smooth structure. These properties will enable single-unit studies combined with

optogenetics in the deep regions of the macaque brain, which, to date, have been

held back by the invasive nature of the available optrodes. The neuronal responses to

photoactivation or photoinhibition may be different in different brain regions

depending on the intrinsic cell properties. For example, thalamic relay neurons that

express voltage-gated calcium ion channels (Ca,s) can paradoxically result in an

increase in low-threshold spikes [60] by lowering the membrane potential by ArchT-

or NpHR-mediated photoinhibition. Thus, the effects of photostimulation must be

electrophysiologically analyzed before performing behavioral tests in all target brain

areas including deep regions.

Taken together, the methodologies developed and described in this thesis

are well optimized for the brain of macaque monkeys. A part of these works has

been published [12] and has had a substantial impact on other researchers inside and

outside of the primate neuroscience community: the glass-coated optrode system has
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been recognized as a promising approach for optogenetic stimulation and for

measuring gene expression in deep brain structures [61-63] and has already been put

into use to investigate neural circuits. The methodological developments mean that,

the perirhinal cortex, the deepest part in the macaque brain, is now within the scope

of optogenetic dissection. Optogenetic manipulation of this area and the areas to

which it is connected will reveal the mechanisms of explicit-memory processing

based on the causality between circuit and function. | am currently working on

research in this area.
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Figure 1. The glass-coated tungsten optrode. (A) A schematic drawing of a global
structure from lateral (left, not drawn to scale) and axial (right) views. Sharpened
optical fibers surround the sharpened tungsten wire to illuminate the tip region from
multiple directions. Scale bar, 100 um; dotted line, the level of axial view. (B) Tip
structure from lateral views. Lower (top) and higher (middle, dotted area on top
panel) magnification images, and a schematic drawing (bottom). Optical fibers are
tightly bound to the tungsten shank without a substantial gap. These materials are
integrally coated with a thin glass layer that simultaneously insulates the tungsten
wire except for the tip (~50 um). Note that the transparent parts on the left end are
the sharpened optical fibers but not the glass-coating. Scale bars, 1000 um (top), 200
um (middle).
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Figure 2. Structural advantages of the glass-coated optrode. (A) Left, the tip of
the glass-coated optrode (the same optrode that appears in the Fig. 1B). Right, the
tip of an optrode made by directly gluing a blunt-end optical fiber to the outside of a
conventional glass-coated tungsten microelectrode with chemical adhesive. Please
note that diameter of this blunt-end fiber (125 um) is still thinner than those of
popular fibers (>200 um) that appear in other studies. Scale bar, 250 pm. (B) The tip
of a glass-coated optrode before (left) and after (right) repeated penetrations into the
brain of a rat through the dura matter. Enclosure of the optical fibers and a tungsten
wire remained intact, showing the robustness of the tip structure.

50



Lateral
view

Light
projection

*

Light spot

m

Individual
0-deg ROIs

s

-2 0 0 90 180 270 Single- All-

Distance [mm] Distance [mm] -de ROIs fibers fibers
(angle to shade [deg]) Illlumination

-

Intensity [a.u.]
Intensity [a.u.]

Figure 3



Figure 3. Optical advantages of the glass-coated optrode. (A) The tip of a single
sharpened optical fiber in light-off (top) and light-on (bottom) states. Scale bar, 200
um. (B) The light cone generated by a glass-coated optrode in the fluorescein
solution from the lateral view. All four optical fibers were recruited. Dotted line,
optrode position; scale bar, 1 mm. (C to F) Analyses of the spatial distribution of the
intensity. (C) A photographing scheme for the axial views of the light cone. Light
was projected vertically onto the fluorescent screen. (D) Light spots generated in
five different illumination conditions: four single-fiber conditions and an all-fibers
condition (insets illustrate the conditions: the numbers represent recruited fibers).
Note that the pictures are not rotated for display purposes. The intensity in the
all-fibers condition was lower because the aperture time was shorter. Scale bar, 1
mm. (E) Spatial intensity profiles in single-fiber (left, “1”) and all-fibers (right,
“all”) conditions along the cross-shaped ROIs represented as gray and white arrows
in insets. Intensity values were normalized to the maximum for each image. (F) ROI
analyses. Left, the intensities of four ROIs (0, 90, 180 and 270 deg) across four
single-fiber conditions. The 0-deg ROI corresponds to a triangular dark quadrant.
Right, a comparison of the intensities of four 0-deg ROIs between single-fiber and
all-fibers conditions. Intensity values were normalized to the maximum for each
image. Error bars, standard deviation. *, P < 3x10” (one-way ANOVA) and P <
5x107 (t-test); T, P < 3x10™ (paired t-test).
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Figure 4. Stick-shaped ultrasmall syringe-pump system. (A) A photograph (top)
and a schematic drawing (bottom) of the stick-shaped syringe-pump that consists of
an injection needle or an injectrode (see Fig. 5), a 10-uL glass column, and a motor
drive. Motor drive is controlled by a stepping motor controller on Windows PC.
Please note that the unit of the scale in the top panel is in cm. (B) The stick-shaped
syringe-pump held by a conventional micromanipulator mounted on a recording
chamber attached to the head of a monkey. (C) A schematic drawing of the injection
system for chronically-prepared monkeys. The stick-shaped syringe-pump is held by
a hydraulic manipulator. Conventional microelectrode, injectrode, and the optrode
can be inserted into the same horizontal coordinate through the guide tube fixed to
the manipulator’s x-y stage.
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Figure 5. Metal-backboned glass injectrode. (A) A schematic drawing of the
metal-backboned injectrode. Target region of interest can be identified by recording
the neural activity at the tip of the injection needle. Inset, continuous (top) and
superimposed traces of a single-unit recorded in the superior colliculus of an
anesthetized rat with the injectrode enclosing a 20-um diameter tungsten wire.
Scales: top, vertical, 50 uV, horizontal, 1s; bottom, vertical 50 uV, horizontal 128 ps.
(B) A low (top) and a high (bottom) magnification views of the metal-backboned
glass injectrode. Silver part on the left end in the top panel is the stainless steel
needle backbone. (C) A schematic drawing. A parylene-insulated tungsten wire and
a stainless steel needle are enclosed within a glass pipette that is firmly sealed by
adhesive. The tungsten wire is insulated by parylene and reaches to the tip of the
pipette, sharing the same elliptical plane. (D) A schematic drawing of the fabrication
procedure. First, the glass capillary with a thin closed tip is made. Second, the
insulated tungsten wire and the stainless steel injection needle are inserted into the
pipette. Light-curable adhesive was actively permeated by negative pressure. Third,
the tips of the pipette and the wire were ground together.
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Figure 6. Fiber-optic EYFP fluorescence detection in vivo. (A) A diagram of the
fluorescence readout system. Three optical fibers are connected to an excitation (Ex)
light source, while the optical path of the remaining one fiber is split and connected
to either of two photodetectors installed with a bandpass (BP) filter (the 535-nm
band for EYFP emission, Emsgs, or the 469-nm band for background reflection,
Rfs9). ND, neutral density. 2D, optical density of 2. (B to E) Fiber-optic
fluorescence measurements and histological confirmation in the rat thalamus. (B)
Top, the lentiviral vector construct; bottom, a schema for the viral injection. d,
dorsal; v, ventral; r, right; I, left. Scale, 2 mm. (C) Intensity profiles of Emsss and
Rf469. “On-track”, the track penetrating the injection site; “off-track”, the track 2 mm
from the “on-track”; insets, intensity profiles along the “off-track”. Profiles on these
tracks were obtained with a constant excitation light power. The intensity was
normalized to the baseline. (D) A coronal histological brain section corresponding to
the recorded region in (C). “On-track” and “off-track” were reconstructed from the
electrolytic lesion marks (white arrow heads). \ertical scale bar, reconstructed
(Reco.) scale; horizontal scale bar, 2 mm on the histological section; d, dorsal; v,
ventral; r, right; |, left. (E) A comparison of the Emsss profile obtained in vivo and
the EYFP fluorescence profile obtained in histology. The intensity was
baseline-subtracted and normalized to the maximum.
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Figure 7. fMRI during photostimulation of the rat thalamus. (A) Left, a
schematic drawing of the experimental setup. The glass-coated optrode was held by
an MRI compatible micromanipulator and mounted on the surface RF coil with a
square window (the left image). The RF coil was mounted on the rat cradle (the
middle image) to set in the MRI scanner (the right image). (B) Left, a schematic
drawing of the photostimulation site, the thalamic posterior medial nucleus (POm).
Middle, a high-resolution anatomical image in coronal orientation showing the
optrode track. Right, the photostimulation protocol. Scale bars, 5 mm. Note that the
optrode thickness is enhanced due to the susceptibility artifact [23]. (C) A series of
activation maps (t>2.33, P <0.01, uncorrected) from a contrast stimulation-ON
versus stimulation-OFF that are overlaid on EPI images in 1 mm interval. “0-mm”
slice corresponds to the stimulation site identified by the optrode. Scale bar, 5 mm.
(D) A horizontal image at the cortical activation site. Scale bar, 5 mm. (E) A series
of histological sections in 1 mm interval. “0-mm” slice corresponds to the virus
injection and photostimulation site identified by the track. Scale bar, 5 mm. (F)
Magnified views of an adjacent section of the “4-mm?” slice in (E), stained for nuclei
by Hoechst. Scale bar, 300 um.
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Figure 8. Gene transfer into the macaque perirhinal cortex. (A) Injection of an
adeno-accociated virus vector, AAV5-CaMKIlla-ChR2(H134R)-EYFP into the
perirhinal cortex of the macaque monkeys. Left, schematic drawings of lateral (top)
and coronal (bottom) views of the macaque brain. Scale bars, 10 mm. Right, a
fluorescent image of a monkey brain, corresponding to the dotted rectangular region
in the left drawing. Scale bar, 3 mm. Gp, globus pallidus; Hpc, hippocampus; Thl,
thalamus; amts, anterior medial temporal sulcus; cgs, cingulate sulcus; Is, lateral
sulcus; lv, lateral ventricle; rs, rhinal sulcus; sts, superior temporal sulcus. (B)
Magnified views of the perirhinal cortex on an adjacent section of the section in (A),
stained by Hoechst to visualize cortical layers. Scale bar, 1 mm. Note two separate
injection tracks. (C) Fiber-optically measured fluorescence profile in the brain of
another monkey. Left, a para-coronal MRI image showing a putative optrode track
position. Yellow region indicate the depth range of fluorescence measurements.
Scale bar, 10 mm. Right, the intensity profiles of Emsss and Rfss9 Overlaid on the
magnified MRI image so that the depths of the MRI image and the fluorescence
profile correspond to each other. The light intensity was normalized to the baseline.
Scale bar, 5 mm.
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Figure 9. Photostimulation and recording of single-unit activity in the macaque
thalamus. (A) Top, the lentiviral vector construct; bottom, a schema for the viral
injections. cs, central sulcus; Is, lateral sulcus; sts, superior temporal sulcus; d,
dorsal; v, ventral; r, right; |, left; scale bar, 10 mm. (B) Immunohistochemical images
for ChR2-EYFP, a neuronal marker NeuN and a glial marker GFAP. Arrow heads,
ChR2-EYFP-expressing neurons. Scale bar, 25 um. (C to F) Single-unit separation
during photostimulation. (C) Spike waveforms (mean +/- SD) of an exemplar unit
during light-off (red) and light-on (blue) periods. Scales: vertical, 25 pV; horizontal,
1000 ps. (D) Scatter plot of principal components (PC1 and PC2) of the spike
waveforms. Only one third of the total spikes are plotted for display purpose.
Magenta, the same unit during light-off period; cyan, the same unit during light-on
period; black, other units. (E) Autocorrelograms of the same unit during light-off
(magenta) and light-on (cyan) periods. Note that the total number of spikes is larger
in light-on period than in light-off period. (F) Response to the photostimulation. Top,
raster plot; bottom, PSTH. Blue horizontal bar, photostimulation period.
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Figure 10. Single-unit responses to the repetitive short light pulses. (A) Action
potential generation at 1 Hz. Top of each unit, raster plot; bottom of each unit,
histogram of spike latency. Blue shaded periods, photostimulation periods (5-ms
duration). (B) Spike response reliabilities at 10 and 20 Hz. Top of each unit, raster
plot; bottom of each unit, PSTH triggered by the onset of pulse train. Blue circle,
timing of light pulses (5 ms). (C) Spike response reliability (top) and spike latency
(bottom) as a function of light pulse frequency.
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Figure 11. Distributions of light-responsive units and EYFP fluorescence. (A)
Left, the putative position of a recording track near viral injection sites
schematically illustrated on the corresponding MRI image (vertical dotted line). The
yellow region represents the putative recorded region (from 15 mm to 25 mm from
dura). Right, the profiles of Emsss, Rfsee and light-responsive single units along the
same track. Light intensities were normalized to the baseline. Scale bar, 10 mm. (B)
PSTHs for all light-responsive single-units encountered along the track in (A). The
unit with an asterisk corresponds to the unit with the asterisk in (A).
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