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Chapter 1

Introduction

1



2

1.1 The mystery of the brain and the motivation

of research

The human brain is a complex electrical and chemical system which is composed

of around 1011 individual neurons. Although technology today allows researchers to

gain in-depth knowledge of the working mechanism for many of the body’s organs, the

brain remains the least understood. The brain is the vital central command center

of the human body where all of human experience and thoughts are generated and

experienced. Despite technological advances of the time, the united and coherent

working of this complicated system is still largely concealed in mystery.I would like

to begin with one story to take a brief peek at the mysteries of the brain.

Dr. Sperry:

It was a sunny day in 1979, Dr. Roger Sperry walked into his brain psychology lab

at the California Institute of Technology. He had scheduled a meeting with a special

’guest’ later today. It was one of his patients who had suffered massive epileptic

seizures,. Dr. Sperry knew he needed a corpus callosotomy, a surgical procedure

which disconnects the two hemispheres of the brain by slicing the thick bundle of

nerve fibers that pass between..

The surgery had no complications and the patient’s seizures had been fully con-

tained in the time since surgery. The purpose of the visit today was to run a visual

perception test, since the patient reported some strange symptoms. Dr. Sperry asked
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the patient to fix his eyes at the center of the screen. Note that brain’s visual system

works in such a way that left and right side of the visual field projects to the opposite

brain hemisphere. He flashed an image of a toothbrush on the right visual field, which

can be perceived by the patient’s left brain. The patient quickly responded saying

it’s a toothbrush that he saw. However, when the toothbrush was flashed on the left

visual field in exactly the same way, the patient reported not seeing anything at all!

The image was directed to the right side of the brain uninhibited but it seems he

couldn’t retrieve the information.

Dr. Sperry, confused since his patient’s visual system was still intact, devised a

modified experiment. He flashed an image of an object into the left eye, then asked

the patient to use his left hand (controlled by the right brain) to pick out the item

from an assortment. He correctly picked out the item in the image directed to his

right brain, even though he reported seeing nothing. Dr. Sperry again asked the

patient to explain what the item was, but the patient cannot vocally describe it.

This is now known as the ’split-brain’ problem. While the two hemispheres of

the healthy brain interact with each other closely via the major ’cable’ – the corpus

callosum - in the split brain patients, the cable is no longer functional which leads to

the impaired communication of information, causing the two hemispheres to behave

in dis-united ways, almost as if there are two brains working individually [64]. Since

the language center is predominantly in the left hemisphere, information trapped in

the right brain is not available for speech production, but the patient could still pick
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out the object with the hand controlled by the right brain.

Another very interesting example in split-brain patients is the alien hand syn-

drome, where the patient lost conscious control of one of his hand, which can indi-

vidually behave in unwanted ways, often leading the patient to use his other hand

to physically stop the uncontrollable alien hand. This was also observed from the

patients with split-brain.

Dr. Sperry won the Nobel prize in Physiology and Medicine with David Hunter

Hubel and Torsten Nils Wiesel in 1981, for his research in the split-brain studies.

”Indeed a conscious system in its own right, perceiving, thinking, remembering,

reasoning, willing, and emoting, all at a characteristically human level, and . . . both

the left and the right hemisphere may be conscious simultaneously in different, even

in mutually conflicting, mental experiences that run along in parallel.”

- Roger Wolcott Sperry, 1974

Dr. Sperry is also know for his study on the chemical guidance of neuronal con-

nections, known as the ’chemoaffinity hypothesis’. He studied the guidance of visual

neuron projections in African Clawed Frog. He concluded that the neurons used

chemical markers to selectively direct their connections. This leads to the emerging

of the research area of axonal growth guidance through chemical gradient of different

molecules.

The above are only some of the examples to illustrate the mysteries of the brain.

Many more burgeoning areas of research are just starting to aid in the long-term
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battle to unveil the mysteries of this complex electrical and chemical system in our

head. And eventually, to understand ourselves or our sophisticated minds better.

My research in this thesis focuses on the chemical messengers in the brain. These

are a special family of molecules that are responsible for making the 1015 connections

between individual neurons. I utilized electro-chemistry techniques to monitor the

fluctuations of these chemical messengers in real time in brain slices or in the intact

brain. Although it may be a small step in the generic research efforts towards under-

standing the nervous system, nevertheless, our study advances the understanding of

the behavior of these important neuro-chemicals, potentially also contributing to the

long term goal of revealing the mysteries of the brain.

1.2 The brain’s chemical messenger systems

Despite the tremendous number of individual neurons, the brain cannot function if

these neurons are not interconnected in a delicate and complex pattern. The connec-

tions between each cell are what’s most important in establishing a conscious mind.

’I am my connectome’, as Dr. Sebastian Seung, a faculty member now at Princeton

University, asked his audience to read aloud repeatedly during his TED talk. What is

responsible for enabling the communication between different cells are the synapses.

The major mechanism for how synapses work is through the release and reception of

chemical messengers. The activity evoked in the pre-synaptic neuron is the release of

chemical messengers previously stocked in vesicles into the tiny gap at the synapse.



6

This leads to an increased concentration of these chemicals in the synapse. The post

synaptic neuron senses the activity by using receptors which can bind specific chemi-

cals, and it is then either excited or inhibited, i.e. it receives input information from

the pre-synaptic neuron.

Understanding the chemical messenger systems in the brain is a major field of neu-

roscience study. These chemical messengers are called neurotransmitters and they can

be divided into several groups: amino acids, gasotransmitters, monoamines, peptides

and so on. The goal of this thesis is to use electro-chemistry methodology to in-

vestigate the electro-active monoamines, especially dopamine. As a major type of

neurotransmitter, dopamine is primarily found in deep brain regions that has drawn

considerable interest in recent years. Its role is closely related to behaviors involving

reward seeking, motor control, learning, attention and emotion in both the healthy

and diseased brain [29] [19]. Several neurological and psychiatric disorders such as

depression, drug addiction, Attention Deficit Hyperactivity Disorder (ADHD) and

Parkinson’s disease are consequences of dopamine transmission deficiency or exces-

siveness [63] [24] [52]. Therefore, understanding the dopaminergic system is important

in unfolding the underlying mechanisms and treating these disorders.

In the brain’s dopamine messenger system, three major dopaminergic pathways

dominate. In the mesolimbic pathway, the dopaminergic neurons in the ventral
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tegmental area (VTA) project to the nucleus accumbens (NAc); in the nigrostri-

atal pathway projections originate in the substantia nigra (SN) and project to stria-

tum; in mesocortical pathway projections run from the VTA to the prefrontal cortex

[19]. In particular, on the dopamine system map, the NAc is known as the brain’s

‘reward center’ [21]; alterations of dopamine level in the NAc can dramatically in-

fluence the animal’s behavior. This is seen in experiments of intracranial electrical

self-stimulation (ICSS). Animals continuously press the lever for stimulation to elicit

dopamine release in the NAc at the expense of food consumption [31] [55], which

is direct evidence of the significant role of mesolimbic dopamine in reward-related

behavior.

Other chemical messengers such as serotonin also have vital functionality in the

nervous system, and is also viable through electro-chemical sensing. For the scope of

this thesis, we will focus on the electro-chemical sensing of dopamine in particular.

Although we note that the tools and experimental framework developed in this thesis

can be universally applied to other electro-active chemical species researches in brain

slices or in the intact brain.
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1.3 Approaches for real-time monitoring of neuro-

chemicals

To study the chemical messenger system, one has to first gain a way of sensing the

dynamics of these chemicals in the brain tissue. One method might be to surgi-

cally extract substances from the tissue and perform off-line analytics. However, this

method is practically problematic because of the perturbation inflicted on the brain

and the slow speeds at which these experiments can be performed. We can only gain

the base chemical composition of the cerebro-spinal fluid, but have no access to the

rich dynamical activity going on in the nervous system tissues.

Microdialysis has been one approach to studying neurotransmitter dynamics. A

microdialysis probe is sufficiently small to cause minimal damage to the brain. The

semi-permeable membrane at the tip of the probe allows passive diffusion of cer-

tain chemicals. Solution is collected in the probe over a range of minutes to gain a

measurement of neurotransmitter concentration. The research using this technique

has generated many interesting results regarding how neurotransmitters interact with

varies factors [1].

However, measuring neurotransmitter concentration every several minutes is still

far less interesting for neuroscience research. Consider the other signals in the brain,

such as the neuronal spiking activity: one spiking event takes only around 1 ms in

total. Even slower dynamics of brain rhythms, such as some slow wave oscillations,
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Figure 1.1: Oxidation and reduction of the electro-chemically active dopamine.

happen on a time scale of hundreds of milliseconds. To get close to this time scale,

researchers have to invent a faster way of sensing neurotransmitters in the brain.

Electro-chemistry methods has been an innovative approach in neurotransmitter

sensing. Because some of the chemical messengers are electro-active, for example,

dopamine can be oxidized at carbon electrodes around electric potential of + 0.6 V.

This makes it possible to measure the tiny oxidation / reduction currents through

the electrodes to gain knowledge of the neurotransmitter concentration.

We adapted the Fast-Scan Cyclic Voltammetry (FSCV) as the electro-chemistry

method to monitor neurotransmitter in real-time both in brain slices and in vivo.

FSCV is better in terms of the speed and chemical identifiability compared to other

electro-chemical techniques such as amperometry and pulsed voltammetry. We will

spend the next chapter to explain and explore fast-scan cyclic voltammetry in detail.
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1.4 Introduction to the work presented in this ar-

ticle

The work is presented here in the following order:

Firstly, the FSCV technique is introduced. Example of FSCV recording using

home-made carbon fiber electrodes are shown. The electro-chemical signatures of

dopamine molecules are explained with example recordings.

Next, we deployed optogenetic tools in a home-bred transgenic mouse model. This

enables artificial induction of dopamine activity through activation of opsins. The

neurons in these animals express opsin channelrhodopsin-2 in dopaminergic neurons

only.

In the brain slices of these transgenic animals, we explored terminal dopamine re-

lease dynamics in response to temporally and spatially controlled optical stimulation.

Dopamine signal was probed by FSCV using carbon fiber electrodes. We found that

optogenetic stimulation applied directly at dopaminergic neuron terminals at e.g. nu-

cleus accumbens in brain slices can effectively evoke dopamine release. Our results

show that the temporal features and the level of dopamine release are non-linearly

dependent on the optical power, pulse width and the shape of the waveform.

Later, for the purpose of monitoring neurotransmitter in vivo, we proceed to

develop a novel two-way neuro-chemical sensing probe capable of both delivering

controlled light stimulation and performing FSCV recording in deep brain regions.
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Carbon and optical fibers are integrated together to achieve same-site stimulation

and recording.

Lastly, this chronic implantable probe is used for in vivo experiments to study the

dopamine transmission in mouse’s dorsal striatum. Optogenetics successfully induced

elevated dopamine response in live animals. Some observations of dopamine activity

in a physically stressed state is also reported.

Overall, our systematical investigation of the dopamine dynamics in vitro and in

vivo using a simple optogenetic framework provided important insights for neuro-

chemical research, and demonstrated the capability to interrogate dopamine trans-

mission using the combination of electro-chemistry and optogenetic tools. Part of the

work in this thesis is published in [44]. The appendix session includes material from

the publication [45] by the author.
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2.1 Introduction to Fast-Scan Cyclic Voltammetry

(FSCV)

Cyclic Voltammetry (CV) has been a popular technique in studying electro-chemical

properties of certain chemical species in the solution, understanding redox processes,

as well as characterizing electrode surfaces of different materials [41]. In this tech-

nique, the applied electric potential of a working electrode is controlled with respect

to a reference electrode whose potential is constant [40]. As the name cyclic voltam-

metry suggests, the voltage potential of the working electrode is scanned in a ’cyclic’

way. It is first ramped up against the reference electrode, often linearly, to a certain

value (switching potential) and then decreased to the initial potential. As the poten-

tial of the electrodes change, current flowing through the working electrode is being

measured and plotted against the scanning potential to give a ’cyclic voltammogram’

trace. This trace contains all sorts of information regarding both the chemicals in the

solution and the electrode itself.

In the 1980s, Julian Millar developed a new technique, called Fast-Scan Cyclic

Voltammetry to specifically target the applications for neuro-chemicals [13]. He

has enhanced the traditional CV technique by increasing the temporal resolution

of voltammetry scans by a few orders of magnitude. It is a significant step forward

for the neuro-chemical research, because that the brain’s chemical signals are often
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very fast in nature, ranging from milliseconds to seconds, which is practically impos-

sible for the traditional CV to keep record of. Since the development of FSCV, there

have been vast research efforts involved in solving the myths of the brain’s chemical

messenger systems: dopamine, noradrenaline, serotonin, etc. Numerous publications

have reported the discoveries in the rapid neurotransmitter transmission and its cor-

relation with pharmacological and behavioral research.

There are some major advantages on using FSCV for neuro-chemical detection

[58]. Some techniques such as micro-dialysis, works well for measuring long-term,

tonic neuro-chemical fluctuations because of their low sampling rate (in minutes);

however brain’s fast, phasic neuro-chemical activity plays significant functional role

in the neuronal systems. Another advantage of FSCV is its chemical identifiability.

Non-cyclic electro-chemistry techniques such as amperometry [73] and pulsed voltam-

metry is able to perform fast measurement, but may provide less additional informa-

tion regarding the redox processes. Note that in FSCV, different chemicals can be

easily distinguished by their distinct signature oxidation and reduction peaks, because

they start being oxidized at varies electric potentials on the electrode surface. There-

fore, FSCV is the technique best suitable for studying fast, phasic neuro-chemical

transmission in a complex chemical environment of the brain.
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2.2 Mechanism of FSCV and example of recorded

chemical signals

2.2.1 Electric holding and scanning potentials

We will first start by introducing how FSCV works in very practical examples. In

conventional cyclic voltammetry, a scan cycle often takes minutes to hours to com-

plete [40]. Here we use a sampling rate of 10 Hz, which means 10 scan cycles would be

finished in 1 second time. Between each voltammetry scan, we have to leave enough

time for the neuro-chemicals at the working electrode surface to exchange with the

neuro-chemicals in the solution (the brain), so that the signals from the electrode can

accurately reflect the real neuro-chemical concentration in the surrounding tissue.

Figure 2.1 shows the working electrode potential, or command voltage, controlled

by the voltameter. The holding potential is at -0.4 V to promote neuro-chemical

dopamine adsorption at the working electrode surface. For each 100 ms, a voltam-

metry scan starts; the applied potential is ramped up against the reference electrode

until a switching potential of + 1.2 Volts at a speed of 400 V/s, and then ramped

down at the same speed. The entire scanning potential lasts for 8 ms only. Then it

goes back to the holding potential of - 0.4 Volts. Because the oxidation of electro-

active neuro-chemicals such as dopamine happen at around + 0.6 Volts on a carbon

electrode [56], we would need to raise the potential well above that value so that the

neuro-chemical molecules around the working electrode surface can be fully oxidized.
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Figure 2.1: Illustration of the scanning electric potential (FSCV command voltage)

against the working electrode in an FSCV recording experiment. Each ’peak’ generate

one cyclic voltammogram recording.

This will generate a very well defined oxidation current peak.

Remember that the useful information regarding the extracellular concentration

of neuro-chemicals is gained during the electron exchange process happening at the

working electrode surface, during the oxidation of these molecules. The voltameter

is able to record such current flow in real time during voltammetry scans. Figure 2.2

demonstrates the recorded current during 2 voltammetry scans (intentionally scanned

at slower speed for the ease of observation) in one of my experiments. The general

trend of the current is similar to the command voltage, i.e. increasing in the first half

and decreasing in the later half of one scan cycle. The somewhat strange temporal

profile of this current trace, or the shape of the cyclic voltammogram, is related to

both resistive current and capacitive double layer charging. [37]
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Figure 2.2: Recorded electric current going through the working electrode during 2

voltammetry scans. Green line denote the switching point of the scanning voltage

from forward to reverse directions.

Regarding the capacitive charging, an electric double layer is usually formed be-

tween the electrode and the conductive solution [59], especially when it’s a micro-

electrode. The charges into or out of the electrode quickly formed an electric gradient

at the surface of the electrode, preventing further charge movement. An equilibrium

is reached in this process, leading to an electric double layer that have certain ca-

pacitance. Each time the voltage is varied, charging of the double layer capacitor

leads to extra currents which could influence the cyclic voltammogram. This large

background current in FSCV is present no mater neuro-chemical molecules exist or

not.

2.2.2 Generating background-subtracted cyclic voltammograms

In each FSCV scan cycle, the recorded current is extracted and plotted against the

scanning voltage, resulting in a cyclic voltammogram. Let’s now take a closer look
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at what a neuro-chemical signal would look like in a cyclic voltammogram, again

with very practical examples. Here is an example of a single cyclic voltammogram

extracted when the working electrode is sitting in a 25 µM standard dopamine so-

lution in a beaker. As can be seen in figure 2.3, two small ’bumps’ appear on the

cyclic voltammogram, corresponding to the oxidation (during increasing potential)

and the reduction (during decreasing potential) of dopamine molecules on the elec-

trode surface. This is an extreme case because the dopamine concentration is very

high compared to any physiological concentrations (usually below 1 µM). Therefore,

in the real brain, the two redox current peaks would be significantly smaller, and

would be difficult for observation in this kind of voltammograms. The solution to

this issue is to use background subtraction when plotting cyclic voltammograms. Be-

cause the background, non-dopamine current is stable over time, we can subtract

this constant pattern from all the voltammograms. Usually this background pattern

is determined by averaging over a passive recording period, where no stimulation of

dopamine release is performed in the brain tissue.

After background subtraction, tiny amount of currents can be detected despite

the existence of large background current. Here we present an example of our FSCV

recording during which the electrode is moved from control solution (artificial cerebro-

spinal fluid, ACSF) to the standard solution containing 1 µM dopamine in ACSF.

Figure 2.4 upper panel shows the background subtracted single voltammogram when

the working electrode is in 1 µM dopamine solution, where primarily only the currents
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Figure 2.3: Non-background-subtracted cyclic voltammogram in high dopamine con-

centration. This is a single cyclic voltammogram showing recorded current plotted

against command voltage, in a 25 µM standard dopamine solution. Oxidation and

reduction current causing abnormalities in the CV.

caused by dopamine oxidation (around + 0.6 V) [41] and reduction (around - 0.3 V)

are left on the plot. These signature oxidation and reduction peaks are important in

validating the identity of the recorded chemical species in a complex environment in

the brain.

2.2.3 Monitoring neuro-chemical concentration in real-time

Because we are aiming at real-time monitoring of the neuro-chemical activity, indi-

vidual voltammograms only represent the activity at certain time points and is not

sufficient. Therefore, it is common practice to plot all the single voltammograms ver-

tically in a 2D FSCV color plot (Figure 2.4, lower panel), where the x-axis is elapsed

time; y axis is the command voltage; color coding in the z direction represent the

amplitude of redox currents. Each vertical line of the 2D plot should be considered

one cyclic voltammogram at a given time point. Therefore, in the 2D color plot, we
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Figure 2.4: Upper: background subtracted voltammogram when the electrode is in 1

µM dopamine solution. Lower: 2D FSCV color plot, x-axis is in seconds. Electrode

is in control solution first half of the recording, switched to 1 µM dopamine solution

in the later half.
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are watching the evolving cyclic voltammograms over time. We can see no activity is

present when the electrode is in the control solution, while oxidation and reduction

current present when the electrode is moved to the dopamine solution.

The actual neuro-chemical dopamine concentration depends on the amplitude of

the oxidation and reduction peaks. Because oxidation peak is bigger, the concentra-

tion is therefore usually calculated based on the FSCV signals at + 0.6 V in particular.

Taking a horizontal line at + 0.6 V in the 2D FSCV plot, the amplitude of the signals

at this line is the estimated time-lapsed dopamine concentrations. We could also

extract the voltammogram and calculate the area of the oxidation peak as the metric

rather than the absolute value of the peak, but the two generate very similar results.

Eventually, our calculated real dopamine concentration would depend on an addi-

tional calibration experiment with standard 1 µM dopamine solution as described in

later chapters.

2.3 Preparation of carbon fiber micro-electrodes

for FSCV

Carbon fiber electrodes has been the electrode of choice for electro-chemical neuro-

transmitter sensing because of the high sensitivity. Due to carbon’s adsorptive char-

acteristics [8], neurotransmitter dopamine can be adsorbed at the surface of working

electrodes, promoting electron exchange. This adsorption especially tends to happen
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Figure 2.5: Photo of a homemade carbon fiber electrode. After heat assisted pulling,

the glass pipette is tapered at the tip. Carbon fiber is trimmed to around 200 µm to

ensure optimal neuro-chemical detection sensitivity. Bar denotes 1 mm.

during holding potential between voltammetry scans at - 0.4 V [56]. In addition,

the tiny size of carbon fibers (7 µM) has unbeatable advantage in terms of in vivo

neuro-chemical monitoring. It is potentially interesting to develop novel materials or

new carbon-based electrodes for the purpose of neuro-chemical sensing, which may

or may not increase the sensitivity to dopamine and the mechanical properties of the

electrode, but the topic is beyond the scope of this work. We are aiming at applied

neuro-chemical research questions, therefore choose to utilize the currently most suit-

able and viable electrode material to fabricate our home-made carbon fiber electrodes

and chronic implantable probes.

For our home-made carbon fiber electrodes, we adapted the procedures reported
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in several previous publications [56] [47] [37]. Firstly, carbon fibers (Goodfellow,

Coraopolis, PA) were vacuum aspirated into glass pipettes of 1.5 mm in diameter

(Sutter Instrument, Novato, CA) and subjected to heat assisted pulling (Micropipette

puller P97, Sutter Instrument). After pulling, the pipette was tapered for 2 mm

at the tip, and tightly fit the diameter of the carbon fiber, resulting in a nearly

closed encapsulation. We applied a small amount of UV epoxy at the contacting area

between the carbon fiber and the pipette to further ensure that during recording,

no solution can move up into the glass pipette through capillary effects. This is

important in that additional contacting electrode surface with the solution will cause

a large change in the impedance of the electrode. While impedance usually needs to

be kept extremely stable to guarantee a consistent baseline of FSCV. Exposed carbon

fibers were then carefully trimmed under microscope with a blade to around 200 µm

long. Lastly, electric connections were made at the other end of the pipette between

the carbon fiber and a copper wire. Silver epoxy is used for this purpose. In a typical

electrode fabrication process, around 10 such CFEs were made simultaneously for

reserve of future experiments.
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2.4 Instrumentation and neuro-chemical signal ac-

quisition

The electronic instrumentation we used for FSCV is described in this section. Home-

made carbon fiber microelectrodes were connected to a Dagan CHEM-CLAMP voltam-

metry amplifier through a 1 MOhm head stage (N=0.01). We used two National

Instrument PCI cards: NI PCI 6024e was used for voltammetry data acquisition and

command voltage waveform output; NI PCI 6321 was used for synchronization and

triggering an analog pulse generator for optical stimuli. Analog signals were sent

directly to the laser driver. The data acquisition software used was Demon Voltam-

metry [81]. The head stage, electrode and the recording media were placed inside

a Faraday cage to prevent extraneous electric noise. A temperature sensor is also

placed in the recording chamber ACSF solution to monitor the temperature change

for brain slice experiments. The figure 2.6 shows our electronic instrumentation used

for FSCV.

In a typical recording experiment, firstly the working electrode and reference elec-

trode (Ag/AgCl wire) is placed in the ACSF solution or in the brain slices, and

connected to the head-stage. To acquire FSCV signals, the command voltage was

scanned from -0.4 V to 1.2 V and back to -0.4 V at 400 V/s with a sampling fre-

quency of 10 Hz. Cyclic voltammograms in the 1 second before stimulation onset

were averaged and used as the baseline for background subtraction. We examined
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Figure 2.6: The FSCV instrumentation. On the left side is the computer with two NI

data acquisition cards. It is connected to the DAQ connector block / voltammetry

amplifier and the analog pulse generator respectively. On the right side in the Faraday

cage is the recording chamber with either ACSF solution or live brain slices. The

head-stage is also situated inside the Faraday cage.
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background subtracted cyclic voltammograms in each recording to identify the typ-

ical oxidation peak at 0.6 V and reduction peak at -0.3 V respectively to confirm

that the recorded chemical species is dopamine, with minimal interference from other

chemicals [78]. If we would like to calculate absolute concentration of dopamine, be-

fore FSCV experiments, electrodes need to be calibrated by 1 µM standard dopamine

solution [74] [36]. The concentration traces of recorded DA were generated using

the calibration factors. The FSCV setup was turned on 10 minutes before actual

recording to ensure a stable baseline in each recording session.

In the next chapter we will introduce the FSCV experiments protocol in an in

vitro environment: the transgenic mouse brain slices. The experimental setup will be

the same as described in this chapter, but extra steps are required to breed transgenic

animals, prepare health and live brain slices, stimulating the targeted brain region

with light stimulus and so on.
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In this chapter, we demonstrate the use of fast-scan cyclic voltammetry in brain

slices in conjunction with cell-type-specific optogenetic targeting. The animal model

we used is specifically tailored transgenic mice, which conditionally express the opsin

Channelrhodopsin-2 (ChR2) in dopaminergic neurons, enabling light activation of

dopamine (DA) activity. We begin with introducing the principles and utility of

optogenetic tools and their cell-type-specificity. Immuno-chemistry is used to charac-

terize the expression of opsins in the brain slices.

With the powerful electro-chemistry technique, we systematically studied effective

neuron-terminal-targeting induction of neuro-chemical dopamine release at physiolog-

ical levels. We also achieved direct manipulation of induced dopamine concentration

by controlling light intensity, pulse width, and the shape of stimulation waveforms.

In addition, it was also found that the temporal shape of the stimulus waveform

at light onset is critically related to induced dopamine concentrations. Further-

more, dopamine uptake kinetics as well as the recovery of the presynaptic releasable

dopamine pool are studied and modeled.

More broadly, our experimental findings provide important further evidence for

effectively applying electro-chemistry tools to interrogate the neurotransmitter dy-

namics in live brain tissue, especially in the behaviorally relevant regions of the brain

such as the nucleus accumbens (NAc) and the striatum in a highly cell-type specific

context.
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3.1 Introduction: Investigating chemical messen-

ger dopamine through light stimulation

In traditional neuro-chemical studies, the modulation technique of release used most

extensively is electrically stimulating the neurons carrying these chemicals, in par-

ticular dopamine. Electrical stimulation produces a non-cell-type-specific excitation.

However, since there is a significant population of non-dopaminergic neurons coex-

isting with dopaminergic neurons [43], recruiting all subtypes of neurons may result

in complex neuro-chemical system dynamics, as well as evoking electrical and chem-

ical consequences not related to dopamine, which may be undesirable in potential

therapeutic treatment. An alternative approach for more controlled manipulation of

the dopaminergic system is to use optogenetics which allows cell-type specific manip-

ulation of neural activity through light-gated ion channels. Optogenetics has been

employed in recent studies for targeted DA release. Specifically, Threlfell et al. [68]

demonstrated light induced DA release from cholinergic interneurons and dopaminer-

gic neurons in mouse striatum. Bass et al [7] studied the DA release in rat striatum

with different quantities and durations of light pulses, and compared optical and elec-

trical stimulation. Melchior et al [49] has recently compared optically and electrically

induced DA release utilizing pharmacological methods. A few in vivo studies have

used light induced DA as an indicator to investigate behavioral conditioning ([2] [71].
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However, there has not been a detailed study to bring in all the key aspects of op-

togenetic stimulation, such as the light power density, light waveform shape and the

temporal pattern of delivered stimuli. Additionally the DA dynamics in the NAc

are much less well understood than those in the striatum [65]. The DA dynamics

in the NAc are also especially important for many animal behaviors because of the

central functional role of the NAc. Therefore, an understanding of these dynamics

is crucial for developing physiologically realistic stimulation paradigms for future in

vivo studies.

In this chapter, a detailed quantitative electro-chemical study is presented, focus-

ing on neuron terminal dopamine dynamics and their manipulation by light stimu-

lations of varying parameters. Note that previous studies on optically induced DA

release have been using virus injection to induce opsin expression [7] [66]. In our

transgenic opsin-expressing animals, expression does not depend on the viral diffu-

sion or efficacy of transduction in the physically heterogeneous brain, and therefore

is more stable and has better cross-animal consistency. In this model, we were able

to electro-chemically record the elicited transient high concentrations of extracellular

DA by light at a particularly low power density of 0.1 1 mW/mm2 compared to the

previously used value of around 10 mW/mm2 [68] or other typical levels used across

in vitro and in vivo mammalian studies [23] [34]. Importantly, minimal light artifacts

were observed under this regime of low power density, which allows simultaneous and

overlapping light stimulation and FSCV. By controlling stimulation parameters such



31

as light power and pulse width, optically induced DA concentrations can be precisely

modulated across the dynamical range of 10 nM to sub-µM. Surprisingly, optogenet-

ically induced DA release was observed to also depend significantly on the temporal

shape at the rising edge of stimulus waveform. We also found that the optogeneti-

cally induced DA efflux, as a consequence of direct axonal and terminal excitation, is

attenuated during various temporal patterns of consecutive light stimulation. Details

of such behavior were investigated by studying the kinetics behind the recovery of

the releasable DA pool after an initial DA release event. We further estimated a

number of key time constants that define DA clearance in the uptake process, during

which a transporter protein pumps DA back into the cytosol. The time constants

are expected to be dramatically different between the DA uptake process and the

recovery of the releasable DA pool since more complicated mechanisms are involved

in the latter case. In general, we provide a detailed terminal dopaminergic dynamics

study using optogenetics tools in the NAc. The different light stimulation parameters

discussed here will provide guidance for designing practical stimulation paradigms to

induce DA release. Our results therefore set the stage for future studies on reward,

motivation and emotion related behaviors where the modulation of dopamine level in

the NAc is important.
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3.2 Optogenetic tools and characterizing the ex-

pression of opsins

In the past 10 years, neuroscience research has been reforming and reorganizing in

a tremendous scale, all due to a single milestone invention: optogenetics [9]. The

development of application of these light-gated ion channel proteins in neuroscience

research has enabled researchers in any sub-fields to control neurons and brain circuits

by light, rather than electrical pulses that were used traditionally. This is a huge step

in the study of neural systems, because of the cell-type specificity brought by utilizing

optogenetics. Opsins are expressed selectively on certain types of cells by the control

of promoters that are capable of conditionally initiate expressions.

Neuro-chemical research has not been studied in detail in an optogenetic context,

despite optogenetics is being applied among all the areas of neuroscience research and

has contributed to unprecedented scientific findings. Here, our work in the field of

neuro-chemical research is based on optogenetic control of neurotransmitter dynamics

recorded by FSCV. The first step is to successfully deploy the optogenetic tools like

in any other sub-fields of neuroscience research.

3.2.1 Development of optogenetics

Although Optogenetics is a new and emerging field that is recognized recently, the

necessity of it has been proposed long before its development. Francis Crick in 1979
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[20] have put forward the idea that a method to selectively activate certain type of

neurons rather than all of them is very crucial in the next step advancements in

neuroscience research. Because of the huge complexity of brain’s circuits, different

type of cells form a complex network which makes it almost impossible to tackle the

myth and understand the individual neuron type’s functional role. Before the devel-

opment of optogenetics, no other techniques had been able to achieve such goals. The

application of microbial opsins in controlling neuron activity, in particular affecting

membrane potentials has led to the development of optogenetics [22].

These opsins are first discovered in varies microbes, in which the power of evolution

have invented the functionality of sensing light in the environment and create a neu-

ronal signal to the nervous system, like in the retinal. Among these different types of

opsins, perhaps the light-gated ion channel proteins are the most important family, es-

pecially the uses of channelrhodopsins as the early hugely success cases of optogenetic

control of neuron activity [9]. There are mainly three families of opsins: excitatory

opsins such as the Channelrhodopsins that conduct cations, inhibitory opsins such

as the Halorhodopsins that conduct chloride ions, and rhodopsin-G-protein-coupled

receptors which activate selective biological functions. Many variants of the above

opsins have been invented aiming at improvements in neural activation power, latency

etc. Next we will introduce how to apply these tools in the experiments.
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3.2.2 Cell-type specificity and transgenic animals

In order to have any of these membrane proteins to affect the neural activity, first step

is to through certain approaches manage to incorporate these proteins on the cellular

membranes of specific types of neurons. As the molecular biology “central dogma”

teaches us, the membrane proteins are from the beginning produced intracellularly by

the processes of transcription (DNA to mRNA) and translation (mRNA to protein).

This means the incorporation of external membrane proteins requires the delivery

of related external genes. A natural thought would be to use artificially engineered

virus, which is indeed one of the most common approaches adapted by neuroscientists.

Inactivated virus is able to infect the neurons and deliver desired genes designed to

produce light gated ion-channel proteins. This requires injection of virus into the brain

tissue in live animals. There are two most common types of virus used in optogenetics:

the lentivirus and the adeno-associated virus (AAV) [28]. Viral injection is very widely

adapted in research; however, we would not dig into further details as I adapted a

different approach in this work.

Transgenic animals, in particular transgenic rodents, have become a more ad-

vanced and innovative way of incorporating opsins in neurons for lives animals. In

2007 and 2008, Arenkiel [5] and Zhao [83] reported the development of transgenic

opsin-expression (Thy1) mice line which become very popular in studying cortical

neural circuits in rodents. The advantages of transgenic animals are significant in

that:
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A. Considerably reduced the complexity of experiments by removing the viral

transduction step weeks before the neural recording experiments.

B. Transgenic animals have more consistent and robust opsin expression targeting

dopaminergic cells.

C. Better cross-animal consistency compared to the virus injection approach, be-

cause the diffusion of virus in the brain tissue can vary greatly among different ex-

periments.

In sum, we finally choose to adapt the transgenic mice approach to deliver opsins

to specific cells i.e. the dopaminergic neurons. In order to achieve such cell-type

specificity, which is one of the big advancements – to selectively stimulate dopamin-

ergic neurons while monitoring chemical messenger dopamine release, we specifically

home-bred transgenic mouse lines at university’s animal care facility. In detail, we uti-

lized the tool of Cre-dependent optogenetic transgenic mice, as developed by Hongkui

Zeng’s group [46]. Briefly, the Cre recombinase is an intracellular enzyme that is ca-

pable of recombine specific pieces of DNA.

floxed-ChR2 mouse line DAT-Cre mouse line

Allele name: Ai32(RCL-ChR2(H134R)/EYFP Allele name: DATIREScre

Gene symbol: Gt(ROSA)26Sor Gene symbol: Slc6a3

Type: homozygous Type: heterozygous

Table 3.1: Table of transgenic animal lines
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3.2.3 Use Immuno-chemistry to characterize the ChR2/EYFP

expression

The DAT-Cre X ChR2 transgenic mouse is expected to selectively express channel-

rhodopsin 2 in all dopaminergic neurons across the entire brain. This includes any of

the three major pathways discussed: the mesolimbic pathway where the dopaminergic

neurons in VTA project to NAc, the nigrostriatal pathway where projections originate

in SN and end in striatum, and finally the mesocortical pathway where projections

originate in VTA and end in prefrontal cortex [19]. Although the expression mecha-

nism for opsins is solid, for scientific robustness, we still would like to experimentally

verified the actually opsin expression condition in individual transgenic animals.

A quick understanding of the general opsin expression location can be gained by

utilizing the fluorescence microscopy technique in transgenic mouse brain slices. Be-

cause in these transgenic animals, the membrane protein ChR2 is fused with enhanced

yellow fluorescent protein, the brain tissue expressing opsins would have yellow flu-

orescence under a peak excitation wavelength of around 500 nm, and have a peak

emission wavelength of around 540 nm. We used fluorescence filters with particu-

lar wavelength windows that ensure we are observing the fluorescence of YFP. The

details of the instrumentations are described in the next section.

Below is our observation of the ChR2/EYFP fluorescence in one of the transgenic

animals. Coronal brain slices (Bregma +1.00 mm AP) were prepared to examine the

brain regions of striatum, nucleus accumbens, and SN/VTA.
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Figure 3.1: Fluorescent microscope images (excitation wavelength for YFP: 490 nm)

show existence of YFP fluorescence in Caudate Putamen (CPu, upper right) and Nu-

cleus Accumbens (lower left; AC stands for anterior commissure) in forebrain coronal

slices (+ 1.0 mm AP; scale bars are 0.2 mm). Expression is also seen in mid-brain

coronal slices of SN/VTA (lower right; -3.1 mm AP; scale bar is 0.5 mm).
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As can be seen, the green-colored fluorescence mainly present at NAc, CPu, and

SN/VTA area (which is in a different slice at the mid brain). This corresponds to the

dopaminergic neuron’s projection terminal fields at NAc, CPu, and the cell bodies

at SN/VTA. Because the production of ChR2/EYFP of this transgenic mouse is

happening intracellularly, ChR2/EYFP membrane proteins can reach the projection

terminal fields through axonal transportation. To further examine in detail, high

resolution fluorescence imaging is performed with a 40 X objective lens at the area

of SN/VTA. We are able to observe the individual dopaminergic neurons and the

projections originate from these neuron cell bodies.

Figure 3.2: High resolution fluorescent microscope images in SN/VTA region both

coronal (left) and sagittal (right); scale bar is 10 µm.

However, using fluorescence imaging technique alone is not sufficient to scientif-

ically validate the successful cell-type specific expression of opsins in dopaminergic

neurons only. We therefore choose to use immunochemistry methods to further in-

vestigate the expression of opsins in our experimental subjects. The main goal of the

immunochemistry analysis is to:
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1. Observe the detailed structure of opsin expressing dopaminergic neurons, in-

cluding soma, axons and dendrites.

2. Use immunostaining of tyrosine hydroxylase to understand the types of neurons

(dopaminergic vs. non-dopaminergic). Compare the localization of dopaminergic

neurons and opsin expressing neurons.

To successfully utilize immunochemistry, we adapted the experimental procedures

as follows [17]. Firstly, the DAT-Cre X ChR2/EYFP transgenic mouse was terminally

anesthetized with Beuthanasia-D. Perfusion was performed transcardially with saline

followed by 4% paraformaldehyde in PBS (phosphate buffered saline) solution. The

brain was extracted and sequentially fixed in 4% paraformaldehyde in PBS solution

(1 day) and then 30% sucrose solution (until brain sunk in solution). The brain was

then frozen with dry ice and cut into 40 µm coronal slices with a microtome. For

tyrosine hydroxylase (TH) immunostaining, slices were sequentially washed in PB

(phosphate buffer; twice, 5 min each), PBS (three times, 5 min each), and then left

in block solution for 1hr. The block solution was prepared with 0.1% Tween (Sigma-

Aldrich, MO), 0.25% Triton-X (Sigma-Aldrich, MO), and 10% normal donkey serum

(EMD Millipore, MA) in PBS. Slices were then immersed in primary antibody (1:1000

AB152 Anti-Tyrosine Hydroxylase in block solution, EMD Millipore, MA), covered

with tin foil, and rotated for 2.5 days in a cold room (4 ◦C). Slices were thoroughly

washed five times in PBS (5 min each) and again blocked in block solution for 1

hr. The slices were then transferred to secondary antibody solution (1:500, Alexa
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Fluor R© 594 donkey anti-rabbit IgG in block solution; Life technology, CA) for 2 hrs.

Afterwards, they were again washed in PBS (three times, 5 min each) and PB (twice,

5 min each), and mounted on microscope slides. Specific slices containing VTA (-3.2

mm Anterior-Posterior) and NAc (+1.0 mm AP) were selected and examined under a

Zeiss LSM 510 Meta Confocal Laser Scanning Microscope to verify the co-localization

of ChR2-EYFP with TH. The figure below is the resulting confocal microscopy images

from the forebrain slices at the NAc area.

Figure 3.3: Immunochemistry analysis with Tyrosine Hydroxylase staining in the NAc

(+1.00 mm AP) where DA dopaminergic neuron projections (but not cell bodies) can

be observed. TH is shown in red (left); YFP fluorescence is in green (middle); merged

image is on the right. Scale bars indicate 20 µm.

In the NAc, which contains the axons and terminals of DA neuron, YFP fluo-

rescent neuronal projections overlapped well with the TH-labelled structures shown

above. This overlap indicates that the neurons that express opsins, and the neurons

that are TH-labelled are the same group of neurons – i.e. the dopaminergic neurons.
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Such traces were not seen in the anterior commissure (bottom right corner of the

images), which does not contain dopaminergic projections. These histological results

confirmed that our optogenetic stimulation of ChR2 was indeed affecting dopaminer-

gic projections, as expected in these transgenic animals conditionally express ChR2

by the control of DAT-Cre. We also examined the dopaminergic neuron cell bodies

at the SN/VTA region.

Figure 3.4: Immunochemistry analysis with Tyrosine Hydroxylase staining in the

VTA (-3.2 mm AP) where DA cell bodies can be seen. TH is shown in red (left);

YFP fluorescence is in green (middle); merged image is on the right. Scale bars

indicate 20 µm.

One can observe the existing dopaminergic cell bodies and their dendrites in the

left TH-labelled confocal microscopy image, where the round black object is the cell

nucleus. These cell structures also present YFP fluorescence, which means they are

expressing opsins. We note that the YFP existence is slightly stronger in the den-

drites vs. the soma. This is because ChR2/EYFP is naturally transported to the
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membrane of the neuron because of its functional role. In summary, the histology

experiments were done with immunostaining of tyrosine hydroxylase (TH) to verify

the colocalization of ChR2-EYFP with TH in both the VTA and NAc. Dopaminergic

cell bodies stained with TH and showing YFP fluorescence were found in the VTA

(Fig 1B). This immunochemistry analysis is of vital importance because it ensures our

light stimulation is exclusively affecting dopaminergic projections in the transgenic

mouse brain slices, as expected in these DAT-Cre x ChR2 transgenic animals.

3.3 Experimental setup and methodology for study-

ing dopamine dynamics in healthy brain slices

In this section, we will introduce the generic procedures of performing the neuro-

chemical sensing experiments in transgenic animal brain slices. The animal model

and brain slice technique are firstly described, followed by the optical stimuolation

protocol and the electro-chemistry recording technique.

3.3.1 Breeding transgenic animals and the brain slice tech-

nique

The entire process from purchasing breeding pairs of transgenic animals to genotyp-

ing the liter and wait for maturity usually took around 2 month time. It is therefore

important to plan in advance to ensure a steady supply of experimental subjects.
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After purchased from the Jackson Laboratory, animals were housed in Brown Uni-

versity’s animal care facility. Then the transgenic DAT-Cre mouse line was crossed

with the floxed ChR2(H134R)-EYFP mouse line to produce offspring. These offspring

were subsequently genotyped. At postnatal day 5 – day 10, mice was labelled by toe

clipping under conventional numbering policy. Then we sampled mouse tails of 2 -

3 mm long to store in electrostatic spray treated boxes. The labels of the animals

and tail samples were carefully kept in record. The mouse tail samples were shipped

for genotyping to Transnetyx Inc. The company used automated polymerase chain

reaction (PCR) technique with Cre probes to identify which specific animals carry

Cre gene. The animals carrying Cre gene is capable of expressing ChR2/EYFP in

the brain tissue. After genotyping is finished, those transgenic mice that are tested

positive for the presence of Cre were used in experiments. Note that animals from

1 4 month age are best for neuro-chemical sensing experiments.

For preparing healthy slices, brain slices were cut from adult mice 2-3 months in

age, both male and female. In the detailed procedure, the mice were firstly anes-

thetized with a solution of Ketamine (10 mg/ml) and Xylazine (1 mg/ml) and de-

capitated. The brain was quickly removed and submerged in an ice-cold oxygenated

ACSF cutting solution containing (in mM): 125 NaCl, 2.7 KCl, 25 NaHCO3, 1.22

NaH2PO4, 10 dextrose, 2 CaCl, 2 MgSO4·7H2O, 1 ascorbic acid. Coronal slices,

300 µm in thickness, were cut with a vibrating blade microtome (Leica VT1000S,



44

Leica Biosystems) in the same ice-cold ACSF cutting solution. The slices were in-

cubated for 30 min at 32 ◦C and then maintained at room temperature (20 ◦C)

in oxygenated ACSF cutting solution [58]. Animal care and experiments were per-

formed in accordance with the National Research Council Guide for the Care and

Use of Laboratory Animals (Brown University Institutional Animal Care and Use

Committee). The healthiness of the brain slices is extremely important for in vitro

experiments because it’s necessary to keep the neurons in the slice healthy and alive,

while the membrane proteins and dopamine transporter (DAT) proteins should be

active as well. The time it takes from decapitating the animal until the brain slices

are transferred to the oxygenated incubating ACSF is the most important factor in

keeping the brain slices healthy. Therefore, extra practice is required to successfully

prepare the slices that are suitable for dopamine sensing experiments. Notes: may

add all brain slices

3.3.2 Preparing FSCV recording chamber and optical stim-

ulation paradigm

In order to perform in vitro dopamine FSCV experiments under optogenetic stimu-

lation, firstly slices containing the nucleus accumbens (+1.0 mm AP) were placed in

a recording chamber under a microscope (Eclipse E600FN, Nikon, Melville, NY) and

superfused with room temperature oxygenated ACSF recording solution containing

(in mM): 125 NaCl, 2.7 KCl, 25 NaHCO3, 1.22 NaH2PO4, 10 dextrose, 1 CaCl, 1
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Figure 3.5: Illustration of the optical stimulation paradigm in brain slices dopamine

FSCV experiments. The blue light is delivered through microscope objective and

illuminated area is indicated on the slices.

MgSO4·7H2O. For validation purpose, the expression of ChR2-EYFP was checked

under the microscope with an excitation wavelength of 490 nm by a Polychrome 5000

lamp from Till Photonics (Bavaria, Germany). After confirming opsin expression

in the slices, we would compare between different slices and different brain regions

for the expression. We have found that the brain slice around +1.00 mm AP from

bregma is best for the study of dopamine FSCV sensing.

The optogenetic excitation of the dopaminergic cells was carried out by a blue

laser (473 nm, CrystaLaser, Reno, NV) the output of which was coupled to the
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microscope and projected through the objective onto the slice. Since the light is

delivered through the microscope objective, this results in a 2.4 mm by 2.4 mm illu-

minated circular area on the brain slices. The illuminated area is carefully aligned to

be around the recording FSCV electrode. This optical stimulation paradigm ensures

the dopaminergic neuron projections around the dopamine sensing electrode are re-

ceiving the strongest light stimulation. Our purpose is to sufficiently excite all the

dopamine terminals to induce a high extracellular dopamine concentration that can

be detected by FSCV (higher dopamine concentration is also potentially behaviorally

significant for the consideration of the later in vivo experiments).

3.3.3 Fast-scan cyclic voltammetry experiments

After the brain slices from DAT-Cre X ChR2/EYFP transgenic mouse is prepared

properly according to above procedures, we then run neuro-chemical sensing FSCV

experiments in the slice medium. Briefly, home-made carbon fiber electrodes (CFE)

were inserted under the microscope into the NAc area close to the anterior commissure

of the coronal forebrain slices (+1.0 mm AP) with the aid of a micromanipulator.

Under constant light from the laser, we centered the light around the CFE to ensure

that the dopaminergic projections in the NAc are receiving the light excitation when

laser pulses are sent through the objective. The light power was measured by a

power meter (PM100D, Thorlabs, Newton, NJ). The details of the FSCV recording

is provided in Chapter 2.
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Next, we would need to place the CFE in the targeted brain tissue. To record the

concentration of dopamine molecules released, the CFE has to be inserted properly

into the tissue. Carbon fibers have a diameter of 7 µm, and are strong enough for

penetration. However, shear stress should always be minimized. We use a micro-

manipulator (Sutter instruments) in the fine motion mode to precisely control the

movement of the CFE, under the microscope. The CFE is hold at around 30 degree

with respect to the brain slice. We slowly move the CFE to approach the slice sur-

face at NAc. Once the tip of the carbon fiber starts contacting the slice surface, we

carefully move the CFE in a zig-zag fashion. The CFE is moved down and forward

alternatively to penetrate the tissue. It can be estimated how much of the carbon

fiber tip is inside the tissue by observing the blurring of the fiber. Once most of the

exposed fiber tip is inserted in the tissue (for better chemical sensing); FSCV record-

ing can be started. The recording chamber is under constant oxygenated ACSF flow

to support the healthiness of the brain slice. External ACSF is kept at 31 degree

(Centigrade). If the experiment involves optogenetic stimulations to evoke dopamine

release, we paused for at least 5 minutes between each FSCV recording session to

allow DA recovery and ensure consistency among multiple DA release events. As

a control, we performed the FSCV recording experiment with the electrode placed

in the NAc in wild type animals without ChR2, and did not observe any induced

DA signals. Throughout the experiments, we ensure our FSCV electrode was in the

NAc area of the slices, while the light is focused around the FSCV electrode and
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Figure 3.6: Insertion of CFE in brain slices. Left: The CFE inserted into the NAc of

a brain slice. Right: corresponding fluorescence image proving the CFE is at a place

with ChR2/EYFP expression.

illuminating NAc.

3.3.4 Post-processing of recorded neuro-chemical signals

After FSCV data acquisition from the brain slices, additional processing is needed

to interpret the raw signals. Essentially, dopamine concentration traces recorded by

FSCV were calculated using the signal at + 0.6 V with respect to the calibration fac-

tors. The FSCV color plots follow the standard 2D representation with time along the

X axis, command voltage along the Y axis and pseudo color along the Z axis showing

the oxidation current measured from electrodes (background subtracted). These 2D
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color plots were generated in Demon Voltammetry [81]. Data across multiple animals

was grouped together for investigation of different light stimulation parameters; the

amplitudes of DA release were normalized to allow comparison across animals with

respect to one highest value we recorded in each animal. The exact peak DA levels

depend on factors such as local density of dopaminergic neuron terminals; and there-

fore vary with the electrodes’ different position in the NAc tissue, among different

slices, and across animals. The average peak DA level observed was estimated by

electrode calibration to be 524 nM (S.E.M. = 53 nM; N = 8). For curve fitting and

modeling, data was exported and analyzed in Matlab. The model we adapted for

kinetic analyses is the Michaelis-Menten model, which is the classical enzyme kinetics

model commonly used to characterize DA uptake [77]. To fit the model, an objective

function calculating the sum of squared error between recorded data and simulated

data was created in Matlab. Simulated data was obtained by Matlab differential

equation solver, given the Michaelis-Menten equation.

3.4 Optogenetic stimulation is able to induced neuro-

chemical dopamine release

We used electro-chemistry to monitor the transient, relatively high concentrations

[82] extracellular dopamine release evoked by light in the Nucleus Accumbens (NAc)

area of 10 adult transgenic mice. Only mice identified as positive (+) for Cre (i.e.
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expressing ChR2(H134R)-EYFP) by genotyping were used. Brain slices were checked

under a fluorescent microscope to confirm opsin expression before each FSCV record-

ing experiment. As described already in Chapter 3.2.3, expression was mainly found

in the VTA and SN in the midbrain, and in the NAc and CPu in the forebrain, in

agreement with previous studies on dopaminergic cell distribution in the mouse brain

[27]. Expression in other areas was not observed in the forebrain and midbrain slices.

To electro-chemically measure phasic terminal dopamine release events modulated

by optogenetics, as described above, FSCV electrodes were inserted into brain slices

at the NAc. Light was delivered through the objective forming a d = 2.4 mm illu-

minated spot around the electrode tip. As analog input controlled laser pulses were

delivered onto the brain slices, simultaneous FSCV recording tracked the extracellular

concentration of dopamine.

With the electrode sitting in NAc tissue, we turned on the laser and applied a 25

ms, square waveform light pulse. The region around the CFE electrode is very briefly

illuminated, almost unnoticeable to the naked eye. However, a very strong abrupt

change of FSCV signal was recorded as shown in figure 3.7. This abnormal activity

was followed by a gradual decay over a few seconds until the FSCV plot relaxed to

the baseline level before the stimulation is applied.

Recall that this FSCV 2D color plot shows the time-lapsed cyclic voltammogram.

Each vertical line indicates one CV at a certain time point. Therefore the x-axis is

the time and y-axis stands for FSCV scanning voltage (triangle waveform, from -0.4
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Figure 3.7: Optically induced DA efflux by a 25 ms light pulse in transgenic mouse

brain slices. Upper panel: Recorded standard FSCV 2D color plot with stimulation at

t = 6.2s. Z axis shows background-subtracted voltammetry current in pseudo color.

Lower panel: Converted mean DA concentration trace under the same stimulation

parameter with small vertical bars represent ± S.E.M. (n = 7 recordings in the same

slice). (peak concentration at 705 ± 11 nM).
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V to 1.2 V back to -0.4 V). The converted DA concentration vs. time plot is the

average DA concentration trace calculated according to the FSCV signal at +0.6 V

(which corresponds to a horizontal line on the left FSCV color plot), with error bars

(vertical bars) as plus minus standard error of the mean (S.E.M). Error bars are small

because of the good cross-trial consistency under same stimulation parameters. The

sample size is n=7 FSCV recordings under exactly the same stimulation condition in

one brain slice.

Next, we verified the identity of detected chemical signal is indeed a result of

extracellular dopamine concentration increase. This is done by taking a single cyclic

voltammogram at the ‘peak’ of the evoked activity by light. The background sub-

tracted cyclic voltammogram below displayed clear oxidation and reduction peaks

at +0.6 V and -0.3 V 3.8. These are the signature peaks known to correspond to

dopamine. Therefore, our observed change in FSCV signal is a large extracellular

dopamine concentration increase in the slice tissue, but not a result of other chemi-

cals in the brain.

Overall, the optogenetic induction of immediate DA release was reproducible in all

N = 10 adult transgenic animal subjects with different peak concentrations. During

multiple stimulation events in one brain slice when the electrode was maintained

at the same position, the time profiles of DA release showed little variation. This

demonstrates that the induced DA release was highly reproducible and consistent

among different stimulation events.



53

Figure 3.8: Background subtracted cyclic voltammogram at optical DA release peak;

oxidation current is seen at 0.6 V and reduction current around -0.3 V.

In addition, dopamine signals were not seen in control experiments with the CFE

placed out of the brain slice as shown below 3.9, nor do redox peaks. The optical

stimulation power required to induce DA release was measured to be relatively low (¡1

mW/mm2), which minimizes potential light artifacts at our typical stimulation pa-

rameters. The absence of any artifacts during induced DA release combined with the

cell-type specificity in optogenetics enables us to investigate clean dopamine dynamics

in the NAc, as well as to obtain accurate estimates of any kinetic parameters.
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Figure 3.9: One control experiment where electrode is not inserted in the brain slices

but under same light stimulation parameters shows no DA signals and minimal light

artifact.
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3.5 Modulating the dopamine release concentra-

tion by different light stimulation protocols

After successfully utilizing cyclic voltammetry methods to record the evoked dopamine

release, we quantitatively studied the dopamine dynamics under constant FSCV mon-

itoring while changing the light stimulation. It is known that the spontaneous release

of DA during animals’ natural behaviors has more variability and is often lower in

concentration [18] than the DA release induced by an electrical pulse. This indicates

that only a portion of the stored presynaptic DA pool is typically released into the

extracellular space during natural behavior. To mimic the DA release events in nat-

urally behaving animals, it is essential to achieve scalable DA release with certain

precision.

3.5.1 Effects of light power

Firstly, we investigated the effects of altering the optical stimulation power. Across 3

transgenic animals, a series of stimulations with different light powers were delivered

with simultaneous FSCV, ranging from 0.09 mW/mm2 to 1 mW/mm2. To minimize

the effects brought by light pulse width, we used square pulses fixed at 100 ms long. As

demonstrated in figure 3.10, the amplitude of the induced DA concentration increased

as the light power was increased.



56

Figure 3.10: Upper panel: Stacked DA concentration traces under the 6 different

light stimulation power. Lower panel: optically induced DA peak level as a function

of light power, across 3 animals. (n = 3 X 6 = 18 recordings in total; recordings are

separated by 5 10 minutes to allow DA recovery. Vertical bars represent ± S.E.M.

Pulse width is fixed at 100 ms.)



57

Figure 3.11: Eadie-Hofstee transformation of the mean DA peak response vs. light

power density curve. The fitted linear model of f(x)=a*x+b has coefficients: a =

-1.034 ± 0.829, b = 202.1 ± 52.0, R2=0.750

It appears that the relationship between stimulation power and the evoked con-

centration has a saturable trend. To look in detail, we performed an analysis using

Eadie-Hofstee transformation, which is a linearization of the Michaelis-Menten equa-

tion. However, a sufficiently good linear fitting was not achieved (R2 value of 0.750).

This indicates that even through the DA peak response increases with the light power

density; their correlation is more complicated than that described by the typical en-

zyme kinetics.

We speculate this may be due to the nature of the light ‘receiver’ protein, Channel-

rhodopsin-2, which interprets the light power density in mW/mm2 in a complex

way beyond common protein kinetic models. This results in a sub-linear or non-

linear correlation of dopamine peak concentration to light power in an Eadie-Hofstee

diagram. Nevertheless, the DA peak and light power still correlate positively, and
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have saturable characteristics.

3.5.2 Effects of stimulation pulse width

Next, we also observed an increased DA response as the light pulse width was in-

creased while the light power was held constant (1 mW/mm2) across 4 transgenic

animals. In figure 3.12, short light pulses of 3 ms induced relatively small DA release.

However, a sharp increase of DA level was seen as the light pulse width increased.

This increased DA release reached a plateau around 15 ms. This indicates that when

the light stimulation is sufficiently long (¿15 ms), the amount of released DA reaches

a saturation point for the effect of pulse width. Previous studies in electrically elicited

DA release [77] [30] have been using the number of stimulation pulses as the primary

approach to modulate DA release concentrations. We found that increasing the pulse

width in optogenetics can result in a similar effect as multi-pulse stimulations.

Optical stimulations appear to be more versatile and effective since longer pulse

width or stronger light power both can lead to increased DA release, in addition

to increasing the number of pulses in the electrical stimulation case. However, we

think applying large quantity of stimulation pulses over an extended period has the

potential to result in even higher DA release [77] [49]; while increasing the pulse width

beyond 15 ms does not seem to further increase DA release concentrations.
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Figure 3.12: Effect of light pulse width on the evoked dopamine concentration. Left:

recorded dopamine concentration traces in one brain slice under different pulse widths.

Right: induced dopamine peak level as a function of light pulse width across 4 animals

(n = 4 X 6 = 24 recordings in total; recordings are separated by 5 10 minutes to allow

DA recovery. Vertical bars represent ± S.E.M. Light power is fixed at 1 mW/mm2).
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3.5.3 Discussion on stimulation parameters

The rationale for choosing the parameters are firstly described below. The pulse

width of 100 ms used for analyses of power-DA peak correlation was to avoid the

modulation effects brought by the pulse width. Because the DA response reaches a

plateau as the pulse width increases to 15-25 ms, usage of longer pulse width such as

100 ms or 1s will not interfere with the study of other parameters. The same situation

applies to light power density of 1mW/mm2. We found 0.1 1 mW/mm2 represents

the dynamic range of optically evoked DA, from release around the noise level to

maximum release. More generally, the parameters chosen are in similar range with

other optogenetic experiments [7], which reliably evoked robust spiking modulation

or DA release.

Additionally, DA responses under different stimulation patterns of single pulse or

pulse trains were compared across 3 transgenic animals (figure 3.13). The total three

light patterns used were a 4 ms pulse, 4 pulses of 4 ms (25 Hz), and a 25 ms pulse,

respectively (all under 1 mW/mm2). As seen, 4 pulses of 4 ms (25 Hz) stimulation

increased the amount of DA release to around 200% of that from a single 4 ms pulse;

while a longer 25 ms pulse also elicited higher DA release. The release levels between

4 pulses of 4 ms (25 Hz, takes a total time of 124 ms) and a single 25 ms pulse is

similar (one-way ANOVA and multiple comparison test, α=0.05).

This is in accordance with previous reports [7] [68] in the rat/mouse striatum.

Therefore in contrast to electrical stimulation where pulse trains are usually necessary
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Figure 3.13: Dopamine release levels from varies stimulation parameters. The induced

dopamine levels from light stimulations of a 4 ms pulse, 4 pulses of 4 ms (25 Hz), and

a 25 ms pulse; n = 7, 10, 22 recordings respectively, across 3 animals. DA level evoked

by the 4 ms pulse is different than the other 2 cases (one-way ANOVA and multiple

comparison test, α=0.05); concentration normalized with respect to DA release of 25

ms pulses.
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[30], optical stimulation effectively reaches high DA level with a single square pulse

of 25 ms. In fact, more than 50% of the maximum DA was released by a brief 4 ms

light pulse. This seems to differ from the case of electrical stimulation where one 4

ms biphasic pulse elicits less than 10% of the maximum DA release [80]. Thus the

optogenetic direct targeting of the dopaminergic neuron axons and terminals appears

to be a very efficient way to evoke saturated DA release events.

3.6 The amplitude of transient dopamine response

is critically dependent on the temporal profile

of the light stimulus

Our results indicate that higher extracellular DA concentrations can be induced by

increasing either the intensity, the duration or the number of light pulses, all of which

correspond to increased light energy delivery into the targeted brain area.

However, we found that controlling the energy delivery is not the only way to

modulate DA release; the light pulse waveform also plays an important role. We

demonstrate in this section that the optogenetically evoked transient DA signal is

significantly dependent on the stimulus waveform at the onset of the light stimulus.

We performed a series of FSCV recordings where the temporal shape of the rising

edge of the light pulse was varied. The abrupt rising edge of a square pulse was

replaced by a short linear ramp of varying slope at the onset of 1s light stimulations.
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Figure 3.14: Standard FSCV 2D color plots under a 1 s square pulse (left) versus a 200

ms ramp + 1 s square pulse stimulation (right). Z axis shows background-subtracted

voltammetry current in pseudo color; data is from single recordings.

These temporal waveforms with initial ramps ranging from 12.5 ms to 300 ms were

applied as analog inputs to the blue laser driver. All stimulations shared the same

1s square pulse shape after the initial ramp. A comparison is shown in figure 3.14

between a stand-alone 1 second square pulse and a 1s square pulse with a 200 ms

initial ramp. (We chose 1 s pulse since it was long enough to rule out the influence of

later waveforms other than the onset waveform. Yes, we have observed that the effect

is same for longer pulses. In fact, we have found that any persistent light after the

initial few hundred milliseconds do not have any influence on the DA concentration

recorded, no matter what kind of waveform is applied.)

Very interestingly, lower DA response is observed in the latter case despite the
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fact that more total light energy was delivered to the targeted brain area. More sys-

tematically, we investigated this effect in 4 transgenic mouse subjects by gradually

increasing the ramp duration (figure 3.15). Results show that peak DA concentration

varies dramatically with ramp duration. For example, the released DA concentrations

are significantly different between waveforms with 50 and 75 ms added-ramp (one-

way ANOVA and multiple comparison test, α=0.05). In fact any of the DA release

from 12.5, 25, 50 ms ramp waveforms is larger than that from 75, 100, 300 ms ramp

waveforms (one-way ANOVA and multiple comparison test, α=0.05). Longer ramps

preceding the square pulse invariably resulted in lower peak DA concentrations, even

though more total light energy is delivered. Our findings thus demonstrate the in-

duced transient DA efflux is critically dependent on the shape of temporal waveforms

of optogenetic stimulation at the moment of light onset. On the other hand, difference

in induced extracellular DA concentration is not necessarily a result from change in

the amplitude and length of light stimulations.

Since the relationship between ramp time and dopamine level seems sigmoidal, We

suspect that to use a logarithmic plot would be a better representation. Log(ramp) is

used instead of the ramp duration on the x-axis of the ramp plot 3.15. The new x-axis

ranges from log(12.5)=2.5 to log(300)=5.7 while y axis remains unchanged. It can be

observed the transformed plot is still slightly sigmoidal shape (figure 3.15), though

it’s closer to linear than the original curve. This may indicate the ramp duration -

DA peak correlation is on a higher order or more complicated than sigmoid. It could
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be interesting to explore this correlation in detail in future studies. Especially use

simulation methods to study the number of activated light gated ion channels (ChR2)

under a slowly ramped up light power. Then calculate the depolarization caused by

activation of ChR2 to determine DA molecule release. This is also interesting in other

phenomenon generated by light ramp such as cortical oscillations [3].

In sum, this observation indicates that optogenetic induction of terminal DA re-

lease apparently requires a “shock” effect:, i.e. a fast rising edge at the onset of

stimulation. This may have resulted from both characteristics of the opsins receiv-

ing light stimulation and terminal DA vesicle release conditions. It’s known that

light power is related to the activation probabilities of the ChR2 opsins is related to

light power. As light power is increasing during the ramp, expressed opsins on the

dopaminergic cell terminal may be activated at different timestamps. On the other

hand, while a square pulse immediately imposed a higher activation probability on

all opsins in one cell, which leads to a larger depolarizing current. On the other hand

It is also known that DA vesicle release is promoted by larger cell depolarization (ref

Raiteri). We speculate that this effect is likely a general property of dopaminergic

cell response, and that a simultaneous activation either by opsins or synaptic inputs

can result in high extracellular DA release in physiologically conditions.
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Figure 3.15: Correlation of light ramp duration and mean DA peak response. Left:

DA peak level as a function of added ramp time to the 1s square pulse. (In n=

4 X 6 = 24 total recordings across 4 different animals. Recordings are separated

by 5 10 minutes to allow DA recovery.) Y-axis is normalized with respect to the

DA release induced by non-ramp square pulses in each animal. Among adjacent

ramp durations, DA peak level is significantly different between 50 ms and 75 ms

ramp waveforms (one-way ANOVA and multiple comparison test, α=0.05). Right:

Average dopamine response under different added ramp time. X-axis is replaced with

log of ramp duration (from log(12.5) to log(300) ).
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3.7 Recovery of presynaptic dopamine revealed by

optogenetics

Upon the onset of optical stimulus, stored presynaptic dopamine is released, causing

a transient local high concentration of extracellular DA in the sub-µM range. The

extracellular DA then returns to the cytosol through DAT uptake to be prepared for

a future release event. The DA must also be sequestered into synaptic vesicles to

be recovered into a readily releasable state, in addition to simply being transported

back into the cytosol [10]. The releasable presynaptic DA pool is recovered dynam-

ically during this process. Optogenetics is an ideal tool to unfold the dynamics be-

hind the recovery of releasable presynaptic dopamine because conventional electrical

stimulation also excites non-dopaminergic neurons in the brain which may interfere

with extracellular DA release, whereas optogenetics allows the selective activation of

dopaminergic cells.

For this purpose, we used stimulation protocols with series of two consecutive light

pulses applied at varying intervals while electro-chemically monitoring the dopamine

activity. The voltammetry signature of dopamine is validated by FSCV colorplot. As

shown in figure 3.16, the initial light pulse in each recording always elicits about the

same peak DA concentration. While as the inter-pulse interval is increased from 2 s

to 40 s, the second pulse elicits DA concentrations of gradually increasing amplitude.

At short inter-pulse intervals of 2, 3, and 4s, the readily releasable DA is less than
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Figure 3.16: Effects of stimulation inter-pulse interval. Series of recorded DA con-

centration traces under two light pulses with inter-pulse intervals of 2, 3, 4, 6, 10, 15,

20, 40 seconds. Stimulations were kept at 1 mW/mm2 power and 1 s in length; data

is from a set of 7 recordings in one of the animals from 4D. Recordings are separated

by 5 10 minutes to allow DA recovery.
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Figure 3.17: Recovered releasable presynaptic DA on second pulses as a function of

inter-pulse interval in 2 adult transgenic mice (blue and black). Red line indicates

the clearance of extracellular dopamine molecules (i.e. DA concentration recorded by

FSCV).

20% of the original amount, indicating depletion of releasable presynaptic DA. For

recording with 40s inter-pulse interval (Fig 3.16), the second pulse elicits DA level

to 70% of that from the initial pulse, suggesting most of the releasable DA pool is

restored.

Complete recovery can be achieved on a scale of minutes, since 5 minute intervals

between the trials were sufficiently long so that the initial DA peak for each trial

remained nearly constant in magnitude (543 ± 27 nM).

We plotted the recovery of DA against inter-pulse time, in the two transgenic
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mouse subjects studied (sometimes referred as paired-pulse inhibition [38]) . Consis-

tent results were observed(figure 3.17, blue and black). Also, when compared with

the extracellular clearance of dopamine recorded by FSCV (figure 3.17, red line), the

recovery of readily releasable presynaptic DA takes place on a much longer time scale.

Compared to similar studies which employ electric stimulation [57], we observed

a stronger dopamine release inhibition effect 2 10 s after an optical pulse; while the

qualitative trend of recovery is similar. We speculate that light stimulation may

achieve better clearance of the releasable DA pool at the first pulse, since it can be

delivered on a longer time scale due to the absence of artifacts. In addition, these

results proved that the paired-pulse inhibition effect in electrical stimulations can be

reproduced in the cell-type specific environment in optogenetics without recruiting

other non-dopaminergic neurons in the brain, thus excluding the possibility of other

neuron types causing this effect.

During the recovery of presynaptic DA pool, a number of processes are involved

such as the DA transportation from the cytosol to presynaptic vesicles [26], docking

of DA vesicles [54], or autoreceptor inhibition. Autoreceptor inhibition is shown to

primarily happen within around 0.5 2 s after the first DA release, and therefore should

not contribute to the general recovery effect seen on longer time scale [57]. There-

fore, our observed DA recovery is more likely related to the formation of presynaptic

DA vesicles. A vesicular monoamine transporter-2 protein, which mediates DA trans-

portation from cytosol to synaptic vesicles, also primarily obeys the Michaelis-Menten
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kinetics, which we modeled in the next section.

3.8 Chemical kinetic analysis of dopamine release

and uptake

We further performed kinetic analyses on the uptake and recovery process of opto-

genetically induced DA concentration data. Michaelis-Menten kinetics (Methods) is

used to model the DA uptake. The estimated best fit parameters were found to be

the following: Vmax is 0.969 µM/s taking Km of 0.21 µM (Ross, 1991) (R2 = 0.918,

Fig 3.18); the first order rate constant k (k = Vmax/Km) is 4.6 s-1. This estimation

is similar to the previously reported electrically evoked DA uptake rate constant k

of 4.0 7.8 s-1 in the mouse NAc area [12] and also lower than the reported rate

constant in the CPu area [65]. In addition, several other parameters describing the

uptake kinetics such as full-width at half height (FWHH), T20 (the time of 20% sub-

strate clearance), and T80 (the time of 80% clearance) [81] were also extracted from

the data. Optogenetically induced DA release peaks by single 1s square pulses have

a mean FWHH of 1.48 ± 0.02 s, T20 of 0.68 ± 0.03 s, and T80 of 2.52 ± 0.10 s.

We also applied Michaelis-Menten kinetics analysis to the releasable DA pool

recovery data. In this case, a Km value of 1 µM is used [25] [39] to fit the model,

yielding Vmax values of 0.0585 and 0.0592 µM/s respectively for the two transgenic

animals (figure 3.17, R2 = 0.922, 0.881). The recovery of releasable presynaptic DA
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Figure 3.18: In the uptake kinetic analysis, simulated (red) versus recorded (black)

FSCV DA concentration signal. FWHH, T20, T80 is shown.

Figure 3.19: The Michaelis-Menten kinetics of dopamine uptake under optical stim-

ulation.

seems to be adequately fitted with the Michaelis-Menten model. The Vmax value

obtained for recovery of releasable DA was much lower than the value obtained for

DA uptake, which indicates that uptake into cytosol alone is not sufficient to prepare

DA molecules for another immediate release. Therefore, this validates that other

processes are involved in the recovery of releasable presynaptic DA.

Beyond our basic studies, such quantitative understanding of DA dynamics has
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potential relevance for understanding drug addiction and reward driven behavior,

since the timing of DA release relative to behavioral events and the extent of at-

tenuation is important. In addition, our results demonstrated that both the slower

kinetics of recovery of the presynaptic DA pool and the faster kinetics of DA uptake

by DAT can be studied using optogenetics in a cell-type specific stimulation con-

text. With less interference from non-dopaminergic cells and other artifacts, more

accurate DA terminal kinetic analyses can be performed, which may contribute to

future theoretical and/or modeling studies. DA transmission in the NAc in particular

is critically involved in an animal’s reward driven behavior, learning, emotions, etc.

A transient DA release in the NAc is often seen at anticipation or receipt of natural

reward stimuli (such as for food [62]). Artificially induced transient DA release events

(or ‘rewards’) can be an effective way for optogenetics to play a significant role in ani-

mals’ natural behaviors. Thus quantitative understanding of the interaction between

the light and the terminal dopaminergic dynamics in the NAc is an important step

forward. Behaviorally realistic stimulation paradigms can be developed accordingly

in the application of future in vivo experiments.

3.9 Conclusions

In sum, our results demonstrate the feasibility using electro-chemistry to quanti-

tatively study the optogenetic modulation of DA release events in the NAc under
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various stimulation conditions, in a simple framework using transgenic animals. Op-

togenetics is shown to be both capable and efficient in eliciting high concentration

extracellular dopamine release events, through targeted stimulation of exclusively

dopaminergic cell axons and terminals in the NAc. A remarkably low light power

of around 0.1 mW/mm2 is required to elicit measurable DA release. Extracellular

concentrations of DA release can be manipulated by controlling various parameters

such as the light power, light pulse width, shape of waveform onset, or the temporal

pattern of pulses delivered. Kinetic time constants and parameters for the recovery

of the readily releasable DA pool as well as for DA uptake were obtained under this

cell-type specific stimulation scenario. These results suggest that the combination

of targeted optogenetic stimulation and simultaneous FSCV in transgenic animals

provides a useful approach for the quantitative study of terminal dopaminergic dy-

namics. Further studies may utilize this approach to investigate various questions

related to dopamine transmission in both healthy and diseased brain, or to design

potential behavioral experiments with optogenetically modulated dopamine release.
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4.1 Introduction: Motivation of the development

of a chronic neuro-chemical sensor

As explained in previous chapters, the brain’s chemical messengers (neurotransmit-

ters such as dopamine and serotonin) have a central role in various aspects of animal

behavior, such as motor control, reinforcement learning and emotion [79]. While un-

derstanding the chemical transmission in an in vitro environment explains the neu-

rotransmitter terminal behavior and its chemical dynamics, it has its own drawbacks

and restrictions.

First and foremost, the correlation of certain characteristics such as dopamine

transmission with animal behavior cannot be investigated in an in vitro environment.

To study behavior related scientific questions in an vivo experiment setting, a freely

moving experimental approach is necessary.

Secondly, the dopaminergic neuronal terminals and axons in the brain slice tissue

lack mid-brain input. Brain’s native commands are sent from the mid-brain regions

such as Ventral Tegmental Area (VTA) and Substantia Nigra (SN) through Medial

Forebrain Bundle (MFB) to the neuronal terminals and axons in the striatum and

nucleus accumbens. Lacking afferent neural inputs, the in vitro dopamine signals

would not demonstrate the same spontaneous temporal profiles as those signals in a

live animal would. Therefore, in vitro recording reveal less interesting neuro-chemical

information in the intact brain.
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Lastly, we are interested in studying the chronic changes in dopamine release char-

acteristics and fluctuation in extracellular concentrations. This requires a recording

approach that can last for days, weeks, even months. Brain slices obviously do not last

for more than a few hours, thus prevent us from understanding changes that happen

on a longer time scale. Chronic changes in dopamine basal level are particularly of

interest in several neural degenerative diseases. [43] A probe that have the potential

to monitor chronic changes is therefore a very valuable tool in both fundamental and

clinical research context.

Therefore, to overcome above restrictions and while gaining a deep understand-

ing of these dopaminergic pathways and how they interact with animal’s behavior,

researchers have to be able to in real-time monitor the fluctuations of dopamine in

vivo and chronically. In recent years, attempts have been made by improving the

traditional carbon fiber pipette probe in terms of its size and bio-compatibility for

implantation in rodents [18]. Clark et al. have fabricated an implantable sensor that

consist of a fused silica encapsulation and one single carbon fiber exposed around 150

µm at the tip. Through tissue histology analysis post implantation, they have demon-

strated that the carbon fiber, with a diameter of 7 µm, barely leave any visible trace

in the brain tissue in a chronic implantation context. This result indicates that the

carbon fiber is able to acquire the genuine chemical messenger transmission in the un-

damaged tissue. Although their results demonstrate the chronic recording capability

of carbon fiber, however, this approach does not have the capability to deliver optical
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stimulation in vivo, therefore making it impossible to integrate with the optogenetic

tools whose cell-type specificity is very powerful in studying neuronal systems. In

addition, with a single “read-only” design, it requires a second ‘stimulation probe’

implantation in order to drive the dopamine release events [42], which greatly adds

surgical challenges and affect the post-surgical survival of the experimental subject.

4.2 Design of the chronically implantable neuro-

chemical sensing probe

The progress in optogenetics and the development of a variety of transgenic rodent

models have provided a powerful tool set to study the functional role of specific

dopaminergic pathways on neural activity and behavior. Effective application of this

tool set for in vivo studies requires the development of a novel opto-chemical probe

for simultaneous light delivery and cyclic voltammetry dopamine recording.

Below, we summarized the necessary functional components and their roles in an

chronic implantable neuro-chemical sensing probe (in this chapter we use the shorter

name neuro-chemical probe for simplicity):

A. Electrode capable of detecting dopamine with fast-scan cyclic voltammetry.

Carbon based electrode is necessary for detecting dopamine because of the specific

electrical and mechanical properties. It has been so far the most successful family of

materials in neurotransmitter detection. As explained above, carbon electrode surface
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Figure 4.1

promotes dopamine adsorption at electric potential at -0.4 V. We have experimented

for different ways of integrating the carbon-based electrode into our device, including

utilizing graphene coated optical fiber. Despite the innovation in these techniques, the

carbon fiber is more reliable because of its high resistance to mechanical and chemical

damage. In addition, the 7 µm size ensures minimal tissue damage and specificity in

local dopamine recording. Because our work focus on result-driven, applied neuro-

chemical research, we therefore choose to adapt the most reliable way to record in

vivo dopamine. We integrated the 7µm carbon fiber in our neuro-chemical sensing

probe as the electrode for FSCV recording.

B. Optogenetic stimulation delivery targeted at the local dopamine terminal field

We utilize the optogenetic tools to study cell-type specific stimulation, where light

delivery into the brain tissue is crucial. Unlike in brain slice studies, where we deliver

light on to the slice through microscope objective. For in vivo environment, because
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the transparency of the brain is low (see recent efforts to make the brain optically

transparent by the technique of CLARITY [48]), an optical fiber is often used to

deliver light in the targeted region. When designing our optogenetic neuro-chemical

probe, the stimulation objective is to elicit a dopamine release by the dopaminergic

neuron terminal field, such that the carbon fiber is able to measure this dopamine

release by FSCV. Therefore, the light illumination is best to cover the brain tissue

surrounding the exposed carbon electrode. We adapted two improvements in our

design to facilitate targeted light delivery:

1. Positioning the optical fiber behind the exposed carbon fiber electrode. Since

light is delivered in front of the optical fiber, the recessed optical fiber can better

target the tissue around the electrode.

2. Switching from 10 µm core diameter optical fiber to 105 µm core diameter

fiber.

Our typical construct for delivering light into the brain involves using a 10 core

diameter, 125 outer diameters, polymer coated optical fiber. For neuro-chemical

sensing experiment in particular, we have made a modification which is to substitute

the 10 core fiber with 105 core optical fiber (outer diameter remain unchanged).

The reason is from both quantitative and qualitative point of view. The ideal light

illumination should have a reasonably large 3D volume in the brain to stimulation

a sufficient number of dopaminergic terminals for a more robust dopamine release.

At the same time, we would like the light spread to be more uniform rather than
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concentrated at the very tip of the optical fiber, because high intensity light can

cause strong electric artifact which interferes with the FSCV recording, diminishing

our ability to assess the extent of dopamine release accurately.

From a quantitative point of view, simulations of light spread were performed in

both the 10 and 105 core diameter fiber cases. We adapted the same approach for

intensity distribution simulation in the 2013 paper which I co-authored [53]. Both

types of optical fiber were simulated under a 6 mW laser power input. The color plots

below show the Monte-Carlo intensity distribution when light is escaped from the tip

of optical fibers. Determining factors for this distribution are the core diameter of

the fiber (10 and 105), numerical aperture (NA, 0.075 and 0.22) of the optical fiber,

and laser power input (6 mW). Color indicates the intensity of the light in unit of

mW/mm2, on a log10 scale.

This quantitative analysis of the light distribution shows that using a large core

(105) optical fiber significantly facilitates the light spread, leading to larger illumi-

nated area. In addition, the intensity is less concentrated at the tip of the optical

fiber, which reduces potential light artifacts in the FSCV recording. Therefore, we

have changed the design for the probe to using 105 core optical fiber, for the purpose

of better optogenetic stimulation delivery.

C. The third functional component for the neuro-chemical sensing probe is elec-

trical insulation and mechanical support for tissue penetration.

The carbon fiber electrodes have to be electrically insulated from the conductive
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Figure 4.2: Upper panel: light distribution pattern in the brain at the tip of a 10 µM

core, 0.075 NA optical fiber. Lower panel: light distribution pattern in the brain at

the tip of a 105 µM core, 0.22 NA optical fiber. Both cases have laser input power

of 6 mW. Generated by matlab code from our previously published results [53] (code

courtesy of Dr. Ozden and Dr. Wang).
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brain tissue except at the tip. In addition, with a 7 diameter, the carbon fiber itself

do not have the mechanical strength to penetrate brain tissue. Therefore, in our

design we utilize thin capillary tubing as the exterior of the probe, which bundles

the carbon fiber and the optical fiber as an integral. We experimented with several

different types of capillary tubing and have summarized their properties here:

Table capillary tubing,

Out of the above different types of capillary tubing, the 33 AWG small parts

translucent amber miniature polyimide tubing has the smallest outer diameter, which

is helpful in reducing tissue damage in an in vivo setting; while also have the necessary

mechanical strength. Therefore, we adapted this type of capillary tubing as the

exterior material of our neuro-chemical probe.

D. The last question is to determine the exposed electrode tip. In the setting of

Fast-scan Cyclic Voltammetry, the exchange of electrons due to dopamine oxidation

is happening at the exposed area of the carbon fiber electrode. One crucial procedure

is to determine the size and distribution of this exposed area, i.e. the length of the

exposed carbon fiber electrode directly contacting the tissue without insulation.

In case of smaller exposed electrode area, the sensitivity to extracellular dopamine

concentration will be compromised, because the number of dopamine molecules in

the adsorption process is proportional to the surface area of the carbon electrode.

Although attempts have been made by researchers to increase the effective surface

area of carbon fibers by modifications with innovative approaches such as utilizing
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carbon nanotube [50] or graphene[6], the mechanical reliability (as 7 microfibers)

and effects in increased sensitivity have not been very consistent for in vivo applied

neuroscience experiments. It could be an interesting topic to pursue on increasing the

sensitivity of dopamine electrodes, but is a completely different research direction.

In sum, a restricted exposed electrode area will lead to limited dopamine sensing

sensitivity; longer exposed carbon fiber electrode is beneficial.

On the other hand however, the length of exposed 7 µm carbon fiber is subject

to practical concerns. Longer exposed carbon fiber is extremely vulnerable during

the tissue penetration process in an in vivo recording setting. The brain contains

numerous micro structures including resistant biofilms and membranes which all add

to the difficulty of tissue penetration. In addition, the shear stress caused by in-

homogeneity of the tissue is a concern in longer electrodes due to the force vector

component vertical to the carbon fiber. One other reason electrodes cannot be too

long is because we would like to observe a local effect of dopamine efflux caused by

optical stimulation around the optical fiber tip, rather than the dopamine activity

over a large non-specific region.

Integrating all the practical concerns described in the above argument, we have

experimented with a few neuro-chemical probes that have exposed carbon fiber elec-

trodes ranging from 50 µm 300 µm; and have determined that exposed carbon

fiber less than 200 µm is less susceptible to breaking during tissue penetration while

maintaining a high extracellular dopamine sensitivity. Therefore we use an exposed



85

Figure 4.3: Left: Penetrating agarose gel as the brain equivalent, testing the me-

chanical strength of the probe. Right: attached an additional tungsten electrode for

optional electrophysiology purpose along side the neuro-chemical probe.
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electrode tip length of 200 µm.

Additionally, if we would like to acquire electrophysiology signals at the same time,

it is possible to attach an additional tungsten electrode to the exterior of the neuro-

chemical sensing probe. As shown, a tungsten electrode is glued on to the capillary

tubing forming a pitch-fork construct with the existing carbon fiber electrode. Note

that we do not require electrophysiology signals during our experiments, the tungsten

electrode is therefore optional.

In summary, in our design for a novel two-way neuro-chemical probe, we focus on

integrating the capability of both delivering controlled light stimulation and chemical

sensing of dopamine by FSCV recording. Carbon fiber electrodes and optical fibers are

built into thin capillary tubing. Same-site stimulation and recording is possible in this

novel set-up, instead of the conventional experimental scheme in which stimulation

is applied at the mid-brain (SN, VTA) while recording is done at the forebrain area

of NAc or CPu. The probe is designed to be used for chronic in vivo experiments

to study the dopamine transmission in rodents, and potential behavioral modulatory

effects related to the dopamine system in various physiological conditions.

4.3 Fabrication approaches

In the above section on the design of the neuro-chemical sensing probe, the con-

struct and different components of the probe is reasoned in detail. Given this design,

fabrication of the probe was done in the following sequence of procedures.
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Figure 4.4: Top two: stage I. Bottom left: stage II. Bottom right: stage III.
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Stage I, assembling optical coupling components

The first step in fabrication of the probe is to couple the optical fiber with the

LC ferrule connecter (Optoequip). The LC connector then can be coupled again to

the outlet of the 473 nm blue laser. The LC connector we bought is designed to work

with the optical fiber with 125 µm in diameter. We use the specific fiber stripping

tool for 125 µm fibers (Thorlabs) to remove about 0.5 cm of the polymer coating at

one end of the optical fiber. Then the fiber is dipped in heat epoxy (Thorlabs) and

then carefully inserted into the LC connector from the metal end. Tiny amount of

additional heat epoxy is applied to the two ends of the LC connector to ensure a

complete fill of the gap between the fiber and the connector. The entire assembly

is then placed on a hot plate at 100 degree (Celsius) for 2 hours to allow the heat

epoxy to cure. The epoxy should be solid after curing, tightly holding the optical

fiber in place. Lastly, the optical fiber is dipped in acetone overnight; afterwards all

the polymer coating is removed with cotton q-tips.

Stage II, attaching carbon fiber and encapsulation with capillary tubing

In previously reported home-made carbon fiber probes, the 7 µm carbon fiber is

vacuum aspirated into glass pipettes [67], because it’s too small for manual manipu-

lation or in fact, barely visible to the naked eye. Here, we invented another approach

to incorporate this tiny fiber into our optogenetic neuro-chemical probe.

Essentially, we firstly cut a small bunch of carbon fibers from its original bulk

ensemble. This bunch of fibers is then glued onto a clean white paper for higher visual
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contrast. Under a microscope, we wet the optical fiber (with the LC connector) with

water, and then carefully approach the carbon fibers. After one of the carbon fibers

is adhered to the optical fiber, we cut it from the bunch with a surgical precision

blade. We would need to make sure that the carbon fiber is long enough on both

ends. Afterwards, the entire optical fiber - carbon fiber assembly is threaded into

capillary tubing for electric insulation and physical protection. There should be a

certain length of carbon fiber protruded outside the tubing, but not the optical fiber.

Stage III, make electric connection for FSCV

The third step of neuro-chemical probe fabrication (the last image in the figure),

is to make electric connection from the carbon fiber to a copper wire and connector,

so that we are able to connect it to the head-stage for FSCV recording. Under

microscope, the copper wire is placed against the exposed carbon fiber at the non-tip

end. Silver epoxy (epotek) is applied to glue the wire and the fiber together. After 2

hours curing on a hot plate, the silver epoxy solidifies. An extra layer of protection

is provided by a heat shrinking tubing (alternatively can use Torr seal, Thorlabs) on

the exterior of the assembly.

Stage IV, finish and testing

Lastly, the exposed carbon fiber tip to trimmed to the desired length around 200

µm under the microscope. Then a small amount of UV epoxy is applied at the end

of the capillary tubing forming a half-circle. However, extra care should be taken not

to apply epoxy on the carbon fiber, because exposed carbon surface is essential to



90

Figure 4.5: Left: view under a microscope for the detailed structure of the neuro-

chemical probe tip. Right: In an agarose gel medium, after connecting the probe to

a blue laser, light is escaping from the tip of the probe. (The light spread is different

than in a real brain due to the lack of light scattering.)

dopamine sensing in FSCV. See below figure for details.

The light is confined with in the optical fiber in the probe, while escaping at the

probe tip, into the surrounding brain tissue. We aim at delivering optical stimulation

to the neural structures immediately surround the exposed carbon fiber, so that more

dopaminergic terminals can be activated, causing a higher extracellular dopamine

efflux.
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4.4 Characterizing the neuro-chemical sensing probe

in vitro and comparison with traditional probes

4.4.1 Testing the neuro-chemical probe in dopamine stan-

dard solution

After a batch of neuro-chemical probes are fabricated, dopamine detection is tested

with 1 µM dopamine standard solutions. Firstly, artificial cerebro-spinal fluid (ACSF)

is prepared and separated into two identical glass dishes. One of the dish is set as the

control, while the other is added with standard dopamine solution, resulting in 1 µM

in concentration. The recording-ready neuro-chemical probe is initially sitting inside

the control solution. FSCV recording is turned ON and kept running for 10 minutes

for a stable baseline. Then the solution is manually switched to the glass dish that

contain 1 µM dopamine. Background subtracted 2D FSCV color plot reveal large

dopamine activity after the switch. It is further verified by the cyclic voltammogram

obtained in the dopamine standard solution. A well-defied oxidation peak around

+ 0.6 V and a reduction peak around -0.3 V is seen on the cyclic voltammogram,

indicating pure dopamine red-ox activity.

One variation of the probe is to incorporate multiple carbon fibers in one probe.

Since the carbon fiber only have a diameter of 7 µM, multiple carbon fibers can easily

fit into a single capillary tubing. This has both upsides and downsides in terms of

the utility in dopamine detection.
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Figure 4.6: Left panel: 2D FSCV color plot, 1-8 seconds in control solution, and 13-18

seconds in 1 µM dopamine standard solution. Right panel: the cyclic voltammogram

taken in the 1 µM dopamine standard solution.

The Benefits of multiple carbon fibers include: 1. Greatly enhanced mechani-

cal strength. 3-4 carbon fibers bundle is much less susceptible to breaking during

penetration of brain tissue. In addition, one broken carbon fiber will not forfeit the

entire probe’s FSCV recording capability. This increases the probe reliability for in

vivo implantation experiments. 2. Larger surface area, potentially sensing released

dopamine from a greater number of surrounding neuronal terminals.

If we record dopamine from two single carbon fibers, the oxidation peaks are

slightly shifted. This also applies to a multi-carbon-fiber probe. Using more than

one carbon fiber to detect from dopamine may introduce a broader oxidation peak.

As shown below, the oxidation peak is much broader as if multiple peaks are com-

bined together. This may not an issue if we are recording from a brain region where

dopamine is the only dominant chemical messenger, such as NAc. However, it adds
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Figure 4.7: Left panel: 2D FSCV color plot, 1-9 seconds in control solution, and 14-23

seconds in 1 µM dopamine standard solution. Right panel: the cyclic voltammogram

taken in the 1 µM dopamine standard solution.

difficulty to distinguish between dopamine and other chemical messengers such as

serotonin, since the cyclic voltammogram profile is the primary way to differentiate

between electro-chemically active molecules.

4.4.2 Testing the neuro-chemical probe in live transgenic

mouse brain slices

We have extensively studied the chemical messenger dopamine release under opto-

genetic stimulation in brain slices in the last chapter. This neuro-chemical probe is

designed for chronic, implantable, in vivo dopamine sensing. However, it is necessary

to validate its dopamine sensing functionality in live brain slices before any surgical

implantation work.
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Figure 4.8: Left: region of interest for optically induced dopamine detection. Right:

Photograph of the recording chamber and the probe.

The same brain slice experimental procedure was used, except that this im-

plantable neuro-chemical probe is connected to the head-stage instead of the glass

pipettes CFE. Brain slice containing the NAc and CPu area was prepared and placed

in the recording chamber. The neuro-chemical probe was controlled by a microma-

nipulator to approach the brain tissue. The region of interest in this setting is the

caudate putamen (CPu), or the dorsal striatum, which is closely related to some

behavioral aspects like the motor control.

Under microscope, as shown in the figure above, the probe was inserted into the

brain tissue in a zig-zag fashion, leaving most of the carbon fiber side the tissue.
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Then a light stimulation is applied. However, the light was not delivered through

microscope objective this time. Laser was coupled to the neuro-chemical probe at the

other end, while optical stimulation was done by the light escaping from the probe

tip.

The pattern of light delivery is a major factor of consideration in terms of the

probe design. In vivo environment does not allow simple scheme of external light

delivery such as through microscope objectives, because of the non-transparency of

the brain. Therefore, delivering light through wave-guide optical fiber is essential for

in vivo study. Here we tested this in a brain slice setting, using the light from optical

fiber as the stimulation source.

We successfully recorded light induced transient dopamine release from the brain

slices. As shown, a light pulse of 50 ms delivered through the probe evoked dopamine

activity on the FSCV 2D color plot. A closer examination of the cyclic voltammogram

confirms the chemical species recorded is dopamine molecules with signature oxidation

peak at + 0.6 V and reduction peak at – 0.3 V.

Additionally, utilizing these probes in brain slices, we did research on the dopamine

release differences in the dorsal striatum vs. the ventral striatum. The dorsal striatum

is the part of striatum that is more close to the cortex, while ventral striatum is deeper

in the brain, more close to NAc and other deep structures. Respectively, we placed

the neuro-chemical probe in the dorsal striatum tissue and ventral striatum tissue

and applied the same light stimulation of 50 ms. We observed that the dopamine
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Figure 4.9: A. View from the microscope when inserting the probe tip into the dorsal

striatum tissue. B. Optogenetically induced dopamine release measured by the probe.

C. cyclic voltammogram validating the identity of dopamine recorded. D. calculated

dopamine fluctuation according to B.
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Figure 4.10: Comparison of induced dopamine in dorsal (left) and ventral (right)

striatum.

response from the FSCV color plot is much smaller in the ventral striatum case.

This result is consistent with previously reported electrically induced dopamine study

[60]. According to this result, we decide to focus on dorsal striatum for the in vivo

experiments.

After validation of the dopamine sensing capability of this chronic implantable

probe in brain slices, we were ready to move on to in vivo recording in live animals.

4.5 Improvements made for adaptation of the chronic

implantation environment

The existing design is functioning properly in a brain slice setting. We decide to make

a few improvements for the purpose of enhancing surgical implantation compatibility.
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A. Adapting the length of the neuro-chemical probe for suitability of mouse model.

Due to the small size of our animal model, we decide to use a shorter shank length

in the probe. The distance from the surface of mouse scull to the dorsal striatum

is around 2 mm in total, depending on the age of the mouse. We therefore aimed

to make the shank (the capillary tubing part of the probe) with a length of 0.5 cm.

Effectively reducing the total length of the probe is important in the survival of the

probe after implantation, since the protruded probe can hit cage walls repetitively as

the animal is living with the implantation in a long term.

B. Implantation of the reference wire.

Just as in vitro FSCV experiments, an Ag/AgCl reference wire is always needed

to do the electro-chemistry properly. This reference wire needs to sit in the same

conductive medium as the recording probe, which is the brain itself. After craniotomy,

if we implant the reference wire in the same open scull region, it would be physically

too close to the working electrode. This may cause problems such as short circuits etc.

Therefore, we have to individually implant the reference wire at the contralateral side

of the brain, which requires another craniotomy. Although this adds to the complexity

of the surgical procedure, but it is definitely necessary.

C. Mechanical protection of the implanted assembly.

A temporary implantation does not require any extra protection methods. How-

ever, in this situation we are considering a chronic implantable situation, where the
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probe may need to be functioning in the brain for weeks, even months in a live ani-

mal. Mice are active and constantly in physical interaction with the environment. In

any chronic implantation, it has been important to protect the implanted assembly,

including the probe, connecters and the reference wire mechanically. We use a plastic

tube of 1 cm in diameter as a protection of the implanted assembly. This plastic

tube is fixed on the animal’s head by meta-bond dental acrylic. This method has

been proven working properly to protect the implantation as mentioned in the next

chapter.

4.6 Conclusions

In summary, here we report the development of a novel device with capabilities of

local light delivery and dopamine sensing in vivo. This probe is designed to be chronic

implanted in free moving animals. In this chapter we have shown the dopamine sens-

ing capability of this probe in brain slices in the striatum area. We are going to use

the probe for real in vivo applications in the next chapter. The detailed fabrication

procedure is described for this probe, as well as the detailed rationales in the design

process. Its two-way characteristic – both stimulating and recording from the neu-

rotransmitters in the brain, make it a valuable tool in studying the optogenetically

induced dopamine release in deep brain regions. Furthermore, its chronic implan-

tation compatibility opens the opportunity of research in freely moving, behaving
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animals, contributing to the effort of understanding the neurotransmitter’s signifi-

cant functional roles in varies animal behaviors such as reward-seeking, reinforcement

learning, depression etc.



Chapter 5

In vivo real-time electro-chemical

sensing of dopamine activity in

transgenic mice
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5.1 Experiment protocols of FSCV recording in

live transgenic mouse

The development of the chronic implantable neuro-chemical probe described in the

last chapter opens up the opportunity for us to monitor dopamine in a live transgenic

mouse. The motivation of the in vivo experiments has been discussed in more detail

in Chapter 4.1. Here we mainly introduce the specific methodology and protocols in

these experiments.

Firstly, the chronic implantable neuro-chemical probes are tested for FSCV and

calibrated in dopamine standard solution to understand their electro-chemistry sensi-

tivity to dopamine. These probes are the ones already adapted the changes describe

above for the ease of surgical implantation. At least 5 working implantable probes

must be kept in reserve for any in vivo session because the experiment has to be

finished in the same day. The FSCV instrumentation used are the same as in brain

slices recordings.

Secondly, the animals will be prepared for the experiments by mounting a head

plate on top of their skull. We used surgical procedures from other rodent exper-

iments [35]. Basically, the animal is initially anesthetized with ketamine/xylazine

prepared according to the ACF guidelines. The animal is then head fixed on a ro-

dent surgical setup and being cleaned with Povidone-iodine (Betadine) to prevent

potential infection. The skin at the top of the skull is opened to reveal the skull
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Figure 5.1: The probe and head-fixed in vivo experiment configuration.

surface. To ensure the neuro-chemical probe can reach the dorsal striatal area of the

brain, the geometric signature bregma on the skull should at the center of the open

area. A commercial mouse head plate is held above the exposed skull and adjusted

/ measured to be precisely horizontal. Then dental cement Metabond (Parkell, inc.)

is prepared and applied around the head plate. The Metabond should glue the head

plate to the exposed skull but not the skin. Continue to apply Metabond until the

head plate is securely fixed to the skull, but do not spill Metabond to the bregma

area of the skull (center of the head plate opening). After the Metabond is solid

enough, remove the head fix assembly to release the animal. Wait until the animal

is fully awake before proceeding to next steps. Other detailed procedure please see

similar protocols published [51] for any head fixed mouse experiments. The heal-plate

mounted animal is fixed to head plate holders during anesthesia as shown in figure

5.1.
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Next, craniotomy must be performed to create openings on the skull for both

neuro-chemical probe and reference wire to reach the brain. According the mouse

brain atlas, dorsal striatum is a relatively large area on both sides. We typically use

surgical drill to create an opening at 0.5 mm anterior to bregma, 2 mm lateral which

is right above the dorsal striatum. Another craniotomy is made at the contralateral

side of the brain at any location convenient, for the insertion of a Ag/AgCl reference

wire.

After craniotomy, the skull is cleaned with saline to reveal the two openings for

insertion. FSCV instruments are turned ON. The probe is again controlled by a micro-

manipulator(Sutter Instruments, Inc.) as in brain slice experiments, except that here

we need to ensure the probe is perpendicular to the horizontal line or rather, the head

plate. The neuro-chemical probe is carefully lowered and inserted into the brain tissue

while watching for FSCV response. The scale of cyclic voltammogram should not

suddenly change by magnitudes (indicating the carbon fiber breaks). Meanwhile the

reference wire is placed in the other hole on the skull in contact of the tissue. Figure

5.2 shows both the probe and the reference wire in place for an in vivo experiment.

The FSCV recording can now be performed under any condition such as opto-

genetic stimulation sessions. The depth of the probe is controlled by the micro-

manipulator and should be recorded along side the FSCV signals. The probe can be

carefully lowered in the targeted dorsal striatum region of the brain where endogenous

dopamine can be measured and light stimulation can be performed. Detailed FSCV
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Figure 5.2: Reference wire and the neuro-chemical probe inserted in brain tissue at

two locations on the skull.
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Figure 5.3: A view of the chronically implanted assembly.

results are presented later in this chapter.

It is convenient to perform FSCV recording in a head fixed configuration without

implanting the probe. If a chronic experiment is desired, implantation of the neuro-

chemical probe can be done at this stage. Once the probe is situated at an appropri-

ate location in the dorsal striatum where dopamine activity can be evoked by light

stimulation, the exposed skull and craniotomy can be closed by excessive Metabond

application. Apart from closing the craniotomy, when applying the Metabond, care

should also be taken to fix the neuro-chemical probe shank and the reference wire

firmly on top of the skull. Continue to apply Metabond until it covers the entire

exposed skull and the base of the probe/reference wire.

Finally, for physical protection against bumping into cage wall and ceiling when
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the animal is awake, an extra plastic tubing should be fixed around the implanted

probe/wire as shown in figure 5.3. The entire assembly is light weight so that the

mouse can move around freely in the cage without any difficulties.

For chronic experiments, the neuro-chemical probe is kept implanted in the brain

for up to 4 weeks. We did not observe obvious degradation or changes in this time

scale, possibly due to the chemical inertness of the carbon electrode material. Carbon

fiber has a structure similar to graphite, which is inert to almost all chemicals. And

carbon have been a material of choice to manufacture heat and chemical resistant

containers or use as a refractory material. The benign chemical environment in the

brain tissue is unlikely to cause any change to the carbon fiber electrode [18]. There-

fore, theoretically our carbon based electrode can survive as long as the life span of a

mouse. There are nevertheless other practical factors in consideration, such as poten-

tial infection at the implantation, the health condition of the animal etc, but is rather

generic for any surgical implantation. Furthermore, considering the normal length of

mouse in vivo experiments, even if some form of behavior study, usually ranges from

days to weeks. The long term stability of the implantable probe we developed is

sufficient for the research purpose of mouse neuro-chemical dynamics in optogenetic

or behavior contexts.



108

5.2 Detecting endogenous dopamine in the dorsal

striatum

5.2.1 In vivo FSCV Backgound activity in a passive state

It is known that large concentration of chemical messenger dopamine mainly reside

within a few specific regions of the brain, among them is the dorsal striatum. To in-

vestigate the endogenous dopamine in this area, we have performed FSCV recordings

through our implantable probe.

In figure 5.4 we show two examples of the FSCV 2D color plot from both the

cortex area of the brain and the dorsal striatum. Cortex is from 0 - 1.6 mm deep into

the brain and do not possess massive dopaminergic projections. The 2D color plot in

the cortex (372 µm) did not present any activity pattern except for noise background.

We next carefully lower the probe further more down into the dorsal striatum (2457

µm), and start the FSCV recording again. From the lower panel, we see the 2D color

plot present some subtle activity: positive current around + 0.6 V (points 300 in y-

axis) and some negative current around - 0.3 V (points 950 in y-axis). These activity

corresponds to the electro-chemical response of dopamine at carbon fiber electrodes,

but the amplitude is rather small. This is because the animal was in a quite state

when endogenous dopamine fluctuation is subtle.
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Figure 5.4: Upper panel: 2D color plot at the depth of 372 µm from the surface of

the brain. Lower panel: same plot at 2457 µm depth, in the dorsal striatum area.
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5.2.2 Measuring dopamine through adsorption in dorsal stria-

tum

Note that the FSCV is a relative recording technique, it is background subtracted

with respect to a control - often the start of the recording. This means we are actually

measuring only the changes in dopamine concentration. Therefore, also the dopamine

baseline level could be high in the dorsal striatum area, the endogenous fluctuations

can be small in a passive state. Before we move on to stimulate the dopamine release

with optogenetics or perform any behavioral experiments, it would be necessary to

validate that the probe is situated in a region where baseline endogenous dopamine

present. We use two distinct experimental ways to validate the presence of endogenous

dopamine in the dorsal striatum.

Recall that the FSCV command potential have two components: a holding po-

tential at - 0.4 V and scanning potential from - 0.4 V to + 1.2 V back to - 0.4 V.

The holding potential is constantly on, and during FSCV scans last for 92 ms out

of the 100 ms of a voltammetry cycle. The purpose of this long holding potential

is to promote dopamine adsorption at the carbon electrode surface. This adsorption

behavior is one of the major reasons to utilize carbon as the material of choice to

monitor dopamine activity. Here we run the experiments in a different way so that

adsorption of the dopamine can be observed. Before a recording session, firstly the

working electrode potential is kept at 0 V for 3-5 minutes, the adsorption of dopamine

is limited at this stage.
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Figure 5.5: FSCV recording started the same time as the holding potential is turned

ON, demonstrating the real-time adsorption of dopamine on the working electrode.

This also validates the existence of basal dopamine in the dorsal striatum
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Then the - 0.4 V holding potential is turned ON at the same time FSCV recording

starts. The adsorption of dopamine is encouraged from this time point. As can be

observed from Figure 5.5, obvious dopamine signature oxidation current and reduction

current appears soon from the start of the recording, and the amplitude of these

currents continuously grow in time. From the converted dopamine concentration

plot, we can see that the increase due to adsorption of dopamine is nonlinear, similar

to a logarithmic shape. Kinetics of the adsorption behavior of dopamine at carbon

electrode surface have been studied [8], but is not within the scope of this thesis.

5.2.3 Differences of dopamine concentrations in dorsal stria-

tum and the cortex

The above section proved the capability of the implantable probe to measure en-

dogenous dopamine. To show the regional differences of the dorsal striatum and the

cortex, we did continuous FSCV recording sessions while moving the probe with a

micro-manipulator in live transgenic mouse brain. Because when lowering the probe,

the motion has to be kept very subtle to minimize mechanical stress on the 7 µm

diameter carbon fiber, the comparison of dopamine difference cannot be down in this

procedure. However, when retracting the probe from dorsal striatum back into the

cortex, movement can be relatively fast, making it possible to watch the dopamine

response with FSCV recording, and understand the differences between the two re-

gions.
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Figure 5.6: FSCV signals as the probe is retracted from dorsal striatum back into the

cortex, showing decreased dopamine signal.
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To perform this experiment, we firstly kept the neuro-chemical probe at the depth

around 2500 µm from the surface of the brain, i.e. in the dorsal striatum. The FSCV

recording is turned ON. Then in the fine motion mode of the micro-manipulator we

moved the probe up at a speed of roughly 100 µm per second, until the depth reading is

500 µm from the brain surface where probe was in the cortex. As shown in Figure 5.6,

we took the end of the recording as the background for FSCV. Dopamine oxidation

and reduction current can be observed at the beginning of the recording, and steadily

decreased over tens of seconds time as the probe was raised into the cortex. Note that

at the end of the FSCV recording, dopamine red-ox currents cannot be seen, but does

not mean there’s no dopamine present. Since we set the end of the experiment as the

background level, the background subtracted color plot certainly shows no activity

at the end. What can be observed is a concentration difference of dopamine as the

probe went from striatum to cortex. In fact, dopamine also present in the cortex,

especially the medial forebrain cortex [1], but often at a lower level than in NAc and

striatum.

In sum, the observation of dopamine concentration gradient validates probe’s lo-

cations in the brain, also demonstrates its capability of detecting baseline dopamine

concentration changes. While measuring the adsorption of dopamine potentially pro-

vide us with some information of absolution value of dopamine baseline concentration

in the dorsal striatum, since the adsorption amount could be proportional to the ab-

solution amount of extracellular dopamine.
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5.3 Optogenetically induced in vivo dopamine ac-

tivity

The brain in an live animal is an intact, closed system that is not by nature affected

by external artificial inputs. It has been a major goal to understand and potentially

perturb this closed system in the neuroscience research. Here in this work, we don’t

interact directly through neuronal spiking and electric potentials with the intact brain,

but we use external stimulations to make the neurons release more neurotransmitter

dopamine.

In this section, we demonstrate the optogenetically induced dopamine activity

through these two-way neuro-chemical probes. The FSCV recording from figure 5.7

is from an animal chronically implanted with a neuro-chemical probe in the dorsal

striatum. During the recording experiment, the animal was brought to a cage around

the FSCV instruments and directly connected to the setup, including the 473 nm

blue laser. The laser was controlled by analog input device, and an 6 seconds long

optical stimulation train consisting of 10 ms light pulses applied at 16 Hz is delivered

into the brain. The stimulation started at 40 s in the figure. One can observed an

obvious elevated dopamine oxidation and reduction current from 40 s to 46 s. The

converted dopamine concentration plot shows the same trend. It also appears that the

dopamine activity has a tail that gradually diminishes in tens of seconds. Therefore,

an optical stimulation train delivered through our novel two-way probe successfully
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Figure 5.7: Upper panel: FSCV 2D plot. Lower panel: calculated dopamine concen-

tration.
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elevated extracellular dopamine concentration in the intact brain while the animal is

alive, while simultaneously record such activity.

The importance of using external stimulations to induce dopamine release in a

live animal is that it serves as a method of ’write-in’ to the closed neuronal circuits.

In this case, by ’writing-in’ dopamine signals, animal’s behavior can be potentially

influenced by researchers. For example, artificially induced dopamine release in the

NAc can work as a virtual reward signal. It’s possible to influence the animal to

develop different preferences in places or foods depending on their association with

external stimulation.

5.4 Dopamine activity in an environment with ex-

ternal physical-stress induction

In addition to optogenetically induced dopamine activity in an live animal, we also

performed proof-of-concept behavior related study of dopamine activity to demon-

strate the utility of this chronic implantable neuro-chemical probe. Specifically, we

created an physical stress environment and watch for changes in endogenous dopamine

activity.

We induce physical stress by the tail pinch method, which is adapted in previous

publications related to stress research. The animal is firstly moved to recording

chamber and connected with FSCV instrumentation. We also fix the head plate to
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the holder to limit animal’s movement since tail pinch can cause animal’s physical

reaction. Because the potential adaptation effect of any stress experiments, the tail

pinch is performed at the beginning of each day’s FSCV recording session, well before

any optogenetic stimulation and other experiments. After FSCV baseline is stable,

recording starts and tail pinches lasting for 6 s are suddenly applied to the tail of the

mouse.

As in Figure 5.8, from the FSCV signals, tail pinch started a train of activity. The

red-ox currents during the activity appear at the usual locations for dopamine signals.

The episodically nature of recorded signals indicates the neuro-chemical fluctuation

is more complex in a live and awake animal. This is possibly resulting from varies

simultaneous neuronal activity in the dorsal striatum. Note that dorsal striatum

receives massive neuronal projections from the mid-brain area such as the substantia

nigra. It also have numerous connections to the neurons in the cortex, which are

actively coordinating motor behaviors. These inter-connected neural circuits create

sophisticated neuro-chemical responses especially in an awake animal, and even more

if under artificially induced physical stressful situation.

In the potential future work, to understand more of the detailed mechanism of

these complex neuro-chemical response in vivo in a physically stressed animal, addi-

tional advanced electro-physiology recording study is required. Single neuron spik-

ing activity and local field potentials at the location of FSCV recording should be

recorded. Then we can put together the electro-physiology signal and FSCV signal
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Figure 5.8: Tail pinch stress applied as indicated by the blue stripe. Activities ob-

served following the stress induction.
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to reveal the correlations between the two, so that research questions such as if an

increased neuronal spiking rate causes fluctuation in extracellular dopamine concen-

tration, or if the beta-band activity in striatum correlates with dopamine.

5.5 Conclusions

In summary, we successfully designed and deployed a chronic implantable neuro-

chemical probe that is capable of delivering light stimulation and recording FSCV sig-

nals simultaneously. The endogenous dorsal striatal dopamine has been investigated

and compared to the cortex. Optogenetic stimulation delivered directly through the

optical fiber in this implanted probe can effectively induce elevated dopamine con-

centration in live transgenic mice through cell-type specific excitation. While the

probe is also capable of monitoring complex real-time neuro-chemical patterns in

animals under physical stress. In general, our novel electro-chemical tool and the

in vivo optogenetic experiment framework opens up opportunities of interrogating

neurotransmitter dynamics in the intact brain of behaving animals.



Chapter 6

Discussion and conclusions

121



122

In this thesis, we covered a few closely related topics, leading to a detailed electro-

chemical study of neuro-chemical dynamics in live brain tissue. Both the sliced and

intact transgenic mouse brain was used as the experimental subject, while utilizing

optogenetic tools to selectively stimulate a single type of cells - dopaminergic neurons.

We successfully evoked physiological dopamine concentration fluctuation in varies

conditions. The development of a chronic implantable neuro-chemical probe that is

capable of delivering light stimulation enables us to chronically monitor the neuro-

chemical concentration in real time in live, behaving animals.

To be in more detail, the transgenic animal model we used in this work is unique.

It was developed so that ChR2 is expressed by specifically targeting dopaminergic

neurons through dopamine transporter - Cre recombinase. By optogenetic stimula-

tion of the tissue in forebrain area such as the NAc and dorsal striatum, dopaminergic

cell terminals were directly excited through the opsin, inducing a transient high con-

centration of dopamine (can be up to 700 nM in a slice). This optically induced

dopamine release events had features similar to those induced by electrical pulses, i.e.

oxidation current at 0.6 V in the cyclic voltammogram, similar peak concentration

levels, and similar time profiles of release and uptake. We found optogenetically in-

duced terminal dopamine release in this transgenic animal model appears to be very

effective and controllable. In a brain slice, the light power required to induce measur-

able dopamine release is remarkably low at 0.09 mW/mm2. This light power is much

lower than typical values used in the literature across in vitro and in vivo mammalian
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studies (10 mW/mm2 [68], 3-255 mW/mm2 [23]). We demonstrated that optogenetics

has the capability to scale dopamine levels readily by varying the light power, pulse

width, and shape of waveforms, which is helpful in mimicking the dopamine release

level that occurs in natural behaviors where the dopamine concentration is smaller

and more variable than those elicited by electrical stimulation [18].

6.1 Light stimulation modulated dopamine release

Across Chapter 3 we demonstrated optical modulation of extracellular dopamine lev-

els. We experimented systematically with numerous stimulation parameters in the

brain slices. The reason for this controllable dopamine release level with optogenetics

is related to the characteristics of the light gated ion channel ChR2. With increasing

light power delivered, the number of photons incident on an individual ChR2 protein

per second increases linearly [34]. Assuming a constant channel open probability in

one ‘hit’, more opsin molecules will be activated at the dopamine neuron terminals

under higher light power. This results in action potential generation or membrane

depolarization leading to increased recruitment of dopamine axons and terminals.

In the case of our optical ’ramp’ experiment, adding a ramp as a leading edge to

an otherwise square pulse dramatically decreases the level of dopamine release. Dur-

ing the ramp, due to gradually increasing photon density, the opsins on dopamine

terminals will be activated at statistically varying times instead of being activated
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simultaneously as when subjected to a square pulse. By contrast, a ’non-ramp’ sim-

ple square pulse turns on a high photon density abruptly leading to synchronized

excitation of a large number of opsins, which causes more dopamine axons to be

recruited and therefore higher dopamine release. A previous study also showed how

bursting-style electrical stimulation at the median forebrain bundle evoked far greater

dopamine efflux than temporally equally spaced stimulation [32]. We therefore specu-

late that the following is likely a general property of terminal dopaminergic response:

more synchronized excitations, either through opsins or midbrain synaptic inputs,

will result in higher dopamine release. This also suggests that lower physiological

dopamine levels may not necessarily result from damage of dopamine neurons, but

can be also due to loss of input synchrony. Future intracellular current validation

experiments can serve to confirm this speculation.

6.2 Specificity of neuro-chemicals

Electro-chemistry techniques such as cyclic voltammetry provide very rich information

about the redox reaction process of electro-active molecules at the carbon electrode

surface. This information includes the position of the oxidation current peak, position

of the reduction current peak, width and amplitude of the redox peaks, and the ratio of

the reduction peak to oxidation peak. Different electro-active chemical species can be

distinguished based on these features. In particular, in fast-scan cyclic voltammetry

the high chemical specificity is able to distinguish dopamine, serotonin, and ascorbic
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acid. Phillips et al. in 2003 [56] demonstrated that for FSCV, the only chemical

species cannot be separated from dopamine is norepinephrine which fortunately barely

present in NAc and striatum. For ascorbic acid in particular, the oxidation compound

- dehydroascorbic acid is not stable enough to generate a reduction peak under FSCV,

therefore causing a reduction-to-oxidation peak amplitude ratio around zero [56]. In

addition, under fast scan CV, the oxidation current of ascorbic acid ranges across

a wide range of the potential; Robinson et al. in 2003 [61] have demonstrated the

voltammetry response of ascorbic acid, dopamine, serotonin etc (Fig 4), and have

shown the distinct features of these chemicals.

Our optogenetics construct provide an unique advantage in eliciting a single type

of neurotransmitters. Due to the cell-type specificity, only the dopamine neuron

terminals are excited through membrane protein response to light stimulation. In

our brain slice study, the dopamine neuron cell bodies do not present in the same

slice as the their projection terminals. Therefore the stimulated dopamine release

we observed in nucleus accumbens is an isolated effect, where only the cell terminals

(containing dopamine vesicles) are subject to membrane potential activation. In this

way, light interact with minimal local cellular structures.

As for most of the non-neurotransmitter chemicals in the brain, they have a much

longer time scale in terms of extracellular concentration fluctuations. Our observed

light induced dopamine release events are in time scale of a maximum of 2s. While
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non-neurotransmitter chemicals do not fluctuate in this time scale, so that back-

ground subtraction in FSCV successfully removed non-neurotransmitter chemical in-

terference. Ascorbic acid concentration in the brain is typically stable; in a study

where researchers use pharmacology methods to induce a change in the ascorbic acid

concentration [14], the concentration change lasts for around 90 s. This demonstrates

the slow speed of non-neurotransmitter activity in the brain tissue.

6.3 In vivo dopamine activity

The dopamine dynamics observed in the intact brain appear to be different than the

response in brain slices. Background activity can be seen in the FSCV color plot

in the dorsal striatum of an live animal even if there is no external stimulation, by

light or physical stimulation, exists. This is likely a result of the endogenous neu-

ronal activity in the intact brain. More specifically, neuronal connections from the

dorsal striatum or NAc to the midbrain regions such as SNc and VTA, as well as to

the cortex. Therefore, understands the dopamine response in vivo can be more diffi-

cult. Nevertheless, we observed stable optogenetically evoked dopamine concentration

change from our chronically implanted neuro-chemical probe. We hope to utilize this

novel probe to monitor more of the dopamine activity in real-time in freely behaving

animals at varies behavioral and physiology conditions. One potential interesting re-

search topic is to monitor the development of the dopamine deficits in Parkinsonian

disease conditions, which is known to cause degeneration in dopaminergic projections
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in the striatum area. Furthermore, combining our novel neuro-chemical sensing probe

with other electrophysiology and pharmacology tools can be very powerful in some

specific research areas.

The electro-chemical neurotransmitter research, in general, is still a burgeoning

area of neuroscience. Many questions remain unanswered at this stage. I believe

the development of novel electro-chemical techniques and tools can greatly catalyze

the research in this field. While the investigation conducted in this thesis focuses on

several specific scientific research questions, it is nevertheless a stepping stone towards

understanding the complex intricacies of the brain. The detailed understanding of

the neurotransmitters through electro-chemistry will eventually contribute to the big

picture of understanding the entire sophisticated electrical and chemical system of

the human brain.
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In this appendix, we demonstrate the observation of interesting brain rhythms

induced by optogenetic stimulation and recorded by intracortical multichannel elec-

trophysiology techniques. These brain rhythms are in the gamma range (40 - 80 Hz)

and travel in the primate neo-cortex as spatiotemporal waves. Targeted brain tissue

was transduced by viral injection with the red-shifted opsin C1V1(T/T). Constant

(1-s square pulses) and ramp light stimulations induced narrowband gamma oscilla-

tions even beyond the light stimulation volume, via network interactions. Despite

stimulation-related modulation in spiking rates, neuronal spiking remained highly

asynchronous during induced gamma oscillations. This work provides an important

demonstration for probing spatiotemporal dynamics in the intact brain during various

physiological and behavioral conditions.

A.1 Background on brain’s gamma oscillations

In neural computation and in cortical neuron communications, spatiotemporal gamma

oscillations are hypothesized to play important roles [33]. In addition, disruption of

these spatiotemporal oscillations may play a role in neurological and neuropsychiatric

disorders. Recent studies have used optogenetic stimulation to probe the mechanisms

and neural circuits underlying the generation of gamma oscillations in neocortex [15].

In particular, mouse models have been used to demonstrate the generation of gamma

oscillations in the somatosensory cortex, by activation of either fast-spiking interneu-

rons [16] or layer 2-3 pyramidal cells with continuously incrementing light stimuli



130

[3]. Despite these advances, most optogenetic studies have focused on rodent models

and little is known about the generation of transient gamma oscillations in primate

neocortex. In addition, rather than utilizing micro-electrode arrays to cover an area

over extended cortical regions, most previous studies have been focused on indepen-

dent electrode recordings of a few neurons and LFPs around the optical stimulus sites

thereby limiting the assessment of the spatiotemporal features of transient gamma

oscillations, especially regarding their propagation as cortical waves and the roles of

network activity through cortical circuits.

In this chapter, we studied how transient gamma oscillation spatiotemporal pat-

terns can be generated in primate large-scale neocortical networks, using a novel

technique to record neuronal ensembles spiking activity and high-density LFPs dur-

ing simultaneous optogenetic stimulation [76]. Specifically, the new probe used a

microelectrode array for ensemble recordings, integrated with a plastic optical fiber

(POF) in the center, whose flexibility was critical for chronic implantation into the

primate brain. We expressed the red-shifted opsin C1V1(T/T) under the control of

the CaMKII promoter in either primary motor cortex (MI) or ventral premotor cor-

tex (PMv) in two macaque monkeys. Under two time profiles of optical stimulation

(constant and ramp) during subjects’ awake resting states, we investigated the gener-

ation of transient gamma oscillations both within the direct light stimulated area, and

outside the area via network interaction. Our findings showed that these oscillations

were induced above a critical excitation threshold, while spiking activity remained
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mostly asynchronous, despite the induced narrowband gamma oscillations. These

optically induced gamma oscillations tended to propagate in stereotypical spatiotem-

poral patterns consisting mostly of concentric expanding waves as demonstrated by

vector field (optical flow) and time delay analyses.

A.2 Experimental methods

1. Viral injections and array implantation

Polymer optical fiber microelectrode array (POF-MEA) was fabricated with a 4

X 4 mm microelectrode array (Blackrock Microsystems, UT) with 96 silicon-based

electrodes and a polymer optical fiber using methods described in our previous work

[76]. Two macaque monkeys (subject T, 6kg and subject P, 7kg) were chronically

implanted with POF-MEA arrays in the motor cortex in MI hand area (subject T)

and in PMv (subject P), respectively. Injections of the viral vector (AAV5-CaMKII-

C1V1(T/T)-eYFP) were performed at three sites (set 1-2 mm apart in the shape of

an equilateral triangle approximately at the center of the array). At each site, 2 µl

of viral solution were injected at three different depths (1, 2, 3 mm). Despite the

preferential expression of the CaMKII promoter in excitatory cells, previous studies

using an AAV5 with various promoters in non-human primates have shown transduc-

tion in excitatory but also inhibitory neurons [23]. Array implantation was performed

immediately following viral injections to facilitate positioning of the array aligned to

the injection sites.
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2. Electrophysiological recordings and optical stimulation

Neural recordings were done through a Cerebus multi-channel data acquisition

system (Blackrock Microsystems, UT). The optical stimulation was controlled by a

custom program written in Labview (National Instruments), sending an analog output

to both the laser and the Cerebus data acquisition system for synchronization. In

the stimulation protocols during awake resting states, we used constant pulses and

light ramps. In particular, 4s long voltage ramps were used for analog modulation

of the laser output, which attained a maximum optical power of 6 mW at the end

of the ramp. Measurements using a photo-diode indicated that the optical output

was slightly sub-linear with respect to the input voltage. Although this could affect

the threshold values obtained using ramps, the qualitative results reported here are

unaffected.

3. LFP spectral analysis and pairwise phase consistency (PPC) between neuronal

spiking and LFPs

Spectral analysis was done in Matlab (Mathworks) using the Chronux toolbox

(http://chronux.org). Raw data were low-pass filtered with a cutoff frequency of 300

Hz by a 9th order Butterworth filter to yield LFPs. Time-frequency spectrograms

were generated through multi-taper methods with a half-bandwidth W = 5 Hz, a

time window T = 300 ms and a number of tapers K=2TW-1 = 2, and averaged

across trials in each session. Power spectral density was computed over a period of

900 ms during or before optical stimulation and averaged over trials. We used the
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power spectrum theoretical confidence intervals provided by the Chronux toolbox.

Amplitude of gamma power was determined by averaging the spectral power in the

gamma band (40 – 80 Hz).

In addition to power spectrum analyses, we also examined the spectral coherence

between single-neuron spiking and LFPs. Recent studies have examined the bias in

spike-field coherence estimators, especially in the case of small sample spike trains.

In particular, Vinck et al. [75] proposed an alternative measure called the pairwise

phase consistency. That is the approach taken here to assess the strength of the phase-

locking of neuronal spiking to LFP ongoing oscillations. Chance level distribution for

PPC values was estimated via a random resampling approach based on jittering spike

times under a uniform distribution in [-50, 50] ms.

4. Spatiotemporal pattern analysis

Time delays across the array were computed as time differences of the peaks in

gamma band LFPs (40-60 Hz, subject T) between each electrode and a reference

electrode. The electrode on the array with the earliest peak onset was used as refer-

ence. Corresponding delay maps were computed during single 20-ms gamma cycles,

and averaged over all gamma cycles during multiple trials (N=54). Propagation

patterns were identified based on the Horn-Shunk method, a computer vision algo-

rithm classically used to extract the optical flow, or apparent motion, between two

consecutive frames. Optical flow methods (Horn-Shunk or similar) have been used
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previously to study the spatiotemporal dynamics of neural signals. We used this algo-

rithm to estimate wave vector fields from gamma bandpass-filtered LFPs, specifically

in two examples illustrating expanding concentric and spiral wave patterns. First,

we applied a 2D linear interpolation of bandpass LFPs on a refined grid formed by

repeatedly dividing the intervals 3 times in each dimension. Then we applied the

Horn-Schunck algorithm on the interpolated signal (100 iterations; smoothing pa-

rameter alpha=0.6). Finally, we averaged the obtained wave vector fields over time

during each 20 ms gamma cycle. To further quantify the occurrence of the dominant

wave pattern, i.e. expanding concentric waves, the estimated wave vector field was

compared with the radial direction vector at each electrode (direction from the cen-

ter of the array towards the electrode position) in each gamma oscillation cycle. If

more than 60% of the sites all showed their wave vector pointing within plus-minus

35 degree of their radial directions in a given gamma cycle, the corresponding spatial

pattern was defined as one expanding wave pattern event. Only sites where gamma

oscillations were induced by light were included in the computation. The first 150ms

after light stimulation onset and the last 50ms in a 1s stimulus were excluded from

the analyses to rule out influence of light artifacts.

5. Neural point process modeling

Neuronal action potentials were initially sorted using an automated spike sorter

in matlab [72] and then manually examined in Offline Sorter (Plexon). Signal-to-

noise ratio (SNR) was calculated as the ratio of spike amplitude compared to the
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95% confidence interval for the 5 voltage measurements preceding each spike. Sorted

action potentials with a SNR ¿ 1 were used in this study. A point process framework

developed by Truccolo et al. in 2005 [70] was used to estimate a generalized linear

model of the intensity function (instantaneous spiking rate; 1-ms time resolution) of a

given neuron conditioned on the amplitude envelope and phase of the optogenetically-

induced gamma oscillations. Gamma amplitude and phase where obtained via a

Hilbert transform of the band-pass-filtered LFPs (40-80 Hz). Given an estimated

conditional intensity function, the probability of spiking in each 1-ms time bin and

the related Receiver Operating Characteristic (ROC) curves were computed. Based

on the area under the curve (AUC), we estimated the power of induced gamma

amplitude and phase to predict neuronal spiking. Predictive power was defined as

2X(AUC-0.5) and was computed under a five-fold cross-validation scheme.

5. Statistical tests

To compute spatial distribution maps of induced gamma, in each electrode the

presence of optically-induced gamma oscillations was determined by comparing gamma

power (averaged over 40 to 80 Hz) during and before the 1 s constant light stimu-

lation. Otherwise stated, p-values were calculated via random permutation tests (n

= 104) and subject to multiple testing corrections, which were implemented via the

False Discovery Rate approach (FDR), for dependent samples. In all hypothesis tests,

we used a significance level of 0.01.
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A.3 Optogenetic stimulation above a critical in-

tensity level induces narrow band gamma os-

cillations

We recorded 3 sessions in the motor cortex in each of the two opsin expressing macaque

subjects (subject T, area M1; subject P, area PMv). Beyond these 6 passive record-

ing sessions in which the subjects were in awake resting states, 5 additional sessions

in Subject T were recorded where a visually-guided reach-and-grasp task was per-

formed under applied perturbation of optogenetic stimulus. Sessions were recorded

in different days with same stimulation parameter and recording settings to ensure

consistency. During each session, subjects were head-fixed in a custom primate chair

with a food tray blocked by a lifting door for implementation of the task. Light was

delivered through the polymer optical fiber integrated on the MEA into targeted neo-

cortical region with estimated 6 mW maximal intracortical power A.1. The modeled

dependence of light spatial distribution on the particular optical stimulation power

in neocortex and under MEA is shown in A.1.

We applied two light stimulation time profiles, constant and increasing ramp,

respectively, to examine the induction of gamma band activity in primate motor cor-

tex. A constant stimulus profile consisting of a single 1-second square pulse per trial

was applied in all 6 recording sessions for both subjects. Single trial raw LFP sig-

nals, average (across trials) LFP spectrograms and power spectral densities showed
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Figure A.1: Polymer optical fiber microelectrode array (POF-MEA). (A) POF-MEA

viewed from the electrode side (top left), from the pad side (bottom left), and at-

tached to two pedestals (Cereport, Blackrock Microsystems) for optical and electrical

connections respectively (right). (B) Schematics of the POF-MEA; an optical fiber

(green) was integrated around the center of the 10 X 10 MEA. (C) Neural recording

and optical stimulation setup. (D) Monte-Carlo simulations of light distribution in

the brain under 6 mW laser power shows iso-intensity contours at 1 (blue), 5 (orange),

20 (red) mW, respectively. (For illustration purpose, microelectrode separation, but

not length, is on scale.)
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clear induced narrowband gamma oscillations A.2. Induced oscillations in subject T

had a mean frequency of 50 Hz, with higher values for subject P around 76 Hz. In-

duced gamma oscillations occurred immediately after stimulation onset and remained

throughout the entire stimulation period, decreasing to background level after stim-

ulation ended. The increase in the corresponding gamma power, with respect to the

background gamma power measured in the 1-second period preceding stimulation

onset, was significant (p ¡ 0.01; random permutation test) in all sessions for both

subjects in the examples shown in A.2.

To more closely examine the dependence of induced gamma oscillations on light

stimulation power, the increasing ramp stimulation profile was applied in two sessions

in subject T (Methods). This stimulation profile was repeated in 30 trials in each

session. Through examination of simultaneously recorded LFPs from the POF-MEA,

we observed the onset of 40-80 Hz LFP oscillations after a certain optical stimula-

tion intensity was reached A.3. Gamma-band LFP power was enhanced as the light

intensity further increased. This pattern of gamma oscillations onset with increasing

light intensity was reliably reproduced across sessions and trials. The onset of opto-

genetically induced gamma LFP activity was determined by the time at which the

power in the 40-80 Hz frequency band arose above the 95% confidence interval of the

corresponding power during the preceding non-stimulation period.
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Figure A.2: Gamma oscillations induced by constant (square) pulse light stimulation.

(A) Low-pass (¡ 300 Hz) filtered LFPs from two representative recording sites in

subjects T (Top) and P (Bottom). (B) Trial-averaged (n=54; one session) LFP

spectrograms for the corresponding LFP channels shown in (A), for subjects T and

P respectively. (C) Trial-averaged LFP power spectral density based on the time

interval [0.1, 0.9] s during stimulation (green curve). The black curve shows the

power spectral density computed for a 0.8 s time window preceding the stimulation

onset. (D) Spatial distribution of optically-induced gamma activity over the arrays

in subjects T and P, all 6 sessions. Red squares indicate channels in which gamma

band LFP power (40-80 Hz) increased during the stimulation period (p ¡ 0.01; random

permutation test with FDR correction for multiple testing).
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Figure A.3: Gamma oscillations induced by ramp light stimulation. (A) LFP (Top:

¡300 Hz; Bottom: 40-80 Hz) from two representative microelectrodes during a 4-

second long light ramp. Inset shows the position of electrode. (B) Trial-averaged

(n=36) spectrograms showed elevated LFP power in the gamma band (40-80 Hz)

during the late stage of the light ramp. (C) Evolution of gamma power during light

ramps (blue solid line: mean across trials, shaded area: 95% confidence interval).

Onset of optogenetically-induced gamma oscillations, detected as the lower CI bound

crossing the 99% percentile (red line) of the baseline gamma power, occurred once a

critical light stimulation level was reached (2.67 mW and 3.06 mW).
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A.4 Induced gamma engage a larger network be-

yond the direct light stimulation region

The simultaneous multichannel recording capability of the POF-MEA allowed us

to track optically-induced transient gamma LFP oscillations in the 4 mm X 4 mm

neocortical region surrounding the optical stimulation site. These oscillations were

observed across a wide area of the recorded neocortical patch in both subjects. 80.0%

and 23.4% of recording electrodes, in subject T and subject P respectively had a

significant increase (p¡0.01; random permutation test with FDR multi-test correction)

in 40-80 Hz LFP power during the 1-second stimulation. This difference in proportion

across the two subjects might reflect the extent of opsin expression, differences in local

connectivity and/or alignment between the stimulation site and viral injection.

According to previous intra-cortical light scattering simulations, recording elec-

trodes within around 1 mm distance from the optical fiber are under direct light

stimulation (using a threshold of 1 mW/mm2 [4]. Thus, considering that laser light

stimulation was delivered locally through single polymer optical fiber at the center

of the array, induced gamma LFP oscillations were distributed not only within, but

also well outside the volume of direct light stimulation, such as corner electrodes

2.6 mm away from the optical fiber tip. Thus the light-induced gamma oscillations

from the peripheral recording electrodes on the array resulted from indirect recruit-

ment of larger network activity rather than from direct activation of local circuits of
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opsin-expressing neurons.

A.5 Spatiotemporal patterns (waves) of optogenetically-

induced gamma oscillations

We examined the induced gamma oscillations in the time domain at each electrode

site across the array. Band-pass-filtered LFPs (40-60 Hz in subject T and 60-80 Hz

in subject P) in spatially separated electrodes revealed systematic differences in the

time delays of induced gamma oscillations A.4. When averaged across all trials, these

delays in gamma oscillations were spatially organized across the array, indicating

horizontal cortical wave propagation.

To further reveal the spatial features of the induced propagating gamma waves,

amplitudes of band-pass-filtered LFPs across all 95 electrodes in subject T (where

a larger proportion of sites with induced gamma occurred) were mapped onto the

microelectrode array site and over sequential time frames covering one gamma cycle

( 20 ms for subject T). Two wave propagation patterns were observed during the 1s

square-pulse light-stimulation periods (supplementary movie). One of the patterns

consisted of expanding concentric waves originating at the electrodes close to the light

stimulation site. In the other pattern, anti-clockwise spiral waves centered near the

optical stimulation site were observed A.4. The former pattern, expanding concentric



143

wave, was clearly the dominant spatiotemporal feature of the induced gamma oscil-

lation in this subject, appearing in more than 60% of the overall light stimulation

period (61.9% out of 660 gamma cycles in N=54 1s square-pulses, Methods; see also

supplementary movie). In addition, the delay map averaged over gamma cycles and

trials resembled the transient delay maps of the expanding concentric wave A.4.

A.6 Neuronal spiking during induced gamma os-

cillations

We examined recorded neuronal spiking activity in both subject T (M1) and subject

P (PMv) during and outside the optogenetic stimulation period. Spiking activity

of single units were sorted in the datasets of all 6 sessions from the two subjects

(n=59, 52, 47 in subject T; n=56, 55, 46 in subject P). Neuronal spiking activity

with both increased and decreased firing rates during the course of the 1s square

pulse light stimulation were observed over a wide range of electrode positions on the

array. Example raster plots and PSTHs are shown in A.5. Since optical activation of

C1V1(T/T) results in neuronal excitation / depolarization, the observed decreased

firing rates likely resulted from inhibitory effects mediated by network interactions.

The proportion of neurons that showed increased and decreased firing rates during

stimulation were determined to be 32% and 14% in Subject T, respectively, while

in Subject P they were 17% and 22%, respectively. Again, we conjecture that these
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Figure A.4: Spatiotemporal patterns of optogenetically-induced gamma waves. (A)

During stimulation, gamma band LFPs showed time delays between different elec-

trodes. (B) Contour map of time delay at each electrode (subject T) with respect

to the electrode with the shortest latency, averaged across all gamma cycles from

54 trials. (C) Snapshots of LFP amplitude maps (40-60 Hz, subject T) during a

single gamma cycle of 20 ms. Top: Gamma waves propagate in an expanding con-

centric pattern. Bottom: Spiral pattern. (D) Different patterns of wave propagation

illustrated by the averaged wave vector field evaluated via the Horn-Schunck method

corresponding to the same sets of data shown in (C). (E) Contour map of transient

time delay.
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differences across the two subjects might reflect differences in local opsin expression

and the recorded populations by the array.

To reveal the relationship between neuronal spiking activity and the simultaneous

induced gamma-band LFP oscillations on the same electrode, pairwise phase consis-

tency (PPC [75]) was computed A.6. Only electrode sites where increase in gamma

power was statistically significant were included in the analysis. Despite the strong

induced narrowband gamma LFP oscillations in these electrodes, only a subset of

neurons showed elevated PPC values above chance levels in the specific gamma fre-

quency band (40-80 Hz). The distribution of chance level PPC values was estimated

via random resampling based on jittering the spike times (Methods). Nevertheless,

even in this subset with statistically significant PPC, PPC values were relatively low

indicating weak phase-locking of neuronal spiking to induced gamma LFP oscilla-

tions. Overall, although neuronal spiking rates could be largely modulated by light

stimulation and many neurons’ interspike time interval (ISI) distribution showed a

peak corresponding to gamma frequency A.6, neuronal spiking remained highly asyn-

chronous.

To complement the PPC analysis, we fitted neural point process models [70] to

quantify the power of the instantaneous amplitude envelope and phase of the optoge-

netically induced gamma band oscillations to predict neuronal spiking. Instantaneous

amplitudes and phases were obtained by taking the Hilbert transform of the band-

pass filtered gamma LFP in the same electrode site as the modeled neuron. A point
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Figure A.5: Modulation of neuronal spiking rates during optogenetically-induced

gamma LFP oscillations. (A) The action potential waveforms, ISIs and recording

sites for three representative neurons recorded from the two subjects are shown. (B)

Corresponding raster plots for each neuron (n=54 trials). (C) Corresponding PSTHs

estimated via Bayesian adaptive regression splines showing either substantial increase

or decrease in spike rates during optical stimulation. The dashed-curves indicate the

95% confidence intervals. (D) Average waveforms of all recorded neurons on the array.

Units on the same electrode are shown in different colors. (E) Proportion of neuronal

recordings that showed an increase (yellow), decrease (orange), or no change (white)

in spiking rates during optical stimulation.
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Figure A.6: Spike-LPF pairwise phase consistency analysis and predictive power of

optogenetically-induced gamma oscillations on neuronal spiking. (A) Waveforms and

ISIs of 3 examples of recorded neuronal spiking. (B) Corresponding pairwise phase

consistency (PPC) analysis quantifying the phase-locking of neuronal spiking to LFP

oscillations during the 1 s before light stimulation (blue) and during the 1 s optical

stimulation period (green). The dashed line shows the 95% confidence interval for

the PPC chance level. (C) ROC curves assessing prediction of spiking for the corre-

sponding three neurons using a point process model where the instantaneous rate was

modeled as a function of the amplitude envelope and phase of induced gamma. The

diagonal dashed line indicates chance level prediction. Blue and green ROC curves

correspond to the baseline and stimulation periods, respectively.
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process framework was used to fit generalized linear models (GLMs) of the instanta-

neous spiking rate (conditional intensity function) conditioned on the instantaneous

gamma amplitude and phase. Given an estimated GLM, the probability of the mod-

eled neuron to spike in every 1ms time bin and the corresponding ROC curves were

computed A.6. Based on the area under the ROC curve, the predictive power, rang-

ing from 0 (no prediction) to 1 (perfect prediction), was computed. Predictive power

was computed under a five-fold cross-validation scheme. Predictive power was com-

puted both for the 1-second period preceding stimulation onset (baseline period) and

for the 1-second stimulation period. Overall, our analyses based on PSTHs, PPC

and GLM predictive power suggest varied and complex relationships between neu-

ronal spiking and the optogenetically induced collective dynamics characterized by

narrowband gamma oscillations.

A.7 Discussion and conclusions

In this appendix we have demonstrated that constant optogenetic stimulation based

on the C1V1(T/T) opsin can induce sustained narrow-band gamma LFP oscillations

in non-human primate motor cortex. Induced gamma oscillations were observed both

in primary motor and ventral premotor cortices. These induced oscillations engaged

larger cortical networks in the 4 X 4 mm recorded neocortical patches beyond the

direct light stimulation domain. The larger network gamma activity was organized in

spatiotemporal patterns consisting primarily of expanding concentric waves and other
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occasional patterns such as spiral waves. Optical stimulation modulated the firing

rate of 46% and 39% of recorded neurons in subjects T and P, respectively. Rate

modulation effects showed either a substantial increase or decrease in firing rates.

Despite this stimulation-related modulation effect in firing rates, neuronal spiking

remained largely asynchronous with respect to the optogenetically induced gamma

oscillations, as assessed by measures of phase-locking (pairwise phase consistency)

and neural point process predictive power. Overall, our study provides new findings

on gamma oscillations induced via optogenetics. The fact that these gamma oscil-

lations were generated by a very simple (constant) stimulation pattern supports the

predisposition of neural circuits to generate gamma oscillations under driving inputs

in primate motor cortex.

The particular optogenetic construct we used (CaMKII promoter and AAV5 viral

vector) is known to express primarily in pyramidal neurons and to a lesser degree in

inhibitory interneurons. Thus, although we take the view that gamma oscillations

were induced primarily via optical stimulation of pyramidal neurons, we cannot rule

out the role of direct optical stimulation in inhibitory interneurons. We considered

further analyses based on classifying the recorded neurons into putative pyramidal

and inhibitory interneurons. Based on this classification, one could attempt to infer

potentially distinct roles for putative pyramidal and inhibitory interneurons in the

generation of optogenetically induced gamma LFP oscillations. We also note that
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optogenetics in primates is presently a less developed subject than for mouse mod-

els (transgenic lines, Cre-recombinase strategies, etc). Progress in this area can be

expected to yield better cell type-specific access to cortical circuits in primate brains.

With respect to the induced gamma LFP, neuronal spiking remained largely asyn-

chronous oscillations even though these oscillations were strong and narrowband. This

was demonstrated by the weak phase-locking of spiking to the induced gamma LFPs,

and by the low gamma amplitude and phase power to predict neuronal spiking. One

could expect that under these narrowband oscillations the phase-coupling should be

much stronger. However, similar observations have been made in various neural sys-

tems and different conditions. For example, Truccolo et al. in 2014 [69] have reported

human focal epileptic seizures characterized by sustained narrowband (40 – 60 Hz)

gamma oscillations where neuronal spiking also remains highly asynchronous. Fur-

thermore, previous mathematical and computational modeling Brunel et al. in 2003

[11] have demonstrated that narrowband sustained gamma LFP oscillations can in-

deed emerge at the collective dynamics levels even though neuronal spiking, in both

pyramidal and inhibitory interneurons, remains highly irregular and asynchronous.

The combination of optogenetic stimulation and microelectrode array recordings

as presented here provides an important approach for probing spatiotemporal cortical

dynamics in primates, both in healthy conditions and in neurological disorders. We

are currently working on further developing the capabilities of this tool by allowing,

for example, multiple optical stimulation sites on the microelectrode array. In this
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way, new studies can be extended to the application of complex spatiotemporal stim-

ulation patterns at multiple recording sites, to probe neural dynamics across multiple

temporal and spatial scales.
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