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Abstract 

Optical activation of cultured neurons using 

ultra-short pulse laser 

 

Jang, Jae Myung 

Interdisciplinary program in neuroscience 

The Graduate School 

Seoul National University 
 

The paradigm of experimental models in modern neuroscience and 

neural engineering has been rapidly evolving from 2D to 3D environments. 

A variety of techniques have emerged as important tools for controlling 

action potential firing of a single neuron in 3D environments. Here, we 

report that a focused femtosecond light activates an unmodified neuron in a 

3D environment, producing repetitive action potentials without insertion of 

any external materials. To further characterize this method, a new 

microfluidic system was developed to optically stimulate a neuron and 

electrically record its signals for a long duration. This was combined with 

the microfluidic technique and electrode measurement under the microscope. 

This approach allowed precise and rapid stimulation of a single neuron at 
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multiple points, and systematic analyses of neural and axonal responses 

using a spike sorting technique. We assessed the property, efficiency, and 

safety of this optical stimulation using the focused femtosecond light. We 

also demonstrated that the femtosecond light stimulated a neuron 

successfully in 3D environments. Furthermore, the studies on the underlying 

mechanism indicated that the neural response to femtosecond light was 

caused by intracellular calcium elevation from the internal calcium store 

through supra-threshold excitation of the soma.  

Although several factors remain to be determined regarding 

femtosecond light irradiation, we expect that this technique will avoid many 

of the problems inherent to electrodes, such as invasiveness and lack of 

specificity, and thus, could aid in scientific discoveries and in engineering 

experimental approaches. Furthermore, the femtosecond light coupled with 

an appropriate optical probe can be employed for in vivo neural stimulation. 

This may lead to new therapeutic approaches with rapid optical regulation of 

excitation and inhibition without genetic modification and external 

interruption of the cellular function. 

 

Keywords: Femtosecond light, optical stimulation, neuron, 

microelectrode-arrays, intracellular calcium influx 

Student Number: 2011-30132
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Chapter 1. Introduction 

 

1.1. Motivation 

 

The introduction of electrophysiological tools marked the beginning of 

a new era in modern neuroscience. The idea that the nervous system works 

electrically has been understood since Galvani’s experiments revealed that 

electricity existed in animals [1]. However, the experimental instruments to 

easily and precisely manipulate neural activity in the nervous system, as well 

as to measure electricity, did not exist before the invention of electrodes. The 

electrodes that Helmholtz used to discover nerve conduction speed have 

been widely popularized in the search to acquire knowledge about the brain 

and nervous system. Their application in research ranges from studying an 

ion channel’s properties in vitro, to probing neural circuitries, to treating 

neurological disorders and restoring sensory function in vivo. 

A meaningful advance in neural techniques was the development of the 

microelectrode for recording the activity of a single neuron in the brain. The 

first extracellular recording with a microelectrode was performed in the 

hippocampus [2]. The role of individual neurons in the motor cortex or 

visual cortex in response to motor control or visual stimuli, respectively, was 

also characterized by using the electrical technique to record single neuron 

activity [3, 4]. Intracellular recording of the activity of a single neuron in the 

brain was pioneered during work on cortical neurons [5-8]. Following 
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comprehensive intracellular recording from the cortex, recording the activity 

of a single hippocampal pyramidal cell was achieved [9]. Subsequently, the 

development of recording technique with double electrode [10], tetrodes [11], 

and microelectrode-arrays (MEAs) [12] allowed simultaneous recording of a 

large number of neurons by separating each individual neuron’s activity.  

Contrary to the development of these recording techniques, the growth 

of neural stimulation with microelectrodes was stagnant for a long time. 

Methods to stimulate a neuron electrically were developed and primarily 

divided into two categories: current-controlled stimulation and voltage-

controlled stimulation. In current-controlled stimulation, the electrons flow 

easily under the user’s control and the electric field near the microelectrodes 

is precisely calculated. However, high currents cause high charge injection 

or high charge densities that are enough to damage a cell. The voltage-

controlled stimulation also has a similar constraint because of the 

electrolysis that occurs and directly damages the microelectrodes when the 

electrode voltage exceeds about 1 V. Moreover, both of the electrical 

stimulation methods have a limited pulse duration time. It is impossible to 

record neural signals simultaneously to the electrical stimulation since they 

convert the stimulus into artifacts. Therefore, electrical stimulation is applied 

for as short a time as possible.  

Furthermore, electrical stimulation should always utilize more than two 

microelectrodes, cathodes and anodes. Electrical stimulation generates 

electrical fields that are large enough to cover multiple neurons in the 

vicinity of the microelectrodes. Even after closing the distance between two 
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microelectrodes using micromanipulators, the flow of electrons is not 

restricted to the localized single neuron. Membrane potential and ion 

concentrations are not homogeneous and an ionic aqueous solution creates 

additional impedance around the neuron, causing the electrons delivered 

from the microelectrode to travel along a path with lower impedance. 

Another approach for single neuron stimulation is to seal a pipette containing 

a microelectrode onto the neuron’s membrane, thus providing a connection 

to the intracellular space of the neuron. However, the cytosolic materials of 

the neuron’s interior are replaced with the high-potassium content of the 

electrode. Its suction often ruptures the cellular membrane, inducing the 

cell’s death. Because the volume of a glass pipette is larger than the volume 

of a neuron, it is difficult to move its position and to stimulate multiple 

neurons simultaneously. Moreover, the major drawback is that it is very 

laborious and time-consuming, and dependent on personal skillful 

experience.  

Mechanical stimulation has also been suggested as one of the 

alternatives to electrical stimulation. Previous studies used experimental 

models to study the cellular response to mechanical stimuli. Insertion of a 

small glass micropipette [13], an injection of a 4% agar solution into 

trigeminal nerve roots [14], a micro-vascular clip for cervical nerve roots 

[15], or implantation of stainless steel rods into dorsal root ganglion cells 

[16], were used as in vivo models of mechanical compression. Similarly, 

several techniques apply force to the in vitro cells. An atomic force 

microscope also puts pressure on a cell through a fine tip [17-19]. 
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Mechanical stimulation of an astrocyte induced a wave of an increased 

number of intracellular calcium ions [13]. However, this mechanical 

stimulation is also harmful to a neuron. It is necessary to inject an invasive 

medium to make contact with the cellular membrane, similar to the insertion 

of a microelectrode. Therefore, non-invasive neural stimulation of a single 

neuron in brain tissue or three-dimensional (3D) environments with either 

electrical or mechanical methods is impossible. Specifically, culturing cells 

in a 3D microenvironment has been used in mainstream research over the 

last several decades. The 3D in vitro models have been developed with 

various technologies such as beads, silk, electro-spinning, and silicon wafers, 

including an explant of brain tissue, organotypic culture from thin slices, and 

cell-based constructs [20-23]. Significant advances in engineering hydrogels 

as a scaffold material resulted in three-dimensional cell-based models for a 

variety of tissues [24-27]. Two-dimensional (2D) cell cultures do not 

adequately mimic the features of living organs. They fail to reconstitute cell 

behavior, cell-to-cell interaction, as well as cellular and mechanical 

microenvironments. The 3D in vitro models were able to maintain several 

advantages of in vitro cultures as well as to recapitulate many critical aspects 

of native tissue as a result of the hydrogel’s high water content, 

biocompatibility, and chemical/physical properties. In this background, the 

importance of neural stimulation in a 3D culture was emphasized. However, 

both the brain tissue and the 3D cell culture have depth on the z-axis. The 

conventional neural stimulation method is indispensable to penetrating 

microelectrodes, destructing brain tissue and 3D culture samples. 
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1.2. Optical stimulation with photochemical molecules 

 

The first breakthrough to meet the demand for methods enabling non-

invasive neural stimulation in brain tissue or 3D cultures was the 

introduction of exterior materials to manipulate neural activity [28]. As is 

well known, a neuron delivers information using chemical molecules such as 

neurotransmitters and several ions, with the exception of electrons. 

Therefore, chemical excitation by regulation of the concentration of 

neurotransmitters (or ions) or by controlling the ion channels associated in 

action potentials was one of the most common ways to stimulate a neuron. 

The handling of a polymer coated with a chemical structure that resembled 

neurotransmitters was also suggested as a new neural stimulation technique 

[29]. However, all of molecules in aqueous solution diffuse as a result of the 

random motion from their kinetic energy. Therefore, chemical stimulation 

has the fundamental limitation of low temporal and spatial resolution in 3D 

as well as 2D environments. 

To solve this problem, the photochemical molecules whose structure 

was changed in response to light were synthesized. Most of developed tools 

are placed in one of three categories: caged neurotransmitters, natural 

photosensitive proteins, and small molecule photo-switches. Caged 

neurotransmitters decomposed by light release neurotransmitters, binding to 

their receptors for influencing intracellular signal transduction. Genetic 

insertion of natural photosensitive proteins such as ChR2 from the algae 

Chlamydomonas into mammalian neurons was sufficient to allow neuronal 
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firing. Moreover, photo-switches were synthesized to link a photo-

isomerizable molecule to a normal ion channel or a receptor. At present, 

these methods enable users to manipulate neural activity with temporal and 

spatial accuracy in 3D environments. The time and the area of the 

photoreaction can be controlled by the exposure time and the intensity of the 

light. Furthermore, the application of two-photon absorption to 

photochemical techniques can overcome the conventional technical 

limitations [30]. Two-photon absorption is explained as a process in which 

an atom absorbs two or more successive photons to induce a molecular 

transition to an excited electronic state. Two-photon absorption occurs 

simultaneously through a virtual state, to where the absorption of the first 

photon is thought to excite the molecule, with a very short lifetime on the 

order of 10-15 s. The absorption of the second photon during this lifetime is 

necessary for two-photon absorption. And two-photon absorption takes 

places when two photons arrive in a specific area within an appropriate time 

so that they may be absorbed together. Two-photon absorption is quantified 

as the product of two factors, areas and time, in units of Goeppert-Meyer 

(GM), where 1 GM is 10-50 cm4s/photon. Therefore, two-photon stimulation 

with a spatial resolution of 1 μm2 around the focal point afforded efficient 

control over the individual stimulation of the dendritic (or axonal) trees of a 

neuron. Combining the advantages of two-photon absorption and 

photochemical methods has revolutionized the capacity to understand neural 

circuits and their excitatory transmission in neurons [31-35]. Controlled and 

localized activation of synapses revealed how an individual neuron worked, 
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and how it encoded and decoded information.   

However, the addition of exterior materials can pose other risks to a 

neuron. It may result in an imbalance of ion concentrations beyond 

homeostasis for living organisms, thus changing osmotic concentrations. The 

artificial elevation of neurotransmitter concentrations around a neuron can 

induce excitotoxicity when receptor over-activation results in high levels of 

intracellular calcium. A calcium influx induced by glutamate activates 

enzymes such as phospholipase, endonuclease, or protease, which damages 

cytoskeletons, membranes, and DNA, respectively [36-39]. Genetic insertion 

also has several challenges that remain, such as extent, efficiency, and 

tolerance. It also has fundamental constraints for broad application in 

non-human primate science, including neural prosthetics research [40-42]. 

Specifically, the photochemical materials have been reported to express in 

specific types of neurons [43]. Therefore, these reasons still prevent the 

addition of the exterior materials as a substitute for the electrical stimulation 

with microelectrodes in 3D environments, blocking immediate application to 

a widespread human study. 

 

1.3. Non-invasive neural stimulation using Focused 

Ultrasound and Magnetic Fields 

 

Focused ultrasound has been introduced as a new modality to satisfy the 

demands of non-invasive and safe stimulation in 3D environments [44-47]. 

The method uses ultrasound transducers to yield highly localized acoustic 
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energy into a focused point. The longitude waves with frequencies of more 

than 20 kHz propagate through brain tissue and fluids. The transducer 

configuration and fundamental acoustic frequency determine spatial 

resolution up to a few millimeters. Lower acoustic frequencies (<1 mHz) are 

the minimum acoustic intensity required to stimulate a neuron without 

hampering, providing superior penetration depth that is enough to stimulate 

brain tissue through an intact skull or in a 3D neuron culture [48-50].  

The first trials to stimulate a neuron with the focused ultrasound 

showed that it could inhibit the spontaneous activity in the brain of animals 

[51-53]. However, high intensity focused ultrasound (8~4500 W/cm2 at 

0.48~3 MHz) was reported to ablate tissue in localized areas in the brain. In 

contrast, the technique of low intensity focused ultrasound pulsation having 

less than 100 W/cm2 at less than 1 MHz has been proposed. Subsequently, it 

has been reported to modify the electrically evoked spikes in cultured 

hippocampal neurons for 40~50 ms [54]. Recently, the feasibility of neural 

stimulation with a variety of pulsing schemes or continuous waves has been 

studied [55]. However, this external stimulus still lacks spatial specificity of 

up to a few millimeters. 

Magnetic stimulation is also emerging as a new neural stimulation tool 

for non-invasive methods with adequate penetration depth, similar to the 

focused ultrasound methods. It consists of two components, the first being a 

current carrying coil that produces a pulsed, high strength field, and the 

second being a charge-discharge system, including switching circuitry and a 

controller. A coil of wire produces magnetic flux lines, perpendicular to the 
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plane of the coil. An electrical field is induced due to the inductive nature of 

magnetic fields, which causes the electrical charge’s flow in the medium 

[56-62]. Due to these properties, the design of a wire coil is critical to 

determine the induced current distribution and the site of stimulation. 

Commonly used coils were designed with single circular loop or two circular 

coils in parallel similar to a butterfly shape. In addition, the switching system 

of repetitive capacitive charging is important in magnetic stimulation. It is 

able to increase the induced current decay time and eliminate reverse 

currents. Therefore, it gives the circuits a series of pulses. Recent 

development of magnetic field generation allows upward of 100 Hz 

stimulation frequencies. It was firstly shown that the external magnetic 

stimulation was able to activate neurons in the targeted motor cortex through 

the intact human scalp [63]. It is now commonly used to excite or inhibit 

neurons in brain tissue, even though there is still uncertainty as to how the 

magnetic field stimulates neurons. Moreover, merging with other brain-

imaging techniques such as EEG, PET, SPECT, or fMRI gives us new 

opportunities to explore brain function. However, it also has the drawback of 

poor spatial resolution such that it can only stimulate neurons in the brain for 

an area less than 2 cm2.  
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1.4. Overview 

 

In summary, the current state of research in neural stimulation is 

lacking in demands for high spatial and temporal resolution to a single 

neuron in 3D environments. It is additionally crucial to prevent damaging or 

killing cells. Once damaged, it becomes difficult to reproduce evoking 

spikes from the targeted neuron.  

Here, we demonstrate a novel technique to stimulate a single neuron in 

3D environments using light. To evaluate the neural response systematically, 

we installed the experimental set-up on an inverted microscope. It allows 

culturing neurons on the microscope for a long time using the customized 

incubator with a temperature controller and a CO2 inlet. It was combined 

with planar microelectrode-arrays (MEAs) and microfluidic device, 

recording neural signals from soma and axons separately in response to any 

external stimulus. Spikes were analyzed to detect the action potentials’ rate, 

pattern, and waveform, from the stimulated neuron by spike sorting 

technique.  

Before irradiation of femtosecond light, we stimulated neurons using 

photolysis of commercial caged glutamate (MNI-caged glutamate) for 

evaluation of our system before introduction of femtosecond light. The 

periodic response to the glutamate released by photo-stimulation was 

measured at both of soma and axons with the help of the microfluidic system. 

And we found that visible light from a general fluorescent source allowed 

decomposing from the caged-glutamate known as only the reaction with UV 
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wavelength. Furthermore, the threshold level was constant over exposure 

radiant multiplied with pulse duration and light intensity, dependent on the 

caged glutamate’s concentration. The number of evoked spikes in response 

to photo-stimulation with caged glutamate was quantified for optimizing 

optical parameters. 

And then, the femtosecond light was introduced to a neuron without 

insertion of the external materials. The femtosecond light evoked repetitive 

spikes from a single neuron. Its rate was 20~30 Hz regardless of optical 

parameters – exposure duration, intensity, once the neuron was activated. It 

waveform, first negative, and then next positive represented that the 

response to femtosecond light was valid in only the soma. We confirmed the 

reproducibility and the safety of the technique. Finally, for the safe use of 

femtosecond light in brain stimulation, we suggested the parameter range to 

prevent unwanted mechanical or thermal damage to the neuron during and 

after the exposure.  

Furthermore, we suggest the mechanism of femtosecond-induced neural 

activation. The analysis of repetitive spike in soma and the blocker treatment 

with the voltage-sensitive ion channels represents that the focused 

femtosecond light leads supra-excitation with increase of calcium level. The 

pharmacological studies also reveal that the calcium increased by the 

femtosecond light comes from intracellular organelle.  

Additionally, future investigations will be needed to develop a new tool 

for in-vivo application that allow the femtosecond light to contribute actively 

to the neural stimulation.  
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Chapter 2. Methodology 

 

2.1. Neural recording system 

 

The exposure was synchronized with the recording system by a trigger 

signal on the TTL output of the shutter controller. For the 

electrophysiological measurements, neurons were plated at a density of 6 × 

106 cells/mL on a MEAs, which consisted of an 8 × 8 array of planar 

microelectrodes. The diameter of each electrode was 10 ~ 30 μm and the 

electrode spacing was 100 ~ 200 μm. For electrophysiological recordings, 

extracellular action potentials of each culture were recorded using a 64-

channel extracellular recording system consisting of a 64-channel pre-

amplifier, a 64-channel main amplifier, and a data acquisition board. The 

data was recorded with a sampling rate of 10 kHz for 5 min. All laser 

experiments were performed at 22 °C. 

 

2.2. Fabrication of the microfluidic device 

 

The master mold wafer was fabricated using photolithography. Molds 

for the PDMS pieces were made using standard soft lithography with SU-8 

on silicon wafers. To build the microfluidic device, SU-8 2002 (MicroChem, 

USA) was spin coated onto a wafer at 3500 rpm for 30 s, at the desired 

height of 3 μm. The SU-8 was soft baked at 95°C for 5 minutes, exposed to 
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UV light on a Mask aligner for 5 s, and then baked again. Following a hard 

bake, the second layer was spun on. Culture chambers were made using two 

layers of SU-8 100 in which the first layer was spun on at 1000 rpm for 30 s 

and then baked, and then the second layer was directly spun on after the first 

layer cooled. After the second layer cooled, the SU-8 was exposed for 30 s, 

and then baked again. Development was performed upside down for 30 

minutes. 

PDMS culture chambers were open at both ends to facilitate the 

exchange of the medium and oxygen. PDMS (Sylgard 184, Dow Corning, 

USA) was poured onto the structured wafers and allowed to redistribute for 

1 hour. It was cured at 60–80°C for at least 4 hours. The PDMS cast was cut 

into pieces to yield the individual chamber and channel devices, which were 

then cleaned with isopropanol and blown dry with N2 gas. The chip surface 

was also cleaned with isopropanol and blown dry. The PDMS device was 

placed onto the array with a pair of tweezers and pushed down.  

The microfluidic device for a 3D culture was designed to replace ECM 

components of the Matrigel with the micro-pillar arrays. The microfluidic 

device for 3D cultures allows each of the 3 distinct channels to be selectively 

filled with different cells mixed with hydrogels, or media. The central 

channels were first filled with Matrigel whilst the remaining channels were 

occupied with the media. The previous micro-pillar shape was changed from 

a hexagonal shape to a regular triangle with 100-μm sides at 100-μm 

intervals in order to avoid air interruption. Liquid Matrigel at 4˚C was loaded 

into these channels and placed in the micro-pillar arrays. 
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2.3. Procedure of primary culture 

 

All procedures were performed in accordance with protocols approved 

by the Seoul National University Institutional Animal Care and Use 

Committee. Hippocampal neurons were isolated from fetal Sprague-Dawley 

rats (Samtaco, Korea) of 17–18 days of gestation. Neurons were dissociated 

by treatment with 0.25 % trypsin-EDTA (Gibco, USA) in Ca2+-free and 

Mg2+-free Hank’s balanced salt solution (Gibco, USA) for 15 min at 37 ◦C. 

After incubation, the supernatants were removed and Dulbecco’s Modified 

Eagle’s medium (Gibco, USA) containing 10% fetal bovine serum was 

added to stop the trypsin reaction. The supernatants were removed again 

before the Neurobasal medium containing 2% B27 supplement (Gibco, 

USA), 0.25% GlutaMax (Gibco, USA), and 1% penicillin-streptomycin 

(Invitrogen, USA) was added. They were seeded at a density of 6 × 106 

cells/mL in a microfluidic device whose base was coated with poly-D-lysine. 

The dissociated neurons were maintained at 37 ◦C in air containing 5% CO2 

at saturation humidity and cultured for 3 weeks.  

For calcium imaging experiments, neurons were loaded for 15~60 

minutes at 37 ◦C with the calcium-sensitive fluorescent dye fluo-4/AM 

(F14201, Life technologies, USA) diluted in the neurobasal media. 

Additionally, Pluronic F-127 (P-6867, Life technologies, USA) was 

dissolved in DMSO to make a 20% (w/v) solution. Both solutions were 

mixed at the same volume, and then incubated at 37 ºC for 30 minutes. 
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2.4. Image analysis 

 

Cells in the microfluidic device on the planar microelectrode arrays 

were imaged using fluorescence or phase contrast microscopy. The two 

modes show the structural information to check the stimulated cells and the 

functional information of intracellular calcium. Images were taken with 

fluorescence and phase contrast microscopy, and fluorescence sequences 

were recorded using Fluo-4 loaded cells. The image sequences were 

analyzed by ImageJ software (US National Institutes of Health, USA). 

 

2.5. Data analysis 

 

Extracellular recording simultaneously captured a variety of signals at 

multiple neurons around a single electrode. Discrete-time detection and 

classification of neural spikes in extracellular recording is a prerequisite for 

the analysis of a single cell’s behavior and the reconstruction of spike trains. 

In most experimental neural recording, these spikes are usually recorded in 

the presence of noise. Therefore, the recorded raw data should be filtered to 

eliminate low-frequency signals such as 60 Hz noise or low-field potentials 

(LFPs) using a band pass filter. Thus, the spikes were extracted following a 

comparison with the threshold voltage value computed as 3.5 ~ 5 times the 

standard deviation noise and the band-pass filtered data. 

Once spikes are detected, the waveform of each action potential is 

extracted from the data. It is common to align spikes on the threshold 
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crossing found during spike detection [64]. The waveforms extracted from 

spike trains are different each other. For classifications of the same 

waveform, it is required to extract distinctive features from the spike shapes.  

Therefore, the principal component analysis (PCA) is used to correct 

the problem. The PCA is mathematically calculated to transform the raw 

data to a new coordinate system. It projects the aligned spikes onto an 

orthogonal axis and reduces their dimensions into 2 or 3 components.  

Taking a group with the same waveform, we applied a cluster analysis 

to the results of the PCA analysis. There are many types of clustering 

analyses, such as hierarchical clustering, K-means clustering, Gaussian 

distributions based on an expectation-maximization algorithm, and density-

based clustering [65]. There is no accurately defined "standard" clustering 

analysis. The best clustering analysis is chosen, depending on the particular 

application. Here, we chose a clustering analysis using the mixture of a 

Kalman filter [66], as it was noted that this method used in conjunction with 

the PCA showed a high accuracy capability. 

 

2.6. Experimental Set-up 

 

The novel experimental configuration for these experiments comprised 

a microfluidic device coupled to microelectrode-arrays, an inverted 

microscope (IX70, Olympus, Japan) with a customized culture chamber 

(Live cell instruments), a CCD camera (Moticam Pro 205C, Motic, China), a 

60-channel extracellular recording system (USB-ME64, multichannel 
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systems, Germany), and two-kinds of light sources for one- and two-photon 

stimulation, as shown in Figure 2.1. Whenever any incident light passes the 

mechanical shutter (SH05, Thorlabs, USA), a trigger signal was delivered to 

all devices for time synchronization. In the experiment, both 140 fs, 700-nm-

center-wavelength pulsed light from an amplified Ti: sapphire laser 

(Cameleon Ultra, Coherent, USA) and continuous visible light ranging from 

300–600 nm LED (SOLA light engine, Lumencor, USA) entered an inverted 

microscope via a dichroic mirror. They were focused by a 0.7-N.A. 60× 

objective lens to the center of the cultured neurons inside the microfluidic 

channel device and were coupled with 1-mm-thick glass planar 

microelectrode arrays on an inverted microscope. Images were delivered to a 

CCD camera through a phase contrast microscope. The neural signals were 

measured at a 10 kHz sampling rate with a 60-channel extracellular 

recording system. The microfluidic device is designed to separate signals of 

the axons from the soma and made with polydimethylsiloxane (PDMS). The 

frequently used process for microfluidic devices is replica molding of PDMS 

using a master on the wafer, micro-manufactured through epoxy polymer 

photoresist and SU-8 photolithography, as previously explained. The PDMS 

microfluidic device is attached to the microelectrode-arrays instantly, and 

then treated with plasma cleaning for 5 min to make their surface 

hydrophilic.  

The experimental set-up employs a customized chamber (Live Cell 

Instruments, Korea) supported with a 37°C temperature controller and a 

humidified 5% CO2 gas inlet for the prolonged culturing of neurons on the 
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inverted microscope, shown in Figure 2.2. In addition, a XY-auto stage (Live 

Cell Instruments, Korea) and a Z-motorized stage (Applied Scientific 

Instruments, USA) are installed on the microscope. The PDMS device is 

minimally sized, in order to insert it into the glass ring of microelectrode-

arrays. The space between the device and the ring of the microelectrode 

array is filled with media in order to prevent evaporation, which changes 

medium osmolality and causes cell death. These properties of the 

experimental set-up provide reproducibility of optical stimulation out of an 

incubator, as well as precise position control over where the light is focused 

for irradiation. Furthermore, the design permits simultaneous monitoring cell 

morphology in the microfluidic device through the microscope, and 

measurement of their electrical activity with microelectrode-arrays.  
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Figure 2.1. Overview of a new microfluidic system for optical stimulation 

in vitro (a) Schematic of the experimental set-up, which shows two kinds of 

light path through the back port of the inverted microscope as well as a 

customized incubator on the microscope. The trigger signal having TTL type 

was used to synchronize the light source with DAQ for neural recording. (b) 

Integrated device combined with a microfluidic culture platform and a planar 

MEA. (c) A real image of the integrated device displays that the PDMS 

microfluidic device is placed in the ring of MEA. M: mirror, S: shutter, DM: 

dichroic mirror, DC: dispersion compensator, DAQ: data acquisition system, 

MEA: micro electrode-arrays 
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Figure 2.2. Overview of the customized chamber installed on the inverted 

microscope for long-term culture. (a) Components of Experimental set-up 

for long-time culture are a live chamber cover, microfluidic culture device, a 

planar MEAs, and preamplifier. The live cell chamber plays a role to maintain 

the CO2 concentration and the bottom plate of the preamplifier supports 37°C

temperature of the media in the planar MEAs (b) An example image (DIV0) 

of neurons cultured in the customized chamber on the microscope for two 

weeks.  
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Figure 2.3. Capability of the new microfluidic system dividing into soma 

and axon. (a) Image of neurons in the microfluidic culture device on 

microelectrode arrays. The soma (A, B) and the axon (C, D) were cultured 

separately in the microfluidic system. (b) The soma’s and the axon’s signals 

were recorded simultaneously from each region corresponding to A/B and C/D 

electrode. The amplitude of electrodes around the soma was ±100μV, while 

that of electrodes that pass through axons was ±700μV. 
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We continuously acquired images of cultured neurons in a microfluidic 

device using the Micro-Manager software (US NIH, USA) and their raw 

neural signals using the MC_Rack software (multichannel systems, 

Germany) simultaneously on the same computer; the values are plotted in 

Figure 2.3(b). The images acquired at 13 days in vitro showed that upon 

random plating of neurons in the micro-channels, the axons grew into micro-

grooves [67] while the soma was still present in the micro-channels (Figure 

2.3(a)). The spontaneous activities of cultured hippocampal neurons on each 

electrode were measured simultaneously. The average noise level was less 

than 50 μV peak-to-peak and action potentials were detected using an 

amplitude threshold. This threshold was set as a multiple of the standard 

deviation of the background noise The microfluidic device permits imaging 

of structured networks of approximately 3 μm by 10 μm in cross-section, too 

small for cell bodies, but open to axonal extension. This makes it possible to 

divide the two parts into the cell bodies in micro-channels and the axons in 

micro-grooves, as shown in previous studies. Furthermore, neural signals 

from the axons were also distinguished from those in the soma, with 

simultaneous observation of the neuron’s morphology. Average signal 

amplitudes of peak-to-peak voltage exceeding 250 μV are common in the 

micro-grooves for axons and 20 times greater than those recorded in micro-

channels for the soma. The large signal amplitude of the peak-to-peak 

voltage is caused by the increase of total impedance from 200 kΩ to 1.7 MΩ 

in the microgrooves. The resistance in the microgroove is proportional to the 

product of its height (3 μm) and width (10 μm), and is altered depending on 
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its cell growth. The results show that neurons in the experimental set-up can 

live for at least 2 weeks, perhaps longer. Because the dry problem readily 

takes place when any microfluidic culture platforms are used, we invented 

the customized chamber with 3 types of water hole to keep neurons in the 

chamber. This chamber was designed based on the knowledge that the 

evaporation rate is dependent on its surface. The microfluidic chamber was 

downsized into the size of 19 mm inner ring on the MEAs, such that hole 

size of the small microfluidic culture platform is less than 3 mm diameter. 

Therefore the evaporation rate in the microfluidic outside is 6.5 times greater 

than in the microfluidic inside because the outside surface is about 

183.385mm2 and the exposed microfluidic surface is 28.26mm2. And the 

customized cap was installed on the MEAs rings. It is known that convection 

of gas in the chamber from injected carbon dioxide and heat gives rise to the 

evaporation of media in microfluidic culture platform. The cap on the MEAs 

rings plays a role to minimize this convection. And the cap also has a small 

donut-shaped water hole to reduce the media’s evaporation. Moreover, there 

is another main water hole on the preamplifier. It chiefly maintains the 

humidity in the chamber. Therefore the media in the microfluidic culture 

platform does not dried up at any more and the neurons in the system could 

be cultured for 2 weeks in the chamber. The neurons are vivid for 2 weeks as 

shown on Figure 2.3.  

Moreover, the system is useful to observe axonal behavior exclusively 

and to monitor neural signals in developing neurons. The microfluidic device 

reported previously enables to separate soma parts in micro-channels and 
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axonal parts in micro-grooves. And it has advantages that make it the way a 

researcher wants. Therefore this system could be designed to measure only 

axonal behavior using this microfluidic device. Axons extended into the 

micro-grooves as early as 2 days after plating cells. They grew through all 

800 μm microgrooves within 3 to 4 days. All axons in microgrooves were 

electrically active. Spontaneous spike rates between 2 and 10 Hz were 

recorded at all the electrodes in micro-grooves for 2 weeks while they were 

estimated at 10 of the 20 electrodes in micro-channels. And the background 

noise ranged from 10 to 50 μV peak-to-peak when 30um diameter electrodes 

are used. We used the system to discover that the neural signals had 

differences in time of first appearance and their amplitude when neurons 

developed and axons grew into microgrooves. The neural signal from 

neurons in the microfluidic microgrooves emerges approximately 2~3 days 

earlier. The neural signal at the electrodes in micro-grooves firstly appeared 

on 3 days in vitro while the neural signal at the electrode in micro-channels 

began to generate on 6 days in vitro. Moreover, the neural signal that was 

found in the micro-grooves was continuously increasing, on the other hand, 

while the signal that occurs from the micro-channels was saturated 

increasing slowly. In addition, the peak-to-peak in the microgrooves was 5~6 

times grater than in the micro-channels. The peak-to-peak value in the 

micro-grooves was increasing continuously from 100 μV to 1600 μV as 

shown on Figure 2.3. However, the value in the micro-channel seemed the 

same tendency of spontaneous spike rate. It converged to constant value less 

than 200 μV. 
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Chapter 3. Optimum visible light parameters 

for focal photolysis of commercial caged 

glutamate to evoke neuronal action potentials 

 

3.1. Introduction 

 

The concept of caged compounds has set up the first specific practical 

technique of photo-stimulation. A molecule of interest is conveyed to a cell 

or tissue with an inactive state modified by chemical protection.  It is 

defined as “caged”. These caging groups are covalently bound to the 

molecule, blocking its activity. The function is restored when the bond is 

cleaved by light irradiation. Some of these caging groups were applied in 

neurotransmitters, but very few of these caged neurotransmitters satisfied all 

the requirements of the neuroscientist for photolysis in complex biological 

tissue. The absorption of light by the caging groups led to the cleavage of the 

bond between the caging group and the neurotransmitter and the release of 

the neurotransmitter. These materials target ligand-gated receptors to open 

the channel and depolarize the membrane. Several protecting groups like 

nitrobenzyl, benzoin, (coumarin-4-yl)methyl, 7-nitroindoline, and p-

hydroxyphenacyl derivatives have been coupled to neurotransmitters such as 

glutamate. These protecting groups are considered to be highly soluble and 
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stable in any aqueous solution. Poor stability can also lead to spontaneous 

release upon reaction with water. It is also important to consider the 

properties of the caging group, such as the molar extinction coefficient ε and 

the uncaging quantum yield ϕ. The quantum yield ϕ is a measurement of 

how many covalent bonds are cleaved per photon of incident light. The 

molar extinction coefficient ε relates the absorbance of the caging group to 

its path-length and concentration. If a cell has a 20 μm diameter, and the 

quantum yield and extinction coefficient of a caged compound are 0.09 and 

5120, respectively, then the concentration of the caged compound should be 

more than 10 mM. In this way, the size of ε × ϕ limits the application of the 

caged compound. The more important thing is that the value is dependent on 

the wavelength. The molar extinction coefficient is defined at a given 

wavelength. All caging groups have a wavelength range where cleavage will 

occur, and maximum cleavage can be achieved at a specific wavelength. 

Some great scientific discoveries in neural circuit mapping have been 

accomplished with this photo-stimulation technique [68]. Optical stimulation 

with caged neurotransmitter can elicit action potentials on presynaptic 

neurons of interest, while intracellular recording is performed on 

postsynaptic neurons for the purpose of mapping their connectivity. This 

innovative technique was first applied to reveal synaptic connection in the 

visual cortex. A molecularly caged form of the neurotransmitter glutamate 

was bathed in brain slices [69]. A less than 1 ms pulse of ultraviolet light 

(UV) converted it into its activated form near presynaptic sites, and the 

neurotransmitter then stimulated single postsynaptic neurons. Higher 
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resolution stimulation on a functional microcircuit in living mammalian 

brain slices was achieved, changing the existing photo-stimulation paradigm.  

Another experiment also used photo-stimulation with caged compounds to 

study local circuits in the visual cortex. This technique revealed that 1) 

multiple types of visual information such as motion, shape, and color 

converged in layer 4B of the visual cortex [70], 2) the laminar sources of the 

excitatory cortical input correlated with particular cell types [71], 3) input 

sources to the individual cells in layer 3B of monkey primary visual cortex 

were highly diverse [72], and 4) the two functional channels from the visual 

cortex to the visual cortical area consisted of different cell types [73, 74]. 

Optical stimulation with caged glutamate allowed the study of receptive field 

plasticity and its dependence on experience to rapidly map 1) the 

development of intracortical circuits onto layer 2/3 neurons in the rat’s barrel 

cortex [75-77] and 2) the spatial distribution of functional excitatory 

synaptic input to individual L2/3 pyramidal neurons in the rat’s barrel cortex 

for the specific location dependence of the functional organization of 

projections to L2/3 neurons [78-80]. This technique has been used most 

widely to study neural connectivity in not only the cerebral cortex, but also 

in the superior colliculus, the suprachiasmatic nucleus, and the hippocampus 

[71, 81-85].  

Several scientific studies combined uncaging photo-stimulation and 

whole cell recording to mimic synaptic input in part or to map receptors [85].  

One representative experiment in its early stage is the accumulation of 

knowledge about long-term depression (LTD) based on the glutamate 
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response [86]. Caged glutamate was able to produce new knowledge about 

1) the localization of LTD on apical dendrites of layer 5 pyramidal neurons 

[87], 2) the distribution of NMDA and AMPA receptors on dendrites [88], 

and 3) the response to glutamate being non-uniformly distributed along the 

apical dendrite [89]; it was also determined that glutamate receptors have at 

most four hot spots responsive to glutamate.    

Most notably, caged compounds are conventionally positioned in the 

middle of thick specimens, resulting in photolysis of caged compounds in 

untargeted specimens, i.e., too much neurotransmitter is released along the 

laser path above and below the focus. The light going to and from the focal 

point passes through a double cone of illumination parallel to the focal plane.  

The axial resolution is on the order of tens of micrometers, and even a 

focused UV light beam is guided to a diffraction-limited spot. Therefore, 

photo-stimulation with caged neurotransmitters has evolved for highly 

spatial or temporal resolution ever since it was successfully established.  

For example, flash photolysis was exploited to study living cells in real time.  

When caged glutamate was loaded and released into the cell, the reaction in 

response to light can be observed at any moment during the experiment in 

locally defined regions. A fiber optic guide to deliver light to the caged 

neurotransmitter ex vitro, in vitro, and in vivo was developed. Evoking action 

potentials in cat brain and rat brain slices was accomplished with caged 

glutamate and a tapered fiber light guide in a glass capillary. This flexible 

and feasible technique enables the recording of a physiological response to 

light exposure. A UV light-emitting diode was suggested as an alternative to 
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UV lasers. However, the light-induced stimulation with caged compounds 

was restricted by the diffraction-limited illumination system in making large 

cylindrical excitation volumes. However, two-photon excitation can be 

localized with a volume much smaller than one femto-liter. Two-photon 

photolysis of caged neurotransmitters releases the neurotransmitter at a 

single synapse; the activation of multiple synapses could be used to study 

information processing in neural networks [90].  For example, rapid 

multisite two-photon uncaging of glutamate enabled us to answer such 

questions as how the spatiotemporal pattern of synaptic input determines 

which properties of integration are to be engaged. Radial oblique dendrites 

in the hippocampus were artificially stimulated using two-photon glutamate 

uncaging technology; the signals were simultaneously recorded through two-

photon calcium imaging and somatic whole-cell voltage measurements. The 

patterns of synaptic input were defined on a sub-millisecond and micron 

scale to investigate the rules for summation of synaptic inputs in the fine 

oblique dendrites of pyramidal neurons. This study argued that at least 20–25 

synaptic inputs activated within 6 ms or less could evoke a dendritic spike 

[91]. The authors showed that a synchronous input pattern produced Ca2+ 

signals to mirror the voltage response.  Moreover, the results revealed that 

the rapid initial phase of the dendritic spike was primarily delivered through 

a sodium channel, and that the slow phase was mediated by NMDA 

receptors.  

A major objective of two-photon uncaging stimulation is to stimulate 

many spines of a neuron simultaneously in order to study synaptic function 
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and plasticity. For the photolysis of spot sizes over various ranges in a single, 

uniform, and circular area, a holographic illumination was applied to caged 

glutamate for AMPA receptor activation in brain slices and for multi-cell 

stimulation using a liquid crystal spatial light modulator. A three-

dimensional stimulation system was also proposed for a multi-foci photo-

stimulation pattern. Kasai H and his coworkers presented a new technology 

to map the synaptic connectivity and strength using two-photon photolysis of 

caged glutamate. Their technique could evoke an action potential in only a 

small number of neurons. They used a decreased numerical aperture of the 

objectives, resulting in an increase in the volume of two-photon excitation, 

allowing the stimulation of a large three-dimensional area on the single-cell 

level.  A holographic projection of multiple focal spots was used, which 

allowed full control over the 3D positions of uncaging sites with a high 

degree of localized excitation. The system incorporates a two-photon 

imaging setup to visualize the 3D morphology of the neurons in order to 

accurately determine the photo-stimulation sites. The system was applied to 

studies of synaptic integration by performing simultaneous and controlled 

glutamate delivery at multiple locations on dendritic trees. 

Despite the numerous studies using photolysis of caged glutamate, 

remarkably few systematic investigations and quantitative analyses have 

probed the efficacy of caged glutamate over various combinations of pulsing 

parameters. In addition, the light source for almost all of the studies using 

photolysis of caged glutamate was UV, far removed from the visible source 

that is usually installed for fluorescent imaging in microscopic systems. 
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Moreover, the response of a single neuron to the photolyzed glutamate is still 

unknown in high-density cultures.  

Here, we studied photolysis of common commercially caged glutamate 

intended to elicit action potentials of cultured neurons on MEAs coupled 

with microfluidics. The results in this paper were obtained from stimulating 

and monitoring neural activity at the same time, and then analyzing the 

neural response using a spike-sorting technique. The results showed that the 

neural response to the glutamate released by irradiation of visible light was 

dependent on wavelength. In addition, we suggested the effective optical 

parameters of the common commercially caged glutamate as a function of 

exposure time and intensity. Furthermore, the latency analysis indicated that 

the response was classified into late post-synaptic spikes that relied on 

glutamergic synapse, and occurrences exceeding 100 ms after stimulation.   

 

3.2. Methods and materials 

 

MNI-caged glutamate was bathed in the warmed neurobasal media for 

neurons in the microfluidic channels. The dissociated neurons were cultured 

in a microfluidic device combined with planar MEAs for 2 weeks. When a 

single pulse of continuous visible light was applied into them, it decomposed 

the caged glutamate, such that released glutamate to bind with downstream 

effectors and evoke action potentials. 

The intensity and the exposure time of light were regulated by the 

controller of continuous visible light ranging from 300–600 nm LED (SOLA 



 

 

 

40

light engine, Lumencor). We drew up a control program based on the 

software of LabView in a PC. It is connected to the controller using RS-232 

protocol. Additionally, it used internal counter and loop commander to 

control the exposure time. The graphic-based user interface provides us the 

regulation of periodic time, exposure duration, and light intensity as well as 

wavelength.   

 

3.3. Results 

 

Photolysis of caged glutamate, as one type of optical stimulation, 

changed the neural activity of the stimulated neurons. For the analysis of 

single neuron’s response, we selected one kind of spike among the entirety 

of spikes that emerged from the irradiation, using the spike sorting technique 

as previously explained, and then calculated the variation of the number of 

spikes between pre-stimulus and post-stimulus. The analysis showed 

regularly evoked action potentials when it was irradiated into electrodes in 

the micro-channel in which the soma was located in the microfluidic device. 

Figure 3.1(a) and 3.1(b) showed that the evoked action potential was less 

than a second long, and the spontaneous activity recovered in time. 

Moreover, the evoked spikes were recorded in both the soma and axons 

periodically, such that the time interval between the stimulation and its first 

response was regular, at approximately 100 ms, shown in raster plots (Figure 

3.1(e), 3.1(f)) and peri-stimulus time histograms (Figure 3.1(g), 3.1(h)). 

To explore how the optical stimulation affected neural activity, we 
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analyzed the spike waveform, which contained information on the 

biophysical mechanisms of action potentials near extracellular recording 

electrodes, and the membrane properties of the recorded neurons. Figure 

3.1(c) and 3.1(d) show that the waveform of the aligned and overlapping 

spikes in response to the optical stimulation are commonly biphasic. The 

response of one-photon exogenous stimulation is composed of an initial 

dominant positive peak followed by a negative peak. The first positive peak 

is larger and narrower than the negative. The spike thereafter slopes from 

side to side. 

Figure 3.2(a) shows the UV-Vis spectrum of the commercial caged 

glutamates recorded in the neurobasal media supplemented with B27 and 

GlutaMax. The experimental data indicate that MNI-caged glutamate is not 

only sensitive to the UV light, as is already known, but also to visible light, 

the same as RuBi-caged glutamate. The calculated absorption spectrum for 

MNI-caged glutamate has a weak peak at the centered wavelength, which 

means that the yield of photoreleased glutamate can stimulate excitatory 

neurons in the hippocampal culture using visible light with MNI-caged 

glutamate. To determine the relationship between photolysis of caged 

glutamate and wavelength, we observed the neural response elicited by 

photolysis of MNI-caged glutamate using 4 different wavelengths – 405 nm, 

445 nm, 480 nm, and 520 nm at a fixed light intensity of 90.5 mW for a 500 

ms duration, as shown in Figure 3.2(b). When the light differed in 

wavelength, the spikes were analyzed a second after exposure. The 405 nm 

wavelengths evoked about 3-spikes per second, while the 445nm, 480 nm 
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and 520 nm wavelengths did not change the number of spikes. The results 

were well matched with the tendency of UV-Vis measurement. Based on 

these wavelength results, we selected only the 405nm wavelength light for 

photolysis of caged glutamate.  

To investigate whether there is a threshold level of pulse duration and 

power intensity for the photolysis of caged glutamate, we conducted a 

sequential set of experiments with more acute parameters in which light at a 

wavelength of 405 nm was irradiated into neurons. Figure 3.3(a) suggests 

that a critical factor of optical parameters is light dose multiplied by pulse 

duration and light intensity. The threshold level is constant over radiant 

exposure. The spikes evoked by photo-released glutamate began to emerge 

at 1 mJ at 4 mM MNI-caged glutamate. Moreover, the threshold level was 

dependent on the concentration of MNI-caged glutamate bathed in neural 

basal media. 1.5 mJ exposure dose at 2 mM MNI-caged glutamate was 

enough to evoke spiking, while 3 mJ at 1 mM caged glutamate was required.  

The average spike counts per second were also increased, depending on 

optical parameters. To further characterize the performance of caged 

glutamate for neuronal excitation, two parameters, power intensity and 

duration time, were applied into cultured hippocampal neurons with a single 

pulse. To compare the responses from the same neuron, we used the spike 

sorting technique to extract the spike waveforms and analyzed them with 

MATLAB software (Mathworks, USA). To study the effect of light intensity 

on spike rate, we performed light exposure using an available range of 

intensity, shown in Figure 3.3(b). More than 10 exposures per condition 
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were performed on the same individual neuron while the intensities and the 

duration time were varied. Less than 6.2 mW of light with a 400 nm 

wavelength could not depolarize the membrane potentials of the single 

neuron. Light providing more than 30.5 mW of intensity and with exposure 

durations of at least 50 ms began to increase the spike rate per second. The 

variation in spike number increased linearly when more intense light was 

applied, and ranged from 1 to 3. To assess the impact of light intensity, we 

determined the effect of exposure durations ranging from 10 to 500 ms. 

More than 50 ms of exposure time was necessary to activate a single neuron 

at a fixed light intensity of 30.5 mW. The variation in the number of spikes 

in the stimulated neuron is also proportional to exposure time.  

Another approach that neurons use to communicate information is 

believed to be the use of spike timing – considering exactly when spikes 

occur within the time window. The first-latency information in a single 

neuron is one of the representative tools to uncover the role of spike timing 

in the spike trains. To acquire exact latency information, we calculated the 

time of the first spike after stimulus. The dataset previously recorded of all 

neurons responding to photolysis of caged glutamate was used to investigate 

the role of spike latency occurrences. The majority of neurons showed that 

the mean value of the first spike latency was 198.7 ± 2.43 ms. The exposure 

time required to elicit action potentials at a fixed intensity 174.9 mW was a 

minimum of at least 20 ms. The delivery time of action potentials to the axon 

was less than 1 ms in about a 500 μm microgroove in the microfluidic device, 

because the velocity of axonal propagation in the microgrooves is known to 
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be 0.5 ± 0.1 m/s. Considering these factors, the response latency of 

glutamate released by photo-stimulation is approximately 100 ms. Since the 

delay from the breakdown of caged glutamate using visible light is less than 

the exposure time, the post-synaptic process likely contributes to the delayed 

response of caged-glutamate. Previous studies revealed that the NMDA 

receptor was more affected by later onset spikes than the AMPA receptor 

was, while both the AMPA receptor and NMDA receptor were effective in 

short latency (<12 ms). These data suggest that the delayed latency 

excitatory response to photolysis of caged glutamate using visible light may 

be mediated primarily by NMDA receptors.  
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Figure 3.1. Raw data, aligned spike waveform, PSTH, and raster plot in 

response to photolysis of MNI-caged glutamate. The response to photolysis 

of caged glutamate emerges from soma in a microchannel (a) and axons in a 

microgroove (b). The spike waveform recorded from the electrode in a 

microgroove (d) was primarily composed of one positive peak and one 

negative peak, while the response of the electrode around soma (c) has the 

first small positive peak, the second big negative peak, and the last small 

positive peak. These spikes were measured from the same animals.  
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Figure 3.2. Wavelength variability of neural response evoked by 

photolysis of MNI-caged glutamate. (a) Absorption coefficient measured 

with UV-Vis spectroscopy (b) Spike variation decrease at longer wavelength. 

Wavelength between 405 – 520 nm were examined. The average data with 

standard error bars are shown in black squares. Each type of data marker 

represents average value on a different neuron. (n ≥ 10) 
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Figure 3.3. Stimulation threshold for various intensities and pulse 

durations and 3D graph of spike variation with intensity and exposure 

duration. (a) The stimulation threshold is constant over radiant 

exposure. However, it is dependent on MNI-caged glutamate’s 

concentration. (b) The spike variation increases with increasing 

intensity and pulse duration. The individual data sets, each measured 

from the same neuron, are shown by the 3D bars.  
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3.4. Discussion 

 

In conclusion, we used visible light to produce action potentials in 

cultured neurons. We set up a customized system to combine a microfluidic 

culture device with microelectrode arrays, which optically measure neural 

signals of cultured neurons. We utilized the commonly used caged glutamate 

to stimulate down-effectors of neurons and to evoke action potentials. We 

found that, these methods of stimulation increased the count of spikes per 

second when the soma of neurons were exposed to the focused light in the 

microfluidic device. Their detected spike waveforms, classified by the 

polarity of their largest peak, showed mainly positive first biphasic spikes. 

The results imply that optical stimulation and microelectrode measurements 

in microfluidic culture systems may be a useful tool for the application of a 

driving stimulus that can depolarize single neurons, facilitating the 

investigation of their response in neural networks where other methods 

cannot be used or are unable to achieve the same level of subcellular 

localization. Using this differential spiking pattern, our system could prove 

very useful for the analysis of neural network connectivity. In addition, the 

spike timing analysis revealed that it took more than 100 ms for the neurons 

to respond to photolysis of caged glutamate through post-synaptic glutamate 

receptors. It was supposed that its process might pass predominantly through 

NMDA receptors. 
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Chapter 4: Endogenous neural stimulation using 

the focused femtosecond laser 

 

4.1. Introduction 

 

Direct optical stimulation of unmodified neurons without any exterior 

materials was first described in 1994 [92]. Several studies at that time had 

already reported the neural response to a continuous laser and the influence 

of visible light on the spiking rate of a single cell. It was reported that the 

crayfish stretch receptor neurons were stimulated using a pulsed periodic 

visible light laser [93]. The authors observed that the spiking rate first 

increased and then decreased under irradiation. It was also found that the 

firing rate quadratically depended on the peak beam intensity during the 

firing acceleration phase. The authors suggested that this finding indicated 

the participation of a two-photon process. The first direct proof was 

presented in 2002 [94]; light irradiated with a pulsed femtosecond laser was 

able to generate a series of action potentials in a single neuron. Pyramidal 

neurons from the visual and somatosensory sections of a mouse brain slice 

were used. The laser source was a titanium (Ti):sapphire laser providing 

130-fs pulses at a 76 MHz repetition rate. In their experiments, low-intensity 

light pulsed from a mode-locked infrared laser was introduced for imaging, 

and a high-intensity laser was used for stimulation. They demonstrated that 

the laser-induced depolarization depended on its location, average power, 
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and wavelength. The irradiation of the proximal apical dendrites did not 

evoke depolarization, unlike those of the soma. The irradiated position was 

constrained to the region of the somatic membrane. A higher power could 

produce more action potentials, whereas a laser of less than 250 mW led to a 

negligible depolarization of the neuron. Moreover, this two-photon 

stimulation without any exterior materials occurred only if the pulsed laser 

emerged from the mode locking..   

Recently, two teams applied a two-photon intrinsic stimulation to 

single-cultured neurons. One team set up a mode-locked laser with a pulse 

width less than 100 fs at 82 MHz and 800 nm center-wavelength [95].  The 

laser was set to 5 mW for imaging and 40 mW for stimulation.  The 

stimulation period ranged from 50 to 200 ms. When the beam was 

introduced to the hippocampal neurons in the culture, the authors observed 

an increase in the calcium level in a single neuron for 1–2 seconds.  

Another team improved the experimental setup by combination with a 

confocal microscope and a commercialized multi-electrode array recording 

system [96]. The laser was set to 5 mW for imaging and 40 mW for 

stimulation. The stimulation period ranged from 50 to 200 ms. When the 

beam was projected on the hippocampal neurons in the culture, the authors 

observed an increase in the calcium level in a single neuron for 1–2 seconds. 

Another team improved the experimental setup by a combination of a 

confocal microscope and a commercialized multi-electrode array recording 

system. They also used a mode-locked Ti:sapphire laser beam with a 100-fs 

pulse duration, 82-MHz repetition rate, and 800-nm center wavelength. The 
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beam size was expected to be 0.98 µm2 at an average power of 30 mW. The 

researchers observed that the calcium level in the neurons increased upon 

irradiation with the femtosecond laser with an average power of 20 mW. 

They showed that the two-photon stimulation had threshold values of 

average laser power and irradiation time using the Ca2+ imaging technique. It 

was also observed that the two-photon stimulation depended on the position 

of the focal point. In addition, they confirmed the evoked action potentials 

induced by the two-photon stimulation using a multi-electrode array 

recording system.  

Direct optical stimulation is currently effective. However, it is still an 

imprecise way to stimulate neurons and may cause off-target effects or 

cellular damage. Moreover, there is no report describing stimulation of 

neurons in 3D environments. The mechanism underlying the neural response 

evoked by the femtosecond light is still unclear. Therefore, further 

experiments demonstrating that the light depolarizes action potentials under 

normal physiological condition, and investigating the properties of neural 

response are required.  

 

4.2. Methods and materials 

 

The laser source was a Ti:Sapphire laser (Cameleon Ultra, Coherent, 

USA) of 700 nm radiation, mode-locked to generate 140 fs pulses fixed at an 

80 MHz repetition rate. The laser beam delivered into the back port of an 

inverted microscope (IX70, Olympus) to allow laser irradiation. A beam 
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expander was used to fill the aperture of a 60x/0.7 NA objective lens. The 

laser power was measured at the focus passed through the objective lens by a 

power meter. The laser irradiation timing was controlled by a mechanical 

shutter (SH05, Thorlabs, USA).  

 

4.3. Results 

 

4.3.1. Identification of the neural response to ultra-short 

pulse light 

 

The activation of a single neuron by irradiation with femtosecond light 

was monitored in a microfluidic device combined with planar microelectrode 

arrays on an inverted microscope. The cultured hippocampal neuron was 

visually identified through a microscope imaging system and exposed to the 

femtosecond light. When we exposed a single neuron to the light for less 

than 10 ms  (<70 mW at 700 nm, Figure 4.1(a)), we found that the evoked 

spikes also occurred constantly for a second, and then rapidly at a regular 

rate (Figure 4.1(b)). The neuron’s firing by the femtosecond light reaches the 

critical level to initiate membrane depolarization. There are three 

controllable factors for the light: wavelength, power intensity, and exposure 

duration. To investigate how long or how strong the femtosecond light 

depolarizes the neuron’s membrane potentials, optimization of the laser 

parameters was undertaken by varying the laser power and exposure time, 

while keeping the wavelength constant (700 nm). The probability of the 
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generation of response to the femtosecond light in a neuron has already been 

reported in previous studies. It was a function of the average laser power and 

laser irradiation time. However, we excluded the probability and calculated 

the number of spikes per second after stimulation when the neuron was only 

activated. We plotted the number of spikes evoked by the femtosecond light 

with different laser exposure durations and power intensities by an 

individual neuron in the same sessions (Figure 4.4.). We found that the light 

irradiation drew a threshold curve, yielding a steep curve at the point of 

initiation of an effect. The 20 mW and 46 mW femtosecond light could 

activate a neuron at durations of more than 100 ms and 50 ms, respectively. 

In contrast, light with 86 mW and 110 mW power began activating a neuron 

over a duration of 10 ms. Both 156 mW and 180 mW induced a response 

from durations of 5 to 20 ms. At higher average laser powers (above 156 

mW) and longer duration (above 20 ms), cell death was observed, showing 

significant morphological changes like membrane explosion. Notably, once 

the neuron was activated by the femtosecond light, almost 20–30 spikes per 

second were generated regardless of the variables. The polydimethylsiloxane 

(PDMS) microfluidic device is a tool with physical barriers that confines 

somas to compartments and isolates axons in vitro. Combined with the 

planar microelectrode-arrays, it can record neural signals from axons in 

microgrooves. We used this PDMS technique to demonstrate that the neural 

response to the femtosecond light emerged only from irradiating the soma in 

the neuron (Figure 4.3.). When the soma in the micro-channel was exposed 

to the femtosecond light, the repetitive spikes occurred as representative 
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responses. In contrast, when we irradiated the axon in the microgrooves with 

the femtosecond light, we did not measure any response including repetitive 

spikes.  

The neural signals recorded from the soma show the characteristics of 

having an almost mono-phasic, negative-first spike points at the origin of the 

neural response to the laser irradiation (Figure 4.2). To examine whether the 

response comes from the soma, we recorded the spike activity in 64 channels 

on a planar microelectrode-array (MEA) while irradiating with the 

femtosecond light and sorted all the evoked spikes in the electrode near the 

stimulated neuron. The evoked activity of a single neuron exhibited repeated 

waveforms in response to the laser irradiation. The average was obtained by 

overlaying all the spikes and by aligning them to the negative peak and 

plotting a median trace. The shape of the laser-induced current response was 

seen as the negative-first spike. It was different from the spike characteristics 

observed at the axons in the microgrooves, consisting of a large positive 

peak followed by a large negative peak, and then a third small positive peak. 

The spike amplitudes were as indicated by the scale bars. The recordings 

thus support the idea that only the soma of the neuron responds to the 

femtosecond light.  
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Figure 4.1. Neural response to irradiation by the femtosecond light. (a) 

Photo image of a single cell stimulation using the focused femtosecond light 

(b) Raw signals of the responses evoked by a brief 5-ms light pulse shows 

repetitive spikes. The blue color represents spikes having the same waveform 

(c) Raster plot, (d) Peri-stimulus time histograms of a neuron optically 

activated with a 5-ms light pulse without the addition of any exterior 

materials. This experiment was performed in the new microfluidic system, as 

previously explained in the Methods. 
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Figure 4.2. Example of voltage traces and their waveforms of action 

potentials induced by the focused femtosecond light. (a) The spike trains of 

neural responses evoked by a 5-ms and 70-mW light pulse show repetitive 

spikes. (b) The extracted spikes (blue) show a common waveform of a negative 

and then, a positive shape. 
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Figure 4.3. Position dependency of photo stimulation. A neuron responds to 

ultra short pulse light when only the soma is irradiated. (a) Figure of light 

exposure at the soma in a micro-channel (b) Figure of light exposure at the 

axons in a microgroove (c, e) Neural response of soma (c) and axon (e) and 

when the soma was exposed to ultra short pulse light  (d, f) Neural response 

of soma (d) and axon (f) and when the axon was exposed to ultra short pulse 

light 
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Figure 4.4. Spike rate in response to the femtosecond light. Once activated, 

neurons generate repetitive spikes of 20–30 Hz, irrespective of the pulse 

duration and power intensity. 
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4.3.2. Endogenous neural stimulation for 3D neurons 

 

To determine if the femtosecond light can be biologically applicable, 

we investigated the spatiotemporal resolution of the femtosecond light as an 

alternative to neural stimulation. To achieve a high resolution, we utilized a 

high power objective lens, which allowed for precise and localized photo-

activation of a neuron. Because our microscope apparatus used a 60X 0.7 

N.A. objective, the Gaussian waist size was calculated as approximately 

0.909 μm at 700 nm-centered wavelength (Gaussian full width at half 

maximum [FWHM], 0.773 μm) and the Rayleigh length was 3.710 μm, 

resulting in a cylindrical volume of 1.534 μm3 (± 10%). The spot size of the 

focused beam was enough to irradiate the soma of a single neuron with a 

diameter of 5–10 μm in the 2D culture. Therefore, the effect of the two-

photon irradiation theoretically ranged over a subcellular area.  

For temporal control of firing in the individual neuron, the mechanical 

shutter was used to control the irradiation time. It supported an exposure 

time of more than 5 ms with less than 100 Hz repetitions. A single pulse of 

focused femtosecond light was used for more than 5 ms to stimulate neurons 

with 1 ms as a unit.  

Multi-site stimulation abilities based on the microscope system allow 

the possibility of manipulating the activity of multiple neurons for a short 

time. For sequential activation of more than two neurons with intervals of >1 

sec, we steered the microscope stage and moved the laser spot to the next 

neuron after triggering the spikes in the first neuron. In this case, the evoked 
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spikes in the two electrodes closely followed those observed for the 

sequential femtosecond light irradiation.  

One concern with light manipulation of neuronal activity is the 

potential photo-damage mediated by the femtosecond light. During this 

study of repetitive stimulation, neurons were optically stimulated to produce 

spikes with no evidence of toxicity or cellular damage induced by the optical 

stimulation. In our system, the femtosecond laser was focused on a spot (~ 1 

μm) in the focal plane. The individual neurons were reliably excited with a 

laser pulse with a power of <70 mW and an irradiation time of <10 ms, for a 

total energy load of <7.84 nJ, which was much lower than those associated 

with the previously reported two-photon excitation experiments. The 

responses to the femtosecond light were strong and reproducible as shown in 

Figure 4.1(c) and (d).  

When femtosecond light with more than 5 ms duration at 170 mW was 

focused onto a neuron, we observed that something appeared and 

disappeared. Because the spatial resolution R = 1.22λ / (N.A. [objectives] + 

N.A. [condenser]) is less than 0.5 μm, only a change in the cellular 

morphology of more than 0.5 μm can be detected in the system, seen as a 

micro-hole or a bleb. The micro-hole is defined as a single transient hole in 

the neural membrane or cellular organelle that lasts for a few milliseconds. 

Several hypotheses on how the femtosecond light forms the micro-hole has 

been proposed, but the mechanism remains unclear. The femtosecond light 

has been previously reported to make a micro-hole in the cellular membrane, 

which has been applied in drug-delivery systems for optoporation in 
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relatively high-throughput studies. However, we do not have any obvious 

evidence that the femtosecond light created a micro-hole in our experiments. 

It may be a bleb. A bleb is a protrusion of the cell membrane where the 

membrane is transiently decoupled from the actin cortex. It also transiently 

appears, similar to a transient hole. Taking into account the cylindrical 

volume of the focused femtosecond light with a diameter of 0.909 μm and 

length of 3.710 μm, the light could detach the membrane. A recent study also 

reported that the focused femtosecond laser formed a bleb on the plasma 

membrane. The bleb formation was acknowledged as one of the typical 

cellular symptoms of the execution phase in apoptosis. However, the specific 

role of blebs is still debated. Blebs are often observed in healthy cells. 

Several types of cells without lamellipodia apply blebs for their migration; 

this is called “blebbing motility.” Therefore, it cannot be concluded that the 

membrane bleb formed by the femtosecond light damages the neurons 

without clear evidence. 

The irradiation by the femtosecond light at 70 mW for less than 10 ms 

did not cause any changes in the cellular membrane, while activating the 

cultured hippocampal neurons. Despite the micro-hole (or bleb), the 

morphology or neural activity of the stimulated neuron was not changed. 

Indeed, for 24 hours after the laser irradiation of the single neuron, no 

obvious change was found in the morphology or the cellular membrane of 

the stimulated neurons (Figure 4.6.). The laser stimulation of the same 

neuron after 24 hours repeatedly generated a similar response to that before 

24 hours. On the contrary, a single stimulus with a laser pulse of >170 mW 
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power and a duration > 20 ms instantly killed the neuron (likely due to 

overheating). In conclusion, the femtosecond laser irradiation of a low power 

and short duration is an efficient and safe method for activating a single 

neuron (Figure 4.5). 

We also examined the method for controlling the spiking activity in a 

3D culture. The 3D neuron culture was established by injecting hydrogels 

mixed with cells into the microfluidic device (see Methods). The activity of 

the 3D hippocampal neurons was successfully recorded by a planar 60-

channel MEA combined with the microfluidic device. Their spontaneous 

signals were recorded in the mature phase of their development (i.e., after 3 

weeks in-vitro). The electrophysiological activity of the neurons in the 3D 

culture was then analyzed with the same spike sorting and compared with 

that of the 2D hippocampal culture. Further analyzing the raw data of a 

single channel, we found that most of the burst spiking in the 3D culture was 

longer than that in the 2D culture neurons (Figure 4.7.). As reported in the 

literature, the 3D hippocampal neurons in the microfluidic device showed 

similar activity characterized by longer duration bursts as well as significant 

random spiking, non-synchronous bursts. To demonstrate whether the 

femtosecond light stimulated a neuron in the 3D culture, we performed 

experiments by delivering the femtosecond light.  

Because we were not able to directly see the individual neuron in the 50 

μm thick gel, we stimulated from the bottom layer and found the position 

that had a regular reaction of neurons to the femtosecond laser. When the 

femtosecond light irradiated the 3D neuron, the rapid spike trains occurred at 
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a regular rate for a second similar to the stimulation of 2D neuron (Figure 

4.7(a)). Interestingly, the applied stimulation on the 3D neuron evoked 

neural activity with a longer burst of spikes (Figure 4.7(b)). Figure 4.7(c) 

and 4.7(d) show the peri-stimulus time histograms (PSTHs) and the raster 

plot of the neural responses to the femtosecond light, repectively. The PSTH 

profile demonstrated the reproducibility of the optical stimulation using the 

focused femtosecond light. The response with the laser exposure occurred in 

approximately 60% of all trials for an average power of 70 mW and 10 ms 

duration without cellular damage. The highest response peak (i.e., the 

maximum of the evoked response) was detected around 250 ms after the 

stimulation. These results indicated that 60% of the response was within the 

first 300 ms after stimulation. Considering the average time of the first 

response was about 50 ms in the 2D neurons, the response in the 3D neurons 

may have additional signal pathways within the cellular organelles. 

Irradiation by the femtosecond light induced neural activation similar to 

other neural stimulation methods such as electrical stimulation and 

photolysis of caged glutamate. However, the neural response to the 

femtosecond light showed different features (Figure 4.8.). We used the 

electrical stimulation (Figure 4.8(a), 4.8(d)), photolysis of caged glutamate 

(Figure 4.8(b), 4.8(e)),, and femtosecond light (Figure 4.8(c), 4.8(f)), to 

activate neurons in the same sample. For detecting the response of the same 

single neuron, all neural signals recorded with the planar microelectrode-

arrays were analyzed using the spike sorting technique as described 

previously. Photolysis of MNI-caged glutamate caused a glutamate-mediated 
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elevation of neuronal spikes in the cultured neurons. To see whether 

glutamate released by visible light alters their activity, we used a 400 nm 

LED violet light to irradiate the cultured neurons for 100 ms. The time 

course of axonal response after the visible light exposure showed a 

significant increase in the spike number to 0–10 spikes per second. The soma 

and axon’s response to photolysis of caged glutamate was regular. Similarily, 

electrical stimulation activated both the soma and the axon. Their response 

times were regular for the stimulated time, similar to the photolysis of caged 

glutamate. The number of evoked spikes ranged from 0 to 60 per second, 

depending on the current intensity and duration. In the case of the 

femtosecond light, only the soma responded with spikes increased to 20–30 

per second. The response was irregular and the spikes were generated at a 

rapid rate. Importantly, the latency of the spike response was different from 

each method. We found that the electrical stimulation or photolysis of caged 

glutamate produced precisely timed spikes across multiple repetitions. The 

latency value of the photolysis of caged glutamate was 198.7 ± 2.43 ms, and 

that of the electrical stimulation was 13.6 ± 3.43 ms. The latency of the 

electrical stimulation was well matched with the latency of the direct 

response that does not depend on glutamatergic synapses. The latency of 

glutamate that binds in post- synapse, released by photolysis with visible 

light was slower than that of early onset post-synaptic spikes. It is assumed 

to be associated with the NMDA receptor. Contrary to these, a series of spike 

trains irregularly occurred at the onset of the femtosecond light. The latency 

of the femtosecond response was on average considerably shorter than that 
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of the photolysis of caged glutamate, and longer than that of the electrical 

stimulation. It is likely that this latency difference arises because the neural 

response to stimulation passed through different organelles.  

 

 

Figure 4.5. Phase diagram of power intensity and pulse duration.  There 

is a safe range of stimulation parameters that generate the repetitive spikes in 

response to irradiation of focused femtosecond light without cell damage. 
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Figure 4.6. Observation of morphology and neural signals for 24 hours 

after femtosecond irradiation. There is no change for 24 h after the 

femtosecond light irradiated the same neuron. We investigated whether the 

morphology and activity of the neuron were changed by the focused 

femtosecond light. The morphology and activity with the optical stimulation 

is not significantly different from the neural responses to the light after 24 

hours. Only the interval between spikes after 24 hours is much smaller. 
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Figure 4.7. Results of a femtosecond stimulation in a 3D culture. When we 

stimulate a neuron in a 3D microfluidic culture platform using the focused 

femtosecond light, the common response, burst spikes, are generated at 

regular intervals along with repetitive spikes, similar to the 2D common spike 

pattern. The PSTH and raster plots show that the optical stimulation on a 

neuron in 3D environments can be reproduced. 
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Figure 4.8. Direct comparison of the electrical stimulation, photolysis of 

caged glutamate, and optical stimulation by the femtosecond light. The 

neural response to the irradiation of the focused femtosecond light was 

compared with electrical stimulation and photolysis of MNI-caged glutamate. 

The latency of the first response time in the femtosecond light exposure is 

about 50 ms, slower than in the electrical stimulation and faster than in the 

photolysis of MNI-caged glutamate. The response to the femtosecond light 

emerges only from the soma, while other responses are from both the soma 

and the axons. 
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Table 4.1. Summary of the response property for stimulation methods 
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4.3.3. Possible Mechanisms 

 

The shapes, rate, and pattern of firing of action potentials have been 

reported to differ among a variety of neurons. Purkinje neurons (GABAergic 

projection neurons) have a spontaneous firing rate of 40 Hz, all-or-none 

burst spikes, and narrow shape. Their subtle differences in physiological 

property produce difference in the ionic conductance. To investigate the 

mechanism underlying the neural activation evoked by the femtosecond light, 

it is important to understand the firing pattern of repetitive spikes with 20–30 

Hz and the spike shape of the first negative phase and the next positive phase. 

The distinctive properties of repetitive spiking neurons have been well 

studied [97]. The supra-threshold excitation of the soma evoking two or 

more action potentials results in repetitive spikes in the soma. It generates 

somatic sodium action potentials from a calcium potential generated within 

the soma; therefore, it was often induced by injecting long lasting 

depolarizing current of increasing amplitude. Interestingly, the spike shape 

of the femtosecond light-activated response correlates with the conclusion 

that the response to the femtosecond light begins from the soma.   

To confirm the relationship between repetitive spikes evoked by the 

femtosecond light and calcium entry, we simultaneously monitored the 

intracellular calcium concentration in the exposed neuron, dialyzed with 100 

μM Flou-4 (Life Technology, USA). Consistent with a previous observation, 

calcium concentration in the soma was rapidly elevated following the spikes 

after irradiation by the femtosecond light (Figure 4.9.). 
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Figure 4.9. Calcium imaging using Flou-4. Calcium response to irradiation of 

the femtosecond light was increased. The image in 2D (a) and 3D (b) acquired 

at every 200ms and 300ms respectively show the increase of intracellular 

calcium level. The calcium level increases rapidly in 2D (c), but it increases 

gradually in 3D.  
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Figure 4.10. Pharmacological analysis with the voltage-sensitive Na+

channel blocker, tetrodotoxin (TTX). Spontaneous activity without 

stimulation (a) and after washing (d). Neural response evoked by the focused 

femtosecond light (b) and with TTX treatment (c) demonstrates that the 

femtosecond light changes the membrane potential of the soma, opening the 

voltage-sensitive Na+ channels. 
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Figure 4.11. Pharmacological analysis with voltage-sensitive calcium 

channel blocker, cadmium chloride (Cd2+). When the focused femtosecond 

light is delivered to the soma of the neuron, only the soma responds. 

However, when the neuron is treated with 100 μM Cd2+, both the soma and 

the axons generate the repetitive spikes. 
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Obtaining a direct proof of the supra-threshold excitation needs other 

electrophysiological tools such as a voltage clamp. Instead of using other 

tools, we explored the voltage-dependent ion channels activated by the 

femtosecond light during the supra-threshold excitation of the soma as 

indirect proof. To complement these experiments, we treated the cells with 1 

µM tetrodotoxin (TTX, abcam, USA) and 100 µM cadmium chloride (Cd2+, 

Sigma Aldrich, USA), and measured the response to the femtosecond light 

(Figure 4.10, Figure 4.11). We observed that the femtosecond light generated 

repetitive spikes without TTX; however, TTX abolished the spiking pattern 

when the culture neuron was irradiated. This result showed that the TTX-

sensitive sodium channels were opened by the femtosecond light, which 

generated the repetitive spikes. To verify the role of voltage-sensitive 

calcium channels opening after irradiation by the femtosecond light, cells 

were pre-loaded with 100 µM Cd2+ for 30 minutes. Cd2+ is a potent Ca2+ 

channel blocker and inhibits mainly voltage-sensitive Ca2+ channels, while 

the cellular uptake of Cd2+ occurs mainly through the Ca2+ channels. We 

examined the effect of Cd2+ on both soma and axon in response to the 

femtosecond light. The repetitive spikes changed into rapid spike trains at an 

irregular rate after the femtosecond light exposure. A significant alternation 

of the response was observed in the axons. The neural signals recorded from 

microgrooves in the microfluidic device showed that the action potentials of 

the axons appeared in response to the femtosecond light exposure after 

pretreatment with Cd2+. We noticed that the focused femtosecond laser on 

the neuron evoked supra-threshold excitation of the soma, followed by 
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activation of the voltage-sensitive calcium channel. In addition, to determine 

if voltage-sensitive calcium channels inhibit the spikes, we exposed a single 

neuron to femtosecond light after pretreatment with 250 µM 4,4'-

Diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS, Sigma Aldrich, USA), a 

calcium-gated chloride channel blocker, for 30 min (Figure 4.14(c)). 

Compared with the neural response before pretreatment, the activation of the 

soma induced by femtosecond light did not change. However, the axonal 

response to the focused femtosecond light showed repetitive spikes similar 

to the result of pretreatment with Cd2+. Furthermore, when the neuron was 

pretreated with the inhibitor of the calcium-activated calcium release from 

the calcium store for 30 minutes, the axon responded to the femtosecond 

light with repetitive spikes. Our data suggested that the supra-threshold 

excitation of the soma evoked by the femtosecond light could be involved in 

repetitive spikes in the soma and inhibition in the axons through calcium-

activated chloride channels. 

The influx of intracellular calcium is thought to have originated from 

the extracellular environment or intracellular calcium store. We determined 

precisely which source is responsible for the repetitive spikes evoked by the 

femtosecond light in the cultured hippocampal neurons. We used calcium-

free media and added the calcium chelator EGTA (Sigma Aldrich, USA) to 

remove the calcium ions in the extracellular environment. However, the 

removal of extracellular calcium ions did not have a significant effect on the 

response to the femtosecond light (Figure 4.12(b)). The neuron still 

generated the repetitive spikes although there was low calcium ion 
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concentration in the extracellular environments. Therefore, we investigated 

the effects of the intracellular calcium store on the focused femtosecond light. 

We incubated the neurons with 1 µM thapsigargin (Sigma Aldrich, USA) to 

induce the depletion of the intracellular calcium store and bathed them with 

calcium free-media (DPBS-calcium free, Gibco, USA) and 100 µM EGTA. 

We observed that the repetitive spikes disappeared on exposure to the 

femtosecond light sufficient to activate the neuron (Figure 4.12(c)). Taken 

together, these results demonstrated that the intra-cellular calcium 

responsible for the repetitive spikes was released from the intracellular 

calcium store by the femtosecond light.  

The endoplasmic reticulum (ER) and mitochondria are the major 

calcium storage compartments in cells. To assess the role of the ER, we used 

1 µM Ryanodine (Sigma Aldrich, USA) and 50 µM 2-aminoethoxydiphenyl 

borate (2-APB, Sigma Aldrich, USA), blockers of the ER calcium channels. 

We found that the repetitive spikes disappeared, when treating with the 

materials and stimulating the same neuron with the light (Figure 4.13). To 

determine the effect of the femtosecond light on mitochondria, cyclosporine-

A (Sigma Aldrich, USA) was applied to the neurons, which resulted in the 

inactivation of most of the responses to the femtosecond light (Figure 4.15). 

When comparing these data, we conclude that the femtosecond light yields 

the repetitive spikes through intracellular calcium increase released from the 

mitochondria or ER.  
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Figure 4.12. Repetitive spikes induced by the femtosecond light are

involved in intracellular calcium influx from internal calcium storage. 

Pharmacological analysis with calcium free DPBS and 100 μM EGTA (b) 

shows that the extracellular calcium influx is not the main reason for the 

repetitive spikes evoked by the focused femtosecond light. Additionally, when 

the calcium ions in the intracellular calcium storages were depleted with 1 μM 

Thapsigargin (b), the neural response to optical stimulation disappeared. 
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Figure 4.13. Pharmacological analysis with the ER calcium channel 

blocker. The results using 1 μM RyR (b) or 50 μM 2-APB (d) show that the 

irradiation of the focused femtosecond light evokes repetitive spikes through 

calcium release from the ER. 
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Figure 4.14. Effects of a VDAC channel blocker in the mitochondria on 

the repetitive spikes evoked by the femtosecond light. The pharmacological 

analysis with the VDAC inhibitor (250 μM DIDS) shows that the focused 

femtosecond light generates the repetitive spikes through calcium influx from 

the mitochondria 
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Figure 4.15. Effects of an mPTP channel blocker in the mitochondria on 

the repetitive spikes evoked by the femtosecond light. The pharmacological 

analysis with the mPTP inhibitor (1 μM cyclosporine A) shows that the 

focused femtosecond light generates the repetitive spikes through calcium 

influx from the mitochondria. 
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Reactive oxygen species (ROS) have been identified as targets of 

femtosecond-induced calcium transients. In this study, we examined whether 

the femtosecond light induced the repetitive spikes through ROS production. 

N-acetyl-cysteine (NAC, Sigma Aldrich, USA), an anti-oxidant, prevents the 

generation of ROS in cells. Thus, we assessed the effects of 5mM NAC 

treatment on irradiation by the femtosecond light. The evoked spikes are not 

significantly different from the repetitive spikes without NAC even though 

long time treatment (Figure 4.16). This result was expected, because ROS 

generation has been known to occur from the calcium uptake and membrane 

depolarization of the mitochondria, applying to turn off GFP signals [98]. 

However, the spike rate and pattern of the neuron pretreated with NAC 

showed subtle difference from the control experiment. These data suggest 

that the femtosecond light produces ROS in the neuron; however, it is not the 

main reason for generating repetitive spikes. 
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Figure 4.16. Effects of antioxidants on the repetitive spikes evoked by the 

femtosecond light. We explored whether the reactive oxygen species (ROS) 

resulted from the repetitive spikes in response to the focused femtosecond 

light. Pharmacological analysis with 5 mM NAC showed that the light 

generated the repetitive spikes without ROS. 



 

 

 

83

4.4. Discussion 

 

Despite extensive trials, implementing highly precise neural stimulation 

in 3D without invasiveness and external materials remains limited. 

Conventional techniques, like electrical stimulation, provide neural 

activation but with limitations. In this study, we introduce a new method to 

stimulate a single neuron in a 3D environment using the focused 

femtosecond laser. This method promises us safer and more efficient neural 

stimulation. The neural response to irradiation by the femtosecond light was 

identified as repetitive spikes at a rate of 20–30 Hz, irrespective of optical 

parameters such as intensity and exposure duration. Moreover, the waveform 

of the evoked spikes revealed that only the soma responded to irradiation by 

the femtosecond light. Compared to other stimulation methods, this method 

has the advantage of spatial and temporal resolution. Furthermore, the use of 

the femtosecond light is presented that it can be produced and safe.  

The electrophysiological analysis of this phenomenon showed that the 

repetitive spikes evoked by the femtosecond light were caused by the supra-

threshold excitation of the soma through intracellular calcium. Additional 

pharmacological experiments proved that the femtosecond light released 

intracellular calcium from the internal calcium stores such as the 

mitochondria and ER. The supra-threshold excitation of the soma was shown 

to be indirectly via voltage-sensitive ion channels. Moreover, we expected 

that the femtosecond light, reported to exhaust calcium ions in ER or 

mitochondria [98], would induce calcium influx from the extracellular. 
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However, this calcium influx from extracellular ions does pull the trigger to 

activate a neuron as much as from intracellular organelle. 

In the case of non-neural cells [99, 100], astrocytes [95, 101, 102], and 

heart muscle cells [103, 104], changes were observed after two-photon 

intrinsic stimulation. It was reported that the two-photon intrinsic stimulation 

acted as a pacemaker. When isolated cardiomyocytes or small groups of 

cardiomyocytes were irradiated with an average power between 15 and 30 

mW using an 80 fs laser with an 82 MHz repetition rate and a 780 nm center 

wavelength, the periodic contraction cycle was altered depending on the 

laser periodicity. Astrocytes were examined in succession by two teams. 

Both groups acquired the specimens from a primary culture of rat astrocytes, 

and targeted the cytosolic region rather than the membrane. One study used a 

laser with a 90 fs duration, 800 nm center wavelength, and 80 MHz 

repetition rate. The astrocytes were stimulated for 14 ms at an average power 

of 1560 mW. It was demonstrated that the optical stimulation induced an 

increase in the calcium level in the astrocytes because a transient hole was 

formed in the cell membrane by the femtosecond laser pulses. The other 

group employed a femtosecond laser providing 140 fs pulses, an 800 nm 

center wavelength, and an 80 MHz repetition rate. Their parameters of 

stimulation were 100 ms duration and an average power of 300–500 mW. 

The authors suggested that this phenomenon was associated with unknown 

molecular events, although their results were similar to those from a 

previous study.  
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Table 4.2. Comparison with previous studies with the usage of the focused 

femtosecond light 
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The debate on how a focused femtosecond laser could activate a single 

neuron is currently underway. A local temperature increase is one possible 

mechanism for such activation. This idea is based on the first report that the 

infrared light induced compound action potential. Many successive studies 

demonstrated that the infrared light locally enhanced the membrane 

temperature. This temperature change may induce the opening of ion 

channels or changes in the capacitance value of the membrane, which 

depolarizes the membrane potential. The laser-induced heating was 

calculated based on the thermodynamic modeling and simulation using 

COMLSOL finite element method software [105]. With 100 mW at 800 nm, 

the temperature rose by 0.32 °C in the center of the laser spot and 0.17 °C at 

a distance 30 μm away from it. There is no doubt that this phenomenon is 

not involved in the optical ablation or water break down, because water 

break down requires a much higher energy of 200 nJ/pulse. Femtosecond 

pulses reduce the energy and minimize the size of the region damaged by the 

shock wave.  

One practical consideration is the thermal risks or damaging effects 

from temperature increase on target and surrounding cells. However, there is 

no response of TRPV1 or TRPV4 channels that open when the temperature 

is increased in a neuron’s surrounding environment. A change of 2 °C in 

temperature has been validated; however, modeling results show the level is 

below 0.5 °C when the femtosecond light is exposed to a circular area on the 

neurobasal media with a diameter of 2 µm. When we tried to evoke action 

potentials with two kinds of gold nano-rods, with maximal absorption at 780 
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nm and 980 nm, we did not observe any response to the femtosecond light.  

In addition to this, three other hypotheses have been suggested. The 

first is ROS. A focused femtosecond pulsed beam is thought to generate free 

electrons, and subsequently, ROS by electron delivery. To explain the 

mechanism through ROS, there are several possibilities. One possibility is 

that the generation of ROS may lead to membrane depolarization through 

oxidative modification of the channel or ion-transport proteins. Several 

studies have reported that ROS have an effect on ionic channel function. One 

study investigated the effects of oxidative stress on several potassium 

channels. These channels were cloned from cardiac, brain, and T-lymphocyte 

cells and expressed in Xenopus oocytes. The researchers produced ROS 

using photo activation of Rose Bengal, a classical generator of ROS. ROS 

inhibited three Shaker potassium channels, one Shaw channel, and one 

inward rectifier potassium channel. Another possibility is that ROS may 

propagate and induce calcium release from the mitochondrial networks. This 

explanation is known as the “ROS-induced ROS release (RIRR).” The 

focused femtosecond pulsed laser produces ROS, and then, the ROS 

stimulate the cellular mitochondrial network to produce more ROS. It is a 

kind of positive feedback to enhance ROS production. The increased number 

of propagated ROS can induce intracellular calcium release. The 

consequence of RIRR is calcium release and a higher probability of evoked 

action potentials. This theory is in agreement with the first experiments 

using antioxidants with low-intensity and long duration irradiation. It was 

found that this type of irradiation was insensitive to sodium channel blocker 
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but sensitive to antioxidants. The depolarization in the presence of a vitamin 

E analog was smaller, followed by faster repolarization. 

The second theory is a micro-hole in the plasma membrane. The influx 

of ions from outside the cells through a small hole caused by local 

destruction is thought to trigger action potentials. It is well known that a 

high-intensity laser beam can form a single, transient hole in the cell 

membrane. A pulsed laser was used from an 80 MHz titanium-sapphire laser 

with a mean power of 50–00 mW and was tightly focused using a high NA 

objective lens to deliver foreign DNA into cells in vitro. The first study on 

the two-photon intrinsic stimulation also demonstrated perforation at sub-

femtoliter focal volumes in the cell membrane. When a brain slice was 

treated with TTX, the depolarized membrane potential did not disappear, but 

its repolarization seemed to have a fast and a slow component. However, if a 

microhole (or a bleb) on the neural membrane induces neural activation, the 

femtosecond light must always evoke repetitive spikes at any position. The 

experiments revealed that sequential irradiation in different positions of a 

neuron did not induce sequential activation.  

Another hypothesis is that a calcium trigger can generate action 

potentials by intracellular calcium store depletion. There is no direct proof 

that the femtosecond light induces calcium store depletion. However, it is 

reported that STIM1 or CRAC channels are opened by the femtosecond light. 

Our result that the calcium-activated calcium release channels were opened 

when the femtosecond light irradiated the neuron indirectly supports the 

depletion of calcium stores. 
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Figure 4.17. Concept diagram of possible mechanism 
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Chapter 5: Conclusion 

 

Reductionism has become mainstream in modern biology over the past 

century. The individual particles of a cellular organism influence cellular 

function and structure. Therefore, the control in most experiments requires 

well-defined spatial or temporal resolution. In neuroscience, acutely spatial 

or temporal stimulation is important to investigate several aspects such as 

synaptic connectivity, neural circuit mapping, and single neuron dynamics. 

Compared to conventional electrophysiology such as the patch clamp, more 

knowledge can be acquired regarding dendritic spines and synapses if they 

were stimulated under conditions just sufficient to evoke a response from a 

single unit. From this perspective, photo-stimulation can provide scientists a 

unique and powerful means of interacting with cellular physiology. Because 

light passes through cell membranes, photo-stimulation can rapidly affect 

cellular compartments in an intracellular or extracellular approach when its 

delivered energy is sufficient. Moreover, optical stimulation can replace 

electrical stimulation. Optical stimulation is advantageous as a non-contact 

method, while electrical current is delivered via direct contact through 

electrodes. Optical stimulation also avoids the production of artifact 

responses that occur with electrical stimulation at the stimulating and 

recording electrodes. In addition, optical stimulation can be accomplished 

with higher spatial selectivity than electrical current, as we mentioned 

previously.  
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Compared to the other optical simulation methods, the femtosecond 

stimulation is able to offer a new tool for the extensive fields of neuroscience 

and neural engineering. Photochemical molecules such as caged glutamate 

or optogenetics have limitations of slower response timing even with their 

high spatial and temporal resolution. Most of them were used to identify 

neural circuits or define their connection, because the late response time was 

not crucial in such studies. However, the early response with precise spike 

timing analysis is a prerequisite for functional connectivity to quantify the 

brain connectivity or neural process in the brain and encode (decode) the real 

information in (from) spike trains. Therefore, the photochemical molecules 

have narrower applications than conventional electrical stimulation. 

However, the neural stimulation with the focused femtosecond laser can be 

used in fields where electrical stimulation is being used. Besides, it allows 

high spatial resolution to observe even the synapse area.  

Technological and methodological advances in optical stimulation will 

result in new possibilities in in-vivo experiments. In order to deliver photons 

into the brain, an implanted optical fiber should be developed, extending 

from a light source through the skull and into the targeted brain regions. 

However, the optical fiber also is vulnerable to damage caused by movement 

of the animal, and its implantation may result in tissue damage in the brain. 

Moreover, the femtosecond light will experience dispersion and power 

attenuation when passing through the optical fiber. Therefore, new kinds of 

optic fibers are required to overcome these drawbacks and to deliver the 

femtosecond light successfully for in vivo application.  
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Our results allow further studies using a new brain stimulation 

technique without the need for external materials for in vivo application. 

Together, the high level of spatiotemporal resolution, coupled with the 

ability to regulate specific populations of neurons, offers a unique advantage 

compared with more traditional approaches to neuro-modulation. 

Additionally, based on the placement of the implanted cranial optical fiber, 

researchers can manipulate only the postsynaptic, presynaptic, and/or axonal 

membrane. 

Figure 5.1. Comparison of various neural stimulation methods in the view 

of spatial and temporal resolution 
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    록 

 

뇌를 포함한 신경계를 구 하는 신경 포는  법과 

화학  법  이용해 생체내 보를 달하고 처리한다. 이런 신경 

포를 조 하는 주요한 법  극  통해 류나 압차를 

신경 포에 주는  자극 법이다. 하지만, 이런  자극 

법  침습 , 낮  공간분해능, 한 과 압( 는 과 류)로 인한 

포 등의 한계를 갖고 있다. 그래  본 연구에 는, 

신경 포를 자극하는 새로운 법 로, 펨토  빛  이용해 

신경 포를 활 화하는 법  시하고 가능한 작에 해 

토의하 고 한다.  

주요한 연구 법 로, 평  미 극 열과 미 체 

플랫폼  결합하여, 펨토  빛에 한 신경 포의 포체  축삭의 

응  찰하 다. 한, 신경 포를 미경 에  살아있는 

상태로 자극하고 그 응  찰하  해 주 작한 라이  
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챔버를 사용하 다. 뿐만아니라, 펨토  빛에 응해 생한 신 를 

신경 신  분류 법  이용해 분 하 다.  

펨토  빛  이용해 신경 포를 자극했  때, 신경 포의 

응  연속 이고 불규칙 로 나 다. 한, 신경 포의 

포체를 자극했  때만, 신경 포는 펨토  빛에 해 응  

보인다. 뿐만아니라, 펨토  빛에 한 신경 포의 응  

인 자극 법이나 신경 달 질의 분해를 이용한 분  

법과  다르다.  

  펨토  빛에 응에  신경 포의 포체에 생하는 

복 인 스 이크가 포체내 역치값 이상의 활 로 화  

확인하 다. 이런 활 로, 압의존 인 나트륨이  채 과 

칼슘이  채 이 열린다. 뿐만이나라, 칼슘이 채 이 열리  

때 에 펨토 에 한 신경 포의 응  포체에 만 나타남  

확인했다. 이 때, 포내부에 입 는 칼슘이  포 내부 

칼슘이  장소인, ER과 미토콘드리아에  나 는 것 로 
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확인 었다. 하지만, 존에 알 있던 ROS나 도 효과는 주  

향  아니나 미미하게 향  미치고 있음  확인하 다.  

  본 연구 결과를 확장해 생체내 환경에 실험  할  있다면, 

새로운 자극 법  치료 로 사용할  있  것이다. 

 

주요어: 펨토  빛, 신경 포, 자극, 평  미 극, 

칼슘이 농도 증가 

학  번:  2011 -30132 
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