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ABSTRACT: The spatial propagation of neuronal activity within
neuronal circuits, which is associated with brain functions, such as
memory and learning, is regulated by external stimuli. Conventional
external stimuli, such as electrical inputs, pharmacological treat-
ments, and optogenetic modifications, have been used to modify
neuronal activity. However, these methods are tissue invasive, have
insufficient spatial resolution, and cause irreversible gene
modifications. To establish neuronal stimulation with Iess
invasiveness and higher spatial resolution, we propose and
demonstrate single-neuron stimulation using a focused femto-
second laser. Fluorescence Ca®* imaging and microelectrode array
recordings of extracellular potentials revealed Ca®" influx into the
target neuron and high-frequency electrical responses after laser
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irradiation. These results indicate that femtosecond laser-induced neuronal electrical activity has a greater number of electrical
spikes, lasts longer after stimulation, and propagates to a region more distant from the target neuron compared with the properties
evoked by electrical stimulation. Focused femtosecond laser-induced stimulation can be a promising tool for stimulating single

neurons in neuronal networks.

. INTRODUCTION

In the human brain, 86 billion neurons form complex neuronal
networks through synaptic connections and exhibit sponta-
neous electrical activity.' Action potentials, known as spikes
occurring at a single neuron, propagate in neuronal networks
and create spatiotemporal patterns of these neuronal activities
at the network level, depending on the time and location of the
spikes at each neuron. These spatiotemporal patterns of
neuronal activity are encoded to process information in the
brains." Moreover, the properties of neuronal networks, such as
spatial propagation and temporal continuity of neuronal
activity, are modified by external stimuli related to brain
functions such as learning and memory.” External stimuli are
known to induce altered neuronal network activities such as
bursting activity, in which neuronal populations exhibit high-
frequency spikes at the network-wide level.” Therefore,
understanding the spatial propagation of neuronal electrical
activity in neuronal populations in response to external stimuli
is necessary to elucidate their functions in the brain.
Methods for observing neuronal activity include fluores-
cence Ca’* imaging and electrophysiological measurement
techniques such as extracellular potential recording with
microelectrode arrays (MEAs) and patch-clamp recording.*~*
Fluorescence Ca’* imaging is used to visualize the 1ntrace11ular
Ca®* distribution resulting from neuronal activity.”~"" Electro-
physiological methods have advantages in the real-time
recording of neuronal electrical activity with higher temporal
© 2024 The Authors. Published by
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resolution and higher sampling rates. Extracellular potential
recording using MEAs is useful for studying neuronal electrical
activity at the network level over long periods of time. MEAs
can also be used to stimulate neurons by injecting pulse
currents into target electrodes, and the extracellular potential
spikes evoked by electrical stimulation can be recorded and
evaluated."””™"> As for methods of neuronal stimulation,
electrical inputs, pharmacological treatment, and optogenetic
modifications have been used to understand the properties of
neuronal networks in the brain, and these methods have the
potential for the treatment of neurological disorders.'®"”
However, these methods have disadvantages, such as tissue
invasiveness, low spatial resolution, and irreversible gene
modification. Electrical stimulation offers high spatial reso-
lution but is often tissue invasive due to electrode insertion
into the cell culture.'” Pharmacological treatments lack target
specificity because of the spatial diffusion of chemicals.'®
Optogenetics using photosensitive ion channels requires
irreversible gene alternation.'” In this study, we demonstrate
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Figure 1. Experimental setup for femtosecond laser microscopy and a multisite extracellular potential recording system. M1—M4 indicate mirrors;
L1 and L2 indicate lenses; DM1 and DM2 indicate dichroic mirrors. The bright-field image in the inset shows the arrangement of the 64 planar

microelectrodes in the MED probe.

single-neuron stimulation in rat hippocampal neuronal net-
works using a focused femtosecond laser to establish a novel
stimulation method with less tissue invasiveness, higher spatial
resolution, and no gene modification.

The femtosecond laser has an ultrashort pulse width of the
order of 107" s and is used for precise material processing
induced by multiphoton absorption in the submicron focal
region when focused by an objective in a microscope.”’
Femtosecond laser processing has also been applied to the
nanosurgery of biological tissues such as neurons.”'~** In
previous studies, intracellular Ca®* increased in femtosecond
laser-irradiated neurons, and multiple neuronal electrical
activities near the target neuron were confirmed by
fluorescence Ca®" imaging and MEAs after femtosecond laser
irradiation.”> However, network-level responses induced by
femtosecond laser irradiation have not been investigated, and
the differences between the spatiotemporal properties induced
by femtosecond laser irradiation and those evoked by electrical
stimulation remain unclear.

In this study, we investigated spatiotemporal responses in
neuronal networks in response to single-neuron stimulation
using a focused femtosecond laser. Neuronal activity induced
by femtosecond laser irradiation was evaluated by fluorescence
Ca®" imaging and extracellular potential recording using MEAs,
and the underlying mechanisms are discussed. In addition,
conventional electrical stimulation was performed as a control
experiment, and the extracellular potential spikes evoked by
electrical stimulation were compared with those induced by
femtosecond laser irradiation. The temporal continuity and
spatial propagation of the evoked extracellular potential spikes
under femtosecond laser irradiation and electrical stimulation
are discussed.

2. MATERIALS AND METHODS

2.1. Cultured Rat Hippocampal Neurons. All animal
procedures were approved by the Animal Care and Use
Regulations of Osaka Metropolitan University. A glass-bottom
dish with 27 mm-diameter coverslips (Iwaki) and MEA dishes
(MED probe, Alpha MED Scientific) were used as the culture
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dishes. Culture dishes were coated with 0.02 v/v%
polyethylenimine (PEI, Sigma-Aldrich) aqueous solution to
facilitate cell adhesion to the surface on the day before cell
seeding, and PEI was rinsed thrice with ultrapure water on the
day of cell seeding. Hippocampal tissues were obtained from
18-day-old Wistar/ST rat embryos (Slc:Wistar/ST, Japan
SLC). Tissues were treated with 6.0 X 107 v/v% Trypsin
(Thermo Fisher Scientific) in phosphate-buffered saline
(Nissui Pharmaceutical) containing 10 mM p-Glucose for 15
min at 37 °C, and then hippocampal cells were dissociated by
mechanical pipetting. Cells were seeded at a density of 2.1 X
10* and 1.3 X 10° cells/cm* on a glass-bottom dish and the
MED probe, respectively. Cells were cultured in Neurobasal
Medium (Thermo Fisher Scientific) containing 2% B-27
Supplement (Thermo Fisher Scientific), 0.25% L-Glutamine
(Thermo Fisher Scientific), S yg/mL Insulin (Sigma-Aldrich),
and 1% Penicillin—Streptomycin (Pen-St, Thermo Fisher
Scientific) in a glass-bottom dish and in Dulbecco’s Modified
Eagle Medium: Nutrient Mixture F-12 (Thermo Fisher
Scientific) containing $% heat-inactivated Fetal Bovine
Serum and Horse Serum (Thermo Fisher Scientific), S ug/
mL Insulin, and 1% Pen-St in the MED probe. The cultures
were maintained at 37 °C in a 5% CO, incubator for 15-25
days in vitro (DIV). The culture medium was replaced with
fresh medium twice a week.

For fluorescence Ca* imaging, neurons were loaded with
the fluorescent Ca>" indicator Oregon Green 488 BAPTA-1,
AM (OGB-1; maximum absorption wavelength: 494 nm,
maximum fluorescence emission wavelength: 523 nm; Thermo
Fisher Scientific) to evaluate changes in intracellular Ca®*
concentrations due to femtosecond laser irradiation. A 1 mM
OGB-1 dimethyl sulfoxide solution (Sigma-Aldrich) was
diluted to 8 uM for the glass-bottom dish and 16 uM for
the MED probe with an external solution containing 130 mM
NaCl, 3 mM KCI, 2 mM CacCl,, 1 mM MgCl,, 10 mM HEPES,
and 10 mM Dp-Glucose, referred to as the working solution.
The extracellular Ca®" concentrations in our experiments were
fixed according to neuronal physiological conditions to
elucidate neuronal activity without abnormal treatment.” The
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working solution was sonicated for 1 min in an ultrasonic water
bath (1510J-DTH, Yamato Scientific) before dye loading. The
culture medium was replaced with the working solution, and
the dish was incubated for 1 h. After incubation, the working
solution was washed three times with the external solution, and
the neurons were incubated in an external solution for 30 min.
All dye-loading procedures were performed in the dark on a 37
°C hot plate (PWGX01, Cosmo Bio). To evaluate femto-
second laser-induced neuronal activity under the blockage of
voltage-gated Na® channels, neurons were treated with
tetrodotoxin (TTX; Fujifilm Wako Pure Chemical). A 1 mM
TTX aqueous solution was diluted to 2 M with an external
solution and added to the neurons by exchanging half of the
volume of the external solution to a final concentration of 1
HUM.

2.2. Experimental Setup for Fluorescence Microscopy
Imaging and Extracellular Potential Recording. The
experimental setup for femtosecond laser-induced fluorescence
imaging and extracellular potential recording system is shown
in Figure 1.*"* Femtosecond Ti:sapphire laser pulses
(Tsunami, Spectra-Physics) with a center wavelength of 800
nm, a pulse width of ~100 fs, and a repetition rate of 82 MHz,
were introduced into an upright fluorescence microscope
(BXSOWI, Olympus) and focused on a target neuron with a
water immersion objective (LUMPLFLN60XW, X60, NA 1.0,
Olympus). The theoretical diameter of the laser focal spot on
the sample is 0.98 ym. The laser irradiation time was set to 8
ms, with the minimum value obtained using an electro-
magnetic shutter (F77, Suruga Seiki). The position of the laser
in the focal plane was controlled by using a pair of
galvanometer mirrors in a confocal scanning unit (FV300,
Olympus). The focal position of the laser was controlled using
consumable software (Fluoview, Olympus). The specimens
were positioned using a motorized stage (BIOS-106T-WI,
Sigma Koki), and the objective was positioned along the
optical axis by using a stepping motor (Olympus) with a
resolution of 0.1 um. For fluorescence Ca*" imaging of
neurons, excitation light from a mercury lamp (U-ULH,
Olympus) passing through a bandpass filter (460—49S nm,
Olympus) was used to excite the fluorescent Ca** indicator,
OGB-1. To prevent photobleaching of OGB-1, a 5% neutral
density filter (Olympus) was inserted in the excitation light
path to set the excitation power at 150 W at the sample level.
Fluorescence was collected after passing through a dichroic
mirror (>510 nm, Olympus), an absorption filter (>50S nm,
Olympus), and a short-pass filter (>750 nm, Asahi Spectra).
Fluorescence images were captured with a scientific comple-
mentary metal-oxide semiconductor (sCMOS) camera
(ORCA-Flash4.0 V2, Hamamatsu Photonics) with a size of
2048 X 2048 pixels (240 ym X 240 ym with an objective) and
a frame rate of 33.3 frames/s, and the fluorescence intensity
was digitized at 16-bit resolution (maximum 65 S35 counts) in
each pixel.

To evaluate the changes in intracellular Ca** concentration
in single neurons caused by femtosecond laser irradiation, a
102 X 102-pixel region of interest (ROI) (15 pm X 15 pm
through the objective), the size of which corresponds to the
cell body of a single neuron, was placed on the fluorescence
images using Image] 1.53 (National Institute of Health). The
average fluorescence intensity in the ROI of each image was
calculated using a laboratory-developed Python script. The
normalized fluorescence intensity AF/F was calculated by
using the following equation.
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AF _ F(t) - K,
F E (1)
where F(t) is the average fluorescence intensity at time ¢, and
F, is the average fluorescence intensity of each image before
laser irradiation. To detect intracellular Ca** spikes represent-
ing neuronal activity, the threshold was defined as 3 times the
standard deviation of the AF/F values before laser irradiation.
Any peak above this threshold was detected as a Ca** spike.
Calculation of AF/F values and Ca** spike detection were
performed using laboratory-developed software of LabVIEW
2011.

2.3. Extracellular Potential Recording with MEAs. The
electrical activity of the neuronal networks induced by
femtosecond laser irradiation was recorded by using a multisite
extracellular potential recording system (MED64, Alpha MED
Scientific). 64 planar Pt-black-coated microelectrodes, SO pm
X 50 pm in size, were placed in a MED probe in 8 X 8 arrays at
150 pm, as shown in Figure 1. The extracellular potentials of
the neuronal network were amplified 2000-fold by a multi-
channel amplifier (SU-MED64, Alpha MED Scientific) and
digitized at a sampling rate of 10 kHz for obtaining single
spikes of single neurons and a 12-bit resolution by A/D boards
(PCI-6071E, National Instruments). Electrical stimulation was
performed by injecting biphasic pulse currents into a selected
microelectrode with an amplitude of 1 V to 5 ¢A and a pulse
width of 100 ps in each phase. During the electrical
stimulation, the stimulation electrode was switched for current
injection, and the electrical signals could not be monitored. All
recording and electrical stimulation procedures were per-
formed using the laboratory-developed LabVIEW 2011
software (National Instruments).

For the analysis, the recorded extracellular potentials were
smoothed using a 10-point moving average transform and a
third-order Butterworth digital bandpass filter at 100—2000
Hz. The threshold was defined as 10 times the standard
deviation of the noise signals. Positive and negative peaks
above and below the threshold, respectively, were detected as
extracellular potential spikes representing neuronal electrical
activity. In this study, stimulus artifacts due to femtosecond
laser irradiation or electrical stimulation, which we defined as
distortion of the extracellular potential after each operation,
were excluded from spike analysis. Electrical stimulation
artifacts were observed for 5 ms after current injection and
were removed from the detected extracellular potential spikes
at all 63 recording electrodes because the stimulation target
electrode was excluded. In the case of femtosecond laser
irradiation, artifacts were observed at individual electrodes
adjacent to the laser-irradiated neurons. However, the
spatiotemporal pattern of the observed artifacts differed
between the experiments, indicating the difficulty in distin-
guishing artifacts from neuronal electrical activity. Therefore,
during femtosecond laser irradiation, the neuronal electrical
activity was evaluated by removing all extracellular potential
spikes detected at the single electrode closest to the
femtosecond laser-irradiated neurons. Spike detection was
performed using the laboratory-developed LabVIEW 2011
software.

To compare the temporal characteristics of neuronal
electrical activity induced by femtosecond laser irradiation
and electrical stimulation, the number of extracellular potential
spikes was calculated every 10 ms after each procedure. The
spatial distribution of the detected extracellular potential spikes

https://doi.org/10.1021/acsomega.4c08948
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Figure 2. (a) Fluorescence images of neurons at 18 DIV loaded with OGB-1 in a glass-bottom dish before and after femtosecond laser irradiation.
Yellow squares in the top left panel indicate the ROIs. The time before and after laser irradiation is shown above each image. (b) AF/F values for
cell nos. 1 and 2. (c) Raster plot of intracellular Ca®* spikes in the neurons. The red arrows indicate the laser focus and irradiation time.

was plotted to evaluate the spatial propagation of the evoked
responses in both procedures. The locations of the electrodes
where spikes were detected are indicated as squares, and the
squares are connected with solid lines in time-sequential order
after femtosecond laser irradiation or electrical stimulation,
respectively. The propagation velocity of electrical activity was
calculated as the maximum propagation distance of the evoked
extracellular potential spikes divided by the time after
stimulation. All statistical data are presented as mean =+
standard error of N = 4 cells in two cultures.

3. RESULTS AND DISCUSSION

3.1. Fluorescence Ca®' Imaging of Neurons by
Femtosecond Laser Irradiation. The activity of single
hippocampal neurons after femtosecond laser irradiation was
evaluated by using fluorescence Ca** imaging. Figure 2ab
shows time-course fluorescence images and normalized
fluorescence intensity of OGB-1-loaded neurons at 18 DIV
cultured on a glass-bottom dish before and after laser
irradiation, respectively. When a femtosecond laser with an
average power of 30 mW and irradiation time of 8 ms was
focused on the target neuron (cell no. 1 in Figure 2a), the
fluorescence intensity drastically increased immediately after
laser irradiation, indicating extracellular Ca** influx into the
target cell. The laser power threshold for Ca®* elevation at the
cell body due to laser irradiation was 30 mW, which is
consistent with previous results.'’ In this study, a laser power
of 30 mW was used based on our previous study,”” where
intracellular Ca’* elevation due to femtosecond laser
irradiation had a threshold of 30 mW. The laser irradiation
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time was set to 8 ms, which was the minimum operation time
of the mechanical shutter. Cellular damage is concerned with a
higher laser power and longer irradiation time. The pulse
energy of the femtosecond laser used in this study was
calculated to be 0.37 nJ when calculated with an average laser
power of 30 mW, which is comparable to the threshold of 0.4
nJ for femtosecond laser ablation of tissues in the previous
report.”” These data and previous reports are consistent in that
femtosecond laser-induced ablation based on multiphoton
absorption transiently disrupts the cell membrane in the focal
region and induces extracellular Ca** to flow into the neuron
owing to concentration gradients across the membrane.
Extracellular Ca®" entry suggests that extracellular Na*, which
is abundant in extracellular regions and is the cause of
membrane depolarization, also flows into the target neurons by
concentration gradients and generates action potentials on
target neurons. Furthermore, Ca®* entering the cytosol is
thought to increase the membrane potential, evoking further
influx through voltage-gated Ca** channels in the membrane.
There is also the possibility of cytosolic Ca** elevation through
Ryanodine receptors in the endoplasmic reticulum (intra-
cellular Ca*" store), known as Ca**-induced Ca®" release, or
through IP; receptors in the endoplasmic reticulum, known as
IP;-induced Ca®* release.”® In our experiments, the intra-
cellular Ca®* increase lasted for several tens of seconds
following laser irradiation. This slow decay of intracellular Ca**
levels may be due to neuronal Ca*" buffering through Ca**
ATPases in the membrane and endoplasmic reticulum with
slow time constants.*®
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Figure 3. (a) Fluorescence images of neurons at 18 DIV loaded with OGB-1 cultured on the MED probe before and after femtosecond laser
irradiation. Yellow squares indicate the ROIs. The time before and after laser irradiation is shown above each image. (b) AF/F values for cell nos. 1

and 2. The red arrows indicate the laser focus and irradiation time.

The fluorescence intensity also increased in the neighboring
neuron (cell no. 2), as shown in Figure 2b. In Figure 2b, the
drastically increased intensity at O s in cell nos. 1 and 2 show
the scattered light of the femtosecond laser at an irradiation
time of 8 ms. As shown in Figure 2c, intracellular Ca®*
increases in the two neurons (cell nos. 1 and 2) started at
almost the same time. The synaptic conduction time between
two connected neurons ranges within a few ms;>” therefore,
intracellular Ca?* increases in multiple neurons can occur with
almost no time lags under fluorescence imaging with an
exposure time of 30 ms. Therefore, it was suggested that the
two neurons (cell nos. 1 and 2 in Figure 2c) were connected
via a synapse. After femtosecond laser irradiation of the target
neuron (cell no. 1 in Figure 2a), highly frequent synaptic
inputs from cell no. 1 can induce highly frequent neuronal
activity in cell no. 2 in Figure 2a, causing a large Ca’* transient
by extracellular Ca** influx via voltage-gated Ca®* channels and
Ca’ release from intracellular Ca*" stores. Because femto-
second laser-induced ablation and subsequent disruption of the
cell membrane occur only in the focal region based on
multiphoton absorption, membrane disruption should occur
only in cell no. 1. The temporal pattern of the Ca®" spikes
derived from fluorescence Ca** imaging is shown in Figure 2c.
The drastic increase in intensity due to the scattered light of
the femtosecond laser was observed for 30 ms from 0 s. The
fluorescence peaks attributed to the scattered light were
excluded from intracellular Ca®** spike detection during
femtosecond laser irradiation. These plots show that
synchronized neuronal activity was induced between the target
neuron and its surrounding neurons after laser irradiation. The
target neuron and surrounding neurons showed spiking Ca**
activity (see the AF/F time trace 20 s after laser irradiation in
the cells of Figure 2b), indicating that the neurons were not
damaged by femtosecond laser irradiation. As shown in Figure
2b, no small Ca®" spikes were detected during the first 20 s
after laser irradiation. Since highly frequent neuronal activity is
thought to be induced in the target neuron, small Ca®>" spikes
are buried in the large Ca®* transients. The large Ca®" transient
is caused by extracellular Ca*" influx through voltage-gated
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Ca’" channels and Ca®* release from intracellular Ca®* stores
such as the endoplasmic reticulum, including Ca**-induced
Ca®* release and IP;-induced Ca®" release. To evaluate
neuronal activity due to femtosecond laser irradiation when
voltage-gated Na* channels were blocked, the neurons were
treated with TTX. Figure Sla,b show the fluorescence image
and normalized fluorescence intensity of OGB-1-loaded
neurons at 25 DIV before bath application of 1 yuM TTX.
Spiking fluorescence intensity equivalent to intracellular Ca**
spikes was observed. After 20 min of bath application of TTX
to neurons, these intracellular Ca** spikes disappeared, as
shown in Figure Slc. These results suggest that intracellular
Ca’" spikes can be attributed to spontaneous action potentials.
Figure Sld,e show the time-course fluorescence images and
normalized fluorescence intensity of OGB-1-loaded neurons at
25 DIV after 20 min of application of 1 yM TTX. The
fluorescence intensity drastically increased only in the target
neuron immediately after the laser irradiation of a single
neuron in the presence of TTX. Our results suggest that
extracellular Ca® influx occurred through membrane dis-
ruption and was not confirmed in neighboring neurons when
axonal conduction was suppressed. These results suggest that
neuronal electrical activity was induced by femtosecond laser
irradiation of the target neuron and then propagated to
neighboring neurons.

3.2. Extracellular Potential Recordings of Femto-
second Laser-Induced Neuronal Network Activity. To
evaluate femtosecond laser-induced neuronal activity, simulta-
neous recordings of intracellular Ca®" imaging and extracellular
potential recordings using MEAs were performed. To evaluate
the spatiotemporal characteristics of femtosecond laser-
induced neuronal electrical activity, a femtosecond laser with
an average power of 30 mW and an irradiation time of 8 ms
was focused on OGB-1-loaded neurons cultured in the MED
probe. Note that dissociated cultured neurons at 15—25 DIV
on the MED probe established synaptic connections, showing
spontaneous, synchronized neuronal electrical activity at the
network level.”® Figure 3a shows the time-course fluorescence
images of OGB-1-loaded neurons at 18 DIV cultured in the
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Figure 4. (a, c) Extracellular potentials of the 64 microelectrodes induced by femtosecond laser irradiation (a) and electrical stimulation (c). (b, d)
Raster plots of extracellular potential spikes of neurons at 18 DIV induced by femtosecond laser irradiation (b) and those evoked by electrical
stimulation (d). The O s indicates the time point of the femtosecond laser irradiation and electrical input. The red squares and arrows indicate the

stimulation site and laser irradiation time, respectively.

MED probe before and after femtosecond laser irradiation.
The normalized fluorescence intensity increased drastically in
the target neuron (cell no. 1 in Figure 3a) and neighboring
neuron (cell no. 2 in Figure 3a), as shown in Figure 3b. This
result suggests that an influx of extracellular Ca** was also
induced in target neurons cultured in the MED probe. The
evoked responses due to femtosecond laser irradiation were
evaluated by extracellular potential recording using MED
probes. The extracellular potentials of the 64 planar micro-
electrodes were simultaneously recorded before and after laser
irradiation, as shown in Figure 4a. A femtosecond laser was
focused on the target neuron adjacent to electrode no. 40. The
spike patterns for 10 s before and after laser irradiation are
shown in Figure 4b. The average extracellular potential spikes
increased for 5 s from 333.5 to 765.8 spikes before and after
femtosecond laser irradiation (N = 4 cells in two cultures), and
the average increase rate was 2.67 + 0.71. These results
indicate that high-frequency neuronal electrical activity was
induced by femtosecond laser irradiation.

3.3. Femtosecond Laser-Induced Neuronal Electrical
Activity Compared with Those Evoked by Electrical
Stimulation. To compare the electrical activity characteristics
between those induced by femtosecond laser irradiation and
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those evoked by conventional electrical stimulation, a biphasic
pulse current with an amplitude of S pA and pulse width of
100 ps was injected into stimulation electrode no. 40, which
was adjacent to the neuron irradiated by the femtosecond laser.
In previous reports using conventional electrical stimulation,
biphasic pulse current was injected into the stimulation
electrode for 100 ys to avoid charge saturation in the electrical
measurement field.>'>?*° In MED probes, extracellular
potentials around the stimulation electrode are modulated by
injecting a biphasic pulse current through a microelectrode and
depolarization of membrane potentials is induced in some
neurons surrounding the stimulation electrode. The duration
of the current injection is much shorter compared to the time
scale of action potential generation, but this duration of inputs
is sufficient to induce a single action potential in the
neurons.” **° The extracellular potentials before and after
electrical stimulation are shown in Figure 4c. As shown in
Figure 4c, the target electrode (electrode no. 40) showed no
signals because it was used for current injection. Note that
spontaneous synchronized electrical activity was observed
before laser irradiation or current injection since dissociated
cultured neurons formed synaptic connections on the MED
probes. The extracellular potential spike patterns for 10 s
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Figure S. Spatial distribution of extracellular potential spikes in the entire area of the 64 electrodes after 10, 30, 50, and 100 ms after femtosecond
laser irradiation (a) and electrical stimulation (b). Red arrows and squares indicate the stimulation sites. Black squares indicate the locations of the
stimulation electrodes. Each square is 50 gm X 50 ym in size.
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Figure 6. (a) Time course of the number of extracellular potential spikes every 10 ms after femtosecond laser irradiation (red line) and electrical
stimulation (blue line). (b) Maximum propagation distances of the electrical spikes after femtosecond laser irradiation (red line) and electrical

stimulation (blue line).

before and after electrical stimulation are shown in Figure 4d.
As shown in Figure 4d, the extracellular potential spikes
observed before electrical stimulation were due to spontaneous
neuronal activity. The neuronal responses were observed
immediately after electrical stimulation for several tens of
milliseconds, which is comparable to the duration of evoked
neuronal activity in a previous study.'” The average
extracellular potential spikes increased for 5 s from 236.0 to
348.8 spikes before and after electrical stimulation (N = 4 cells
in two cultures), and the average increase rate was 1.62 = 0.25.
These results indicate that neuronal electrical activity was also
evoked by conventional electrical stimulation, and that high-
frequency electrical activity was maintained after electrical
stimulation.

The spatial propagation of extracellular potential spikes
induced by femtosecond laser irradiation and those evoked by
electrical stimulation was evaluated. The locations of the
electrodes where electrical spikes were detected 10, 30, 50, and
100 ms after each operation are shown in Figure 5. Each panel
shows a snapshot at the time written on the top left from the
time of the laser irradiation at O s. Neuronal electrical activity
propagated up to 917 + 68, 1131 + 38, 1139 =+ 39, and 1139
+ 39 um (N = 4 irradiations in two cultures) in the case of
femtosecond laser irradiation, and 485 + 159, 981 =+ 81, 1072
+ 70, and 1084 + 65 ym (N = 4 stimuli in two cultures) in the
case of electrical stimulation at 10, 30, 50, and 100 ms after
each operation, respectively. The propagation velocity of the
electrical activity was estimated to be 51.57 + 17.50 ym/ms
(N = 4 irradiations in two cultures) in the case of femtosecond
laser irradiation and 39.57 + 9.93 ym/ms (N = 4 irradiations
in two cultures) in the case of electrical stimulation. We
confirmed that there were no significant differences between
the two operations using Welch’s ¢ test. Note that this velocity
indicates the spike detection time after femtosecond laser
irradiation in other electrodes divided by the distance from the
laser focal region or electrical input point and is not correlated
with the synaptic transmission (conduction) velocity. This
slightly faster propagation is probably due to the steeper
membrane potential elevation in femtosecond laser irradiation
than that in conventional electrical stimulation. These results
suggest that the extracellular potential spikes induced by
femtosecond laser irradiation or those evoked by electrical
stimulation propagated further away from the sites of laser
irradiation or the stimulation electrode over time and that the
former propagated faster to farther regions than the latter.
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The temporal characteristics of the evoked extracellular
potential spikes were compared between femtosecond laser
irradiation and electrical stimulation. The increase ratios of the
spike rates before and after laser irradiation were higher than
those after electrical stimulation. In addition, the duration of
the evoked extracellular potential spikes differed between the
two methods. The time course of the spike rate every 10 ms
after each operation is shown in Figure 6a. The evoked
responses lasted for 60 and 40 ms after femtosecond laser
irradiation and electrical stimulation, respectively. These
results indicate that femtosecond laser irradiation at the
average power of 30 mW and irradiation time of 8 ms induces
more neuronal spikes than a single electrical stimulation. In the
present study, Ca®" transients lasted for several tens of seconds
after femtosecond laser irradiation and highly frequent
extracellular potential spikes lasted for 60 ms after laser
irradiation. Extracellular potential spikes reflect collective
neuronal activity around the recording electrodes; however,
fluorescence Ca®* imaging allows us to assess individual
neuronal activity. Therefore, the two recording paradigms have
different temporal resolutions, leading to different durations of
femtosecond laser-induced neuronal activity.

The maximum propagation distance of the evoked
extracellular potential spikes at each time point after each
operation is shown in Figure 6b. Evoked responses induced by
femtosecond laser irradiation and electrical stimulation were
propagated from the sites of the laser irradiation and
stimulation electrodes. It is suggested that the neuronal
electrical activity induced by femtosecond laser irradiation
propagates faster to more distant neurons than that evoked by
electrical stimulation. Therefore, more electrical spikes can be
observed in evoked responses with femtosecond laser
irradiation under our experimental conditions at an average
power of 30 mW and irradiation time of 8 ms compared to
electrical stimulation because a larger number of neurons are
activated by synaptic transmission from the target neurons.
These results suggest that the spatiotemporal pattern of
neuronal activity, such as neuronal synchrony and bursting
activity,”*"** can be modulated by femtosecond laser
irradiation. This quantitative analysis will be effective for
clarifying the effects of femtosecond laser irradiation on
neuronal encoding.

3.4. Mechanisms of Neuronal Stimulation between
Femtosecond Laser Irradiation and Electrical Stimula-
tion. Here, we discuss the mechanisms underlying the
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induction of neuronal activity by femtosecond laser irradiation
and electrical stimulation, which contribute to the different
characteristics of the evoked electrical activity. When a
femtosecond laser is focused on a target neuron, transient
disruption of the cell membrane occurs in the focal region,
induced by femtosecond laser ablation based on multi%)hoton
absorption, as described in our previous study.”” This
disruption induces the influx of extracellular Na® through
concentration gradients across the membrane and depolariza-
tion of the membrane potential, thereby generating action
potentials. Femtosecond laser-induced membrane disruption
was previously reported to heal within a few seconds after
femtosecond laser irradiation at a center wavelength of 800
nm, pulse width of ~100 fs, and repetition rate of 80 MHz on
MCF?7 cell surfaces by fluorescence analysis.””> Therefore, the
transient membrane disruption caused by femtosecond laser
irradiation is expected to recover within a few seconds in our
experiments. The neurons showed spiking behavior after
transient disruption and recovery of the cell membrane,
indicating that cell viability was maintained, as shown in Figure
2. In the presence of membrane disruption, the upstate
membrane potentials are sustained for a few seconds and
multiple action potentials are induced. Transient membrane
disruption is thought to be recovered by lateral diffusion of the
membrane from outside the focal region.”> However, the large
Ca®* transients lasted for several tens of seconds after
femtosecond laser irradiation, as shown in Figure 2b. Because
intracellular Ca** buffering takes a longer time after
extracellular Ca’* influx, the high concentration persists for
tens of seconds after membrane recovery. Fluorescence Ca®*
imaging and extracellular potential recordings are not sufficient
to evaluate electrophysiological properties at the level of
individual target neurons because of the limited spatiotemporal
resolution of extracellular potential recordings and the indirect
evaluation of neuronal electrical activity in Ca®* imaging.
Detailed electrophysiological mechanisms of femtosecond
laser-induced neuronal stimulation should be investigated in
the future using electrophysiological recordings at the single-
cell level.**—3¢

As described above, in the case of femtosecond laser-
induced stimulation, membrane depolarization is expected to
persist for a longer period than that evoked by electrical
stimulation, owing to transient membrane disruption. There-
fore, femtosecond laser irradiation may induce a longer-lasting,
larger number of neuronal spikes and more widespread
neuronal electrical activity with lower invasiveness and a
higher spatial accuracy at the single-cell level than conventional
electrical stimulation.

In this study, we confirmed the reproducibility in the
number of femtosecond laser-induced neuronal activities in the
neuronal network. The neuronal activity in femtosecond laser-
irradiated neurons can be further investigated by using patch-
clamp recordings. Our proposed neuronal stimulation methods
have limitations in stimulation frequency since transient
disruption of the membrane is thought to recover within a
few seconds, resulting in a single stimulation. This limitation
can be improved by optimizing the femtosecond laser
parameters, such as the laser irradiation time, using an
acousto-optic modulator.

4. CONCLUSIONS

We demonstrated single-neuron stimulation using a focused
femtosecond laser in cultured rat hippocampal neurons and
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evaluated the induced neuronal activity by using fluorescence
Ca’" imaging and extracellular potential recordings. After 8 ms
of femtosecond laser irradiation, intracellular Ca** elevation
was confirmed in a single target neuron, which was associated
with sustained high-frequency extracellular potentials. Femto-
second laser-induced neuronal responses elicited more
extracellular potential spikes, lasted longer, and propagated
among neuronal networks larger than those elicited by
conventional current injections. Upstate membrane potentials
due to submicrometer membrane disruption are considered to
induce highly frequent neuronal spikes during femtosecond
laser irradiation. These results suggest that femtosecond laser
irradiation is effective in directly stimulating neuronal networks
at the single-cell level. Femtosecond laser stimulation may be a
promising tool that can be applied to single-neuron stimulation
to facilitate the investigation of neuronal information
processing systems in the brain at the single-cell level.
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