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Background: Detection of synaptic connections is essential for understanding neural circuits. By using opto-
genetics, current injection, and glutamate uncaging to activate presynaptic cells and simultaneously recording
the subsequent response of postsynaptic cells, the presence of synaptic connections can be confirmed. However,
these methods present throughput challenges, such as the need for simultaneous multicellular patch-clamp
recording and two-photon microscopy. These challenges lead to a trade-off between sacrificing resolution and
experimental throughput.

New method: We adopted the laser, typically used for local field ablation, and combined this with post hoc
analysis. We successfully approximated the synaptic connection probabilities using only an epi-fluorescence
microscope and single-cell recordings.

Results: We sequentially stimulated the channelrhodopsin 2-expressing cells surrounding the recorded cell and
approximated the synaptic connection probabilities. This probability value was comparable to that obtained from
simultaneous multi-cell patch-clamp recordings, which included more than 600 pairs.

Comparison with existing methods: Our setup allows us to estimate connection probabilities within 100 s, out-
performing existing methods. We successfully estimated synaptic connection probabilities using only the optical
path typically used by an epi-fluorescence microscope and single-cell recordings. It may also be suitable for
dendritic ablation experiments.

Conclusions: The proposed method simplifies the estimation of connection probabilities, which is expected to
advance the study of neural circuits in conditions such as autism and schizophrenia where connection proba-
bilities vary. Furthermore, this approach is applicable not only to local circuits but also to long-range connec-
tions, thus increasing experimental throughput.

1. Introduction

To understand brain function, it is essential to decipher neural cir-
cuits, which has spurred the development of numerous techniques. In
particular, the advent of patch-clamp recording has made it possible to
record membrane potentials from neurons (Hamill et al., 1981; Lindau
and Neher, 1988; Neher and Marty, 1982; Neher and Sakmann, 1976;
Sigworth and Neher, 1980). These advances have greatly enhanced the
study of neural circuits. In terms of methods to confirm the presence or
absence of synaptic connections between a given pair of neurons,

approaches have ranged from multi-cell paired recordings to single-cell
patch-clamp recordings in which presynaptic cells are activated using
various techniques. For example, simultaneous patch-clamp recordings
from multiple cells provide a simple and direct way to detect synaptic
connections at the single-cell level. However, this multi-cell recording
approach is often hampered by physical interference between electrodes
and the increased complexity of experimental setups. It is also difficult
to master, and its experimental throughput is extremely low. Advances
in automated robotic research are addressing these challenges
(Kodandaramaiah et al., 2018). With the development of optogenetics
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and caged transmitters, it has recently become common to record syn-
aptic responses when axon terminals or somas of projecting neurons are
activated by optical stimulation (Callaway and Katz, 1993; Markram
etal., 1997b; Petreanu et al., 2007). In addition, two-photon microscopy
with stimulation of presynaptic cells at the single-cell level has been
developed, improving our understanding of neuronal circuits with
higher spatial resolution and larger spatial scales (Baker et al., 2016;
Izquierdo-Serra et al., 2018; Nikolenko et al., 2007; Wang et al., 2011).
Two-photon microscopy in optogenetic setups is also applicable to the
study of circuits under in vivo conditions (Denk et al., 1990; Packer
etal., 2015; Villette et al., 2019; Yang et al., 2018). However, it requires
complex and costly equipment, which is a significant barrier to the
adoption of a wide range of experimental systems. There is still a need to
overcome the difficulties associated with advanced experimental tech-
niques, complex experimental setups, and low throughput in order to
understand synaptic connections at the single-cell level and, ultimately,
neural circuits (Xue et al., 2022).

Here, we propose a system that can estimate the mass probability of
synaptic connections using a set of single patch-clamp recording devices
and an epi-fluorescence microscope, typically used in physiological ex-
periments. This system uses MicroPoint stimulation with a dye that
converts light pulses into specific wavelength components, allowing
optogenetic activation of local regions, similar to experimental devices
designed for local ablation using optical pulse (Byrne et al., 2011; Otten
and Abdelilah-Seyfried, 2013). While this method may be conceptually
similar to a local stimulation technique in two-photon microscopy, its
mechanics are considerably simpler because it operates in a widely used
conventional microscope. Furthermore, experiments using in vitro
patch-clamp recordings, which are traditionally applied to study neural
circuits, show a high compatibility with local ablation experiments.
(Carrillo et al., 2013; Park et al., 2019; Rossi et al., 2020). This experi-
ment would be used not only to confirm the absence of synaptic con-
nections, but also potentially to assess the extent of synaptic inputs to
specific dendritic arbors such as apical tuft, basal, and oblique dendrites.
It is also noteworthy that the installation of the equipment, which was
originally designed for ablation experiments on cellular organelles
(Byrne et al., 2011; Otten and Abdelilah-Seyfried, 2013), is straight-
forward. This design allows for convenient adjustment of the focal point
for light irradiation and facilitates sequential point stimulation. In this
study, we used a raster scan approach, which allows stimulation of
approximately 150 pm square areas. As a result, stimulation of more
than 1000 points was completed within 90 s. In addition, this method
allowed us to achieve an establishment of the index of synaptic
connection probabilities corresponding to the accurate value found in
simultaneous multi-cell patch-clamp recordings by verifying the pres-
ence or absence of synaptic connections and approximating synaptic
connection probabilities, including analyses of membrane potential
(Vm) and opsin expression ratios. Our method provides an experimental
system that facilitates high-throughput estimation of synaptic connec-
tion probabilities by combining a simple setup with subsequent math-
ematical analysis.

This paper has two main parts. The first part is to confirm the validity
and reliability of photo-stimulating cells with our photopoint generator.
We have shown statistically that we can reliably detect synaptic con-
nections. In particular, we carefully examined the detection of synaptic
inputs to channelrhodopsin 2 (ChR2)-expressing cells, because the cells
themselves are activated by light, and indeed there has been no previous
study that has succeeded in detecting ChR2-evoked synaptic potentials
in ChR2-expressing cells. Specifically, we have shown that direct ChR2-
activated responses can be statistically separated from synaptic re-
sponses by their response latency. These details are described in the
Materials and Methods section. In the second part of the paper, we
demonstrate that this stimulation method can be applied in the form of
raster scans to simultaneously detect synaptic connections from a large
area. The results are described in the Results section.
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2. Materials and methods
2.1. Animal ethics

Animal experiments were performed under the approval of the An-
imal Experimentation Ethics Committee of the University of Tokyo
(approval number: P4-2) and the guidelines for the care and use of
laboratory animals of the University of Tokyo. The experimental pro-
tocols were carried out in accordance with the Basic Guidelines for the
Proper Conduct of Animal Experiments and Related Activities in Aca-
demic Research Institutions (Ministry of Education, Culture, Sports,
Science and Technology, Notice No. 71 of 2006), the Standards for
Breeding and Housing of and Pain Relief for Laboratory Animals (Min-
istry of the Environment, Notice No. 88 of 2006), and the Guidelines for
the Method of Animal Disposal (Prime Minister’s Office, Notice No. 40 of
1995).

2.2. In utero electroporation

Pregnant ICR mice were provided by Japan SLC (Shizuoka, Japan).
At embryonic day 15.5 (E15.5), pregnant mice were deeply anesthetized
with a dose of 15 pg sodium pentobarbitone and 30 pg xylazine per gram
of body weight. The uterine horns were then exposed after anesthesia
confirmation. The DNA plasmid pCAG-ChR2-eYFP-p2A-mCherry-WPRE
was employed. In this study, DNA plasmid was dissolved in PBS (phos-
phate-buffered saline) at a concentration of 1.33 ng/pl. Fast Green FCF
solution (0.1 %) (Fyjifilm Wako, Tokyo, Japan) was added to the
plasmid solution in a ratio of 1:10 to visualize the injection. Approxi-
mately 0.5-1.0 pl of plasmid solution was injected into the lateral
ventricle with a glass micropipette made from a microcapillary tube
with a 1.0 mm diameter (Narishige, Tokyo, Japan) using a pneumatic
PicoPump (World Precision Instruments, Sarasota, USA). Electropora-
tion was performed using a Nepa21 electroporator (Nepagene, Chiba,
Japan) with electrical pulses of 38 V and 50 ms repeated five times at
intervals of 950 ms (Baumgart and Grebe, 2015). This manipulation was
conducted to achieve the sparse expression of ChR2. After birth, we
selected the electroporated pups by confirming mCherry fluorescence
based on green light excitation.

2.3. Acute brain slice preparation

Experiments were conducted on 3-4-week-old ICR mice. The mice
were briefly anesthetized with isoflurane. Mice were then decapitated
and the brain was removed. A coronal brain block containing the for-
mation of the primary somatosensory cortex was cut obliquely in the
antero-occipital direction using a Leica VT1200S vibratome (Leica,
Wetzlar, Germany) at a speed of 0.08 mm/s in ice-cold oxygenated
modified artificial cerebrospinal fluid (modified aCSF: 222.1 mM su-
crose, 27 mM NaHCOs, 1.4 mM NaH,POy, 2.5 mM KCl, 0.5 mM ascorbic
acid, 1 mM CaCly, and 7 mM MgSO4) with 400 um thickness. The slices
were then transferred to oxygenated aCSF containing the following:
127 mM Nacl, 1.6 mM KCl, 1.24 mM KH3PO4, 1.3 mM MgS04, 3.0 mM
CaCly, 26 mM NaHCOs3, 10 mM D-glucose, and maintained at 37°C for at
least 0.5 hours. Each solution was oxygenated by the bubbling of Oz
5 %/CO4 95 % gas.

2.4. Whole-cell patch-clamp electrophysiology

Experiments were performed in a submerged chamber perfused with
oxygenated aCSF at 7-9 ml/min at room temperature. Whole-cell patch-
clamp recordings were obtained from small pyramidal neurons in L2/3
of the primary somatosensory cortex visually identified under infrared
differential interference contrast microscopy. Patch pipettes (4-7 MQ)
were filled with a potassium-based solution consisting of (in mM) 135
potassium gluconate, 4.0 KCl, 10 HEPES, 10 creatine phosphate, 4.0 Mg-
ATP, 0.3 Nap-GTP, 0.3 EGTA, and 2.0 biocytin. The signals were
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amplified and digitized at a sampling rate of 20 kHz using a MultiClamp
700B amplifier and a Digidata 1440 A digitizer controlled by pCLAMP
10.3 software (Molecular Devices). The data whose maximum access
resistance of the recorded neurons was less than 35 MQ were analyzed in
Figs. 5, 6.

2.5. Localized stimulation system for single-cell optogenetic activation

The MicroPoint stimulation system (Andor, Chiba, Japan) uses a
pulsed nitrogen (N2) laser (337 nm) to pump a cavity resonator con-
taining a solution of fluorescent molecules. We used the 435-DYE so-
lution, which has been converted to a wavelength of exactly 435 nm
(Andor, 27-435). The cavity was strongly tuned by the dye gain prop-
erties and acted as a low Q resonator, which did not significantly impact
the wavelength. According to the data sheet, the chemistry of the so-
lution determines the wavelength of the dye laser with an accuracy of
41 nm and a bandwidth of 2-3 nm FWHM (full width at half maximum).
FWHM is the spectral width of the 50 % intensity portion. We connected
MicroPoint to a PC via a BNC cable controlled by MetaMorph software
(Molecular Devices, Tokyo, Japan). The light emitted from the Micro-
Point, which has been converted to a wavelength of exactly 435 nm by
the 435-DYE, is then applied to the brain slice through a path identical to
that of the fluorescence microscope excitation light, using a 50/50
mirror (Fig. 1A). According to the datasheet of the MicroPoint local
optical stimulation device used in this study, the peak intensity of the
light is recorded at 45 kW, with an average intensity of 3 mW, and the
frequency of optical stimulation is reported to be 20 Hz. However, when
we measured the peak intensity using a laser power meter under the
condition that it was stimulated at 1 Hz to detect the laser power
accurately by the laser power meter, it was confirmed that the peak
intensity was 10 mW. We then changed the transmittance using a
neutral density (ND) filter, which allows the amount of illumination to
be adjusted. This ND filter has 25 settings to change the number
inserting manually, with the transmittance varying logarithmically from
1.0 % to 100 %. Repeated intensity measurements using the above
method yielded similar results, and a sigmoid curve approximated this
result using the method of least squares (Fig. 1B; n = 5 trials at each
number of the ND filters). The data sheet specifies a pulse width of up to
4 ns (Fig. 1C). However, our verification confirmed the pulse width to be
within 50 ns, due to the 20 kHz sampling rate of the patch-clamp
recording device. It should be noted that the pulse never induced
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more than a single action potential in the recorded neuron.

Stimulation points were defined using MetaMorph software. A
stimulation point is 2 x 2 pm?, and stimulation points can be both
manually arranged and automatically placed at equal intervals within a
given area. The stimulus timing was simultaneously recorded by a
Digidata 1440 A digitizer (Molecular Devices) connected by a BNC
cable.

Regarding the scattering range, the theoretical range is typically
within 1 pm using a 20x water immersion lens with an NA of 0.5, and
the spatial decay of the excitation light intensity follows an exponential
rate (Jacques, 2013). In addition, it should be noted that the light in-
tensity reaching the cells is likely further reduced by the dye and mirror
than what is measured directly from the fiber in this scenario.

2.6. Adjustment of the laser power

The irradiation intensity of the experimental setup was confirmed
when applied to brain slices. Specifically, to ensure that stimulation at
cellular resolution was feasible, patch-clamp recordings of ChR2-
positive cells were made while irradiating the surrounding area, and
the induced cellular firing was subsequently verified. In these experi-
ments, stimuli were delivered to a region encompassing 25 points at
10 pm increments along the X and Y axes adjacent to the recorded cell
(Fig. 2A). This procedure was repeated in three planes at 20 um in-
crements (Fig. 2B). The number of spikes generated was checked for
each plane along the Z axis (Z = 0 pm, +20 um) while adjusting the ND
filter to vary the irradiance. Given the results shown in Fig. 1B, and
considering that the typical size of cerebral cortical pyramidal cells is
approximately 20 um (Gao and Zheng, 2004), we determined that an ND
filter setting of 6, providing an intensity of 9 mW,/mm? (90 pJ/s/cm?),
reliably induced firing in single cells. The probability of firing at this
intensity was averaged after z-scoring and Gaussian filtering (6 = 5),
followed by pseudocolor plotting in each plane (Fig. 2B Top, middle; n =
5 trials at each position (75 points) from 8 cells from 3 mice). The
centroids of the recorded cells were located in the (0, 0, 0) in Fig. 2B. We
listed the representative membrane potentials at each stimulation point
indicated by the square in the top pseudocolor map (Fig. 2B Bottom,
black line). Since mCherry-positive cells located on the surface of the
viewing plane rather than in the deep plane may also respond to stim-
ulation because our experimental system uses single-photon stimuli,
subsequent experiments focused as much as possible on surface cells to
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Fig. 1. Setup of experimental systems for localized light stimulation. (A) The laser from the MicroPoint system is adjusted by the neutral density (ND) filters and
converted to blue light by passing through the 435-DYE and then delivered to the brain slices via the half-mirror and dichroic mirror. The light source from the
fluorescence microscope also reaches the brain slices via the half-mirror and dichroic mirrors, allowing patch-clamp recordings targeted to fluorescently labeled cells.
(B) The sigmoidal variation of laser intensity with the number of ND filters. Each gray dot indicates the intensity of each trial. The black line indicates the
approximated sigmoidal curves of the light intensity. (C) The time course of pulse irradiation is 4 ns of blue light irradiation (ON; blue) followed by a 60 ms interval

(OFF; black) at 16.8 Hz.
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Fig. 2. Patch-clamp recordings from ChR2-positive cells to confirm the extent of light scattering and latency from stimulus to firing. (A) Left: The representative DIC
and mCherry fluorescent images of in vitro whole-cell patch-clamp recording from ChR2-positive cells in layer 2/3 of the primary somatosensory cortex. Red:
mCherry. Right: The experimental scheme to test light scattering in the representative plane. Blue dots indicate the stimulation points in 10 um increments in the X
and Y axes around the recorded cell. (B) Top left: Schematic image of stimulation points. Top right: The representative pseudocolor map of the Z-scored and filtered
firing probability at each of the 25 points as shown in A when stimulated with 9 mW light intensity in three middle planes. Bottom: The representative membrane
potential fluctuations during raster-scanning stimulation. Each white square in the middle color map indicates the stimulation position. (C) The normalized histogram
of the latency from stimulus to firing (6.86 + 2.22 ms, independent of intensity, mean + SD, n = 494 events from 5 cells from 3 mice).
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Fig. 3. High spatial resolution identification of presynaptic cells in ChR2-negative cells by setting event detection windows and signal/noise separation. (A) The
normalized histogram of the latency from firing to postsynaptic EPSP obtained from paired patch-clamp recordings (1.58 + 0.87 ms, mean + SD, n = 60 connections
out of 1472 pairs observed in 25 mice). (B) Histogram of the amplitude of events in the detection window. The black arrow indicates the putative peak of the noise
distribution and the green arrow indicates the heavy-tailed putative signal distribution. (C) The probability density distribution of the amplitude data (B), noise
amplitude data (u = 0.225 mV and ¢ = 0.157 mV, black line, n = 2925 detected events from 3 cells from 3 mice) calculated using DNQX and D-AP5, and signal
amplitude data calculated by least-squares fitting to a log-normal distribution (scaling factor of 0.425, u = —0.258 mV, and ¢ = 0.254 mV, green line, n = 21,735
events in 75 trials from 15 cells from 6 mice). The inset shows a receiver operating characteristic (ROC) curve constructed to separate the signal and noise dis-
tributions (n = 21,735 events in 75 trials from 15 cells from 6 mice). The black dot in the ROC curve represents the optimal threshold of 0.495 (a true positive rate of
96.0 % and a false positive rate of 4.54 %). (D) Left: A representative image of a DIC microscope and mCherry fluorescence. The recorded ChR2-negative pyramidal
cell is located at the tips of the electrodes. Right top: A representative Vm trace in aCSF. Blue bars indicate the timing of light stimulation. Right bottom: A repre-
sentative Vm trace in aCSF containing 10 uM DNQX and 50 uM D-AP5, which blocked ionotropic glutamatergic transmission. (E) Left: A representative image of a DIC
microscope and mCherry fluorescence. The recorded ChR2-negative (Post, right) and ChR2-positive (Pre, left) pyramidal cells are located at the tips of the electrodes.
Right top: A representative Vm trace in a current-injected ChR2-positive (Pre) pyramidal cell. Right bottom: A representative Vm trace of a ChR2-negative (Post)
pyramidal cell.
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achieve single-cell stimulation. It should be noted, however, that syn-
aptic connections may be underestimated because neuronal axons are
often severed on the surface of the slice. Under the condition that we
adjusted the laser power with an ND filter, although putative dendritic
activation of ChR2 far away from the soma caused depolarization, we
confirmed that the stimulation far from the soma of the recorded neu-
rons did not induce neuronal firing in any experiment (Fig. 2B).
Furthermore, we verified the stable latency from stimulus onset to firing
response, which was determined to be 6.86 + 2.22 ms, independent of
intensity (Fig. 2C; mean =+ SD, n = 113 events from 5 cells from 3 mice).
Since repetitive stimulation lengthens the latency, careful attention
must be given when measuring it. Because a single stimulus activates
approximately four neurons (as shown in Fig. 5B), and presynaptic cells
may fire three times in a row, we performed repetitive stimulation and
extracted the first to third spikes after the stimulus to calculate the la-
tency. Note that the calculations do not include the latencies of four or
more repeated firings.

2.7. Analysis of the responses in recorded neurons

The latency of excitatory postsynaptic potentials (EPSPs) resulting
from presynaptic firing in postsynaptic (ChR2-negative) cells was
examined using paired patch-clamp recordings. To confirm synaptic
connectivity, we performed multi-neuron patch-clamp recordings and
50 trials in which a current of 800 pA for 3 ms was injected into each
neuron four times at 50 ms intervals. Pairs showing EPSPs in their
average waveforms were visually classified as synaptically connected
(Lefort et al., 2009; Okamoto and Ikegaya, 2019). In this study, we
focused on the latency of EPSP that correlated with the firing elicited by
the first current injection to distinguish the synaptic signal from mech-
anistic noise. We calculated the latency from the peak of the first pre-
synaptic firing to the onset of the EPSP using Clampfit 10.7 software
(Molecular Devices, Tokyo, Japan). The measured latency was 1.58 +
0.87 ms (Fig. 3A; mean + SD, n = 60 connections out of 1472 pairs
observed in 25 mice). This value is consistent with monosynaptic la-
tencies reported in previous studies (Feldmeyer et al., 2006; Lefort et al.,
2009). The presence and timing of depolarizations were manually
quantified. As shown in Fig. 2C, the latency from stimulus to the first to
third spike peaks was approximately 6.86 + 2.22 ms (mean + SD), ac-
counting for approximately 70 % of the total (78 out of 113 firings).
Therefore, the detection window for EPSPs was set based on the latency
from stimulus to firing plus the latency of synaptic transmission, ranging
from 4.64 to 12.4 ms after the stimulus, or 6.86-2.22 to 6.86 + 2.22 +
1.58 (mean) + 2 x 0.87 (SD) ms. After setting the neutral density (ND)
filter to 6 and limiting the laser intensity to a power that elicits only
single-cell firing, the percentage of EPSPs that occurred within the
aforementioned latency obtained from 1056 stimulus points contained
trials, accounted for approximately 27.4 + 7.4 % (mean + SD, n = 75
trials from 15 cells from 6 mice). These 1056 stimulus points comprised
a grid of 16 x 66 stimulus points within a 150 um square. Specifically,
we placed 16 stimulus points at 10 pm intervals along the y-axis and 66
points at 2 ym intervals along the x-axis, excluding the first and last
10 um along the x-axis. For example, the coordinates for the stimulus
points at x =10 are (10, 0), (10, 10), (10, 20), and so on. Meanwhile, the
coordinates for the stimulus points at y = 0 are (10, 0), (12, 0), (14, 0),
and so on. However, the potential presence of mechanical noise, such as
hum from the electrical source or acyclic fluctuations from the air vi-
bration, precludes a straightforward calculation of the probability of
synaptic connections based solely on the latency at which events were
recorded. Therefore, 10 uyM DNQX (2379-57-9, Tocris) and 50 pM
D-AP5 (79055-68-8, Tocris) were administered to inhibit ionotropic
glutamatergic transmission to assess the extent of such noise (Gao et al.,
2021; Okamoto and Ikegaya, 2019). This intervention showed that the
detection probability of events occurring within the previously estab-
lished EPSP latency time window was 30.8 &+ 2.1 % (mean + SD,n =9
trials from 3 cells from 3 mice). No significant difference in the
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proportion of events within the detection window was observed be-
tween the normal aCSF group and the DNQX/D-APS5 supplemented aCSF
group (p = 0.18, Welch’s t-test). In other words, it is not appropriate to
determine the presence or absence of synaptic connections based solely
on the occurrence or non-occurrence of events within the detection
window, i.e., the specific latency.

In this study, we focused on the amplitude distribution of the
detected events to distinguish the two components, one of which had a
heavy-tailed distribution, indicated by a green arrow, and the other of
which had a different distribution, indicated by a black arrow (Fig. 3B; n
= 11,694 events in 75 trials from 15 cells from 6 mice). Subsequently,
attention was focused on the component indicated by a black arrow in
Fig. 3B, and the amplitude distribution from the DNQX- and D-AP5-
treated groups was approximated. As a result, the distribution in the
group with inhibited ionotropic glutamatergic transmission showed a
normal distribution characterized by p = 0.225 mV and ¢ = 0.157 mV
(Fig. 3C black line; n = 2925 detected events from 3 cells from 3 mice).
Conversely, the distribution of EPSP amplitudes has been reported to
follow a log-normal distribution (Feldmeyer et al., 2006; Lefort et al.,
2009; Sarid et al., 2007; Song et al., 2005), a pattern confirmed by our
results (data was shown in Fig. 6A left, n = 60 connections in 1472 pairs
from 25 mice). Thus, we established initial values from the distribution
derived from simple calculations of synaptic connection examples (u =
0.51 mV, and ¢ = 0.299 mV) and categorized the events during the re-
petitive raster scan 1056 stimulations into two distributions: signals
(EPSPs) and noise. We linearly combined these distributions and fitted
them to the stimulation distribution using least-squares regression
analysis of the recorded data. As a result, the synaptic coupling com-
ponents exhibited a log-normal distribution with a scaling factor of
0.425, u = —0.258 mV, and ¢ = 0.254 mV (Fig. 3C, green line). We
constructed a receiver operating characteristic (ROC) curve to discrim-
inate between the two distributions and to determine an optimal
threshold (Fig. 3C, inset). This threshold was set at 0.496 mV (n = 21,
735 events in 75 trials from 15 cells from 6 mice). Applying this
threshold resulted in a true positive rate of 96.0 % and a false positive
rate of 4.54 % (Fig. 3C inset, black dot; n = 21,735 events in 75 trials
from 15 cells from 6 mice). Events detected above this threshold
calculated in each trial (a total of 75 trials), accounted for 4.00 + 5.89 %
(mean + SD, n = 75 trials from 15 cells from 6 mice, the total 3171
putative EPSPs from 79,200 stimulations). To confirm that the detected
events were indeed EPSPs, we first applied 10 uM DNQX and 50 uM
D-AP5 to inhibit ionotropic glutamatergic transmission during
patch-clamp recordings, which resulted in the complete disappearance
of the detected EPSPs (Fig. 3D). We then washed out these inhibitors,
performed paired patch-clamp recordings between the recorded cell and
the cell within 10 pm of the stimulated point, and successfully detected
synaptic connections in all three attempts (Fig. 3E). Although this result
does not exclude the possibility of underestimating the probability of
synaptic connection, it confirms the detectability of putative presynaptic
cells in ChR2-negative cells. This result suggests that removing noise
events from the data obtained during raster-scanning stimulation, based
on the latencies and amplitudes of the events caused by the stimulation,
is effective to some extent in estimating the synaptic connection.

In the next phase, we aimed to validate the ability to detect synaptic
connections when recording from ChR2-positive cells. Since the goal of
the study was to develop a method for estimating connection probabil-
ities using ChR2, albeit not the soma-targeted one, a challenge arose due
to light scattering affecting dendrites, resulting in unintended detection
of EPSPs originating from dendritic structures. To distinguish depolar-
ization due to putative direct dendritic activation from that due to
synaptic transmission, we focused on the latency from stimulation to
depolarization. Anatomical studies performed a Sholl analysis using
biocytin-enhanced neuronal visualization with patch-clamp clarity and
revealed that the frequency of dendritic crossings reached a maximum
within a 200 um radius in layer 2/3 of primary somatosensory cortex
(data not shown, n = 21 cells from 7 mice) (Weiler et al., 2022). Thus,
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direct dendritic stimulation is likely at nearly all stimulation points
within a 150 pm square surrounding the recording cell using this
methodology. Indeed, when the extent of putative dendritic stimulation
during 1056 raster-scanning stimulations was quantified, it was found to
be 99.8 4 0.50 % (mean 4 SD, n = 112 trials from 23 cells of 7 mice). At
almost all stimulation points, the fast component directly activating the
dendrites was intertwined, and the shape of the depolarization during
stimulation varied when synaptic inputs were present. Specifically, the
synaptic input, or slow component, was temporally superimposed on the
fast putative dendritic activation component, resulting in a character-
istic depolarizing waveform with inflection points (Fig. 4A, green
arrowhead). To differentiate these waveforms into dendritic and syn-
aptic components, we assessed whether the observed peaks were sin-
gular, which indicates solely the dendritic component, or dual event,
which indicated both dendritic and synaptic components. The
second-order differentiation process was based on the assumption that
inflection points occur when two EPSPs are temporally combined, as
described in a previous study (Antic, 2003). Our analysis suggested that
the second post-stimulus peak might correspond to the synaptic
component. To determine the precise time window, we performed
patch-clamp recordings and the raster-scanning stimulation from
ChR2-positive cells in artificial cerebrospinal fluid (aCSF) containing
DNQX and D-AP5 and calculated the latency attributable solely to pu-
tative direct dendritic activation. We observed that depolarizations
occurred with a latency of 0.90 + 0.27 ms following putative direct
dendritic stimulation (Fig. 4B; mean + SD, n = 9504 events in 9 trials
from 3 cells from 3 mice). Notably, this latency was significantly shorter
than the start of the detection window shown in Figs. 2C and 3A.
Therefore, the detection window was defined to range from 0.41 to
12.4 ms, calculated as 0.95-2 x 0.27 (SD) to the aforementioned value
in the ChR2-negative neurons, facilitating the identification of both
direct stimuli and synaptic transmission components. When
second-order differentiation of membrane potentials and peak counting
were applied within this time frame, our analysis revealed that the

Vim (ACSF)

Stimulaton | | | | |

Vim (ACSF + DNQX, D-AP5)

74 mV - N\M}\\/\ 4

T4V NANNSANNIN S
Stimulation | | | | | | | f,

100 ms®

Journal of Neuroscience Methods 412 (2024) 110298

proportion of EPSPs showing inflection points, having two peaks, cor-
responding to the composition of the dual component, not only of pu-
tative dendritic activation but also of synaptic transmission, was 4.74 +
3.85 % (mean + SD, n = 112 trials from 23 cells of 7 mice). Notably, this
value corresponds to the approximate percentage of EPSPs observed in
the previously described experiment using ChR2-negative cells. To
investigate whether these two peak depolarizations contained presyn-
aptic activation components, we found that the EPSP exhibiting two
peaks was eliminated after the application of DNQX and D-APS5 to aCSF,
reducing its occurrence to 0 % (Fig. 4A right; n = 9 trials from 3 cells
from 3 mice). There were no instances of data showing two peaks during
the suppression of ionotropic glutamatergic transmission, leading us to
hypothesize that the inflection points observed with depolarizations
were indicative of synaptic connections. To test this hypothesis, we
performed patch-clamp recordings from mCherry-positive cells located
within 10 pm of the stimulus point where the EPSP was detected and
confirmed the presence of synaptic connections with a 3/3 success rate
(Fig. 4C). This suggested that putative presynaptic cells were also
spatially identifiable when recording from ChR2-positive cells.

2.8. Immunohistochemistry

ICR mice, in which ChR2 expression was induced via in utero elec-
troporation, were anesthetized through the intraperitoneal administra-
tion of urethane at a concentration of 150 mg/ml dissolved in saline.
Anesthesia was confirmed by the absence of reflex responses to tail and
toe pinch stimuli. Subsequently, the mice underwent transcardial
perfusion with ice-cold phosphate-buffered saline (PBS), followed by
perfusion with 4 % paraformaldehyde in PBS. After perfusion, the brains
were meticulously excised. The brain specimens were subsequently
postfixed in a 4 % paraformaldehyde solution overnight, followed by a
series of thorough PBS washes, each lasting 10 minutes. The brains were
then sectioned coronally with a vibratome, producing slices 100 pm
thick. These sections were subjected to blocking with a solution
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Fig. 4. High spatial resolution identification of presynaptic cells in ChR2-positive cells by setting a different event detection window and second-order differenti-
ation. (A) Left: A representative image of a differential interference contrast (DIC) microscope and mCherry fluorescence. The recorded ChR2-positive pyramidal cell
is located at the tips of the electrodes. Middle top: The representative Vm fluctuation in aCSF. Blue bars indicate the time of light stimulation. Green arrowheads
indicate the inflection points of Vm. Middle bottom: The representative Vm fluctuation in aCSF containing 10 uM DNQX and 50 uM D-APS5. Right top: The second-order
differentiation waveform of middle top Vm. Right bottom: The second-order differentiation waveform of middle top Vm. (B) The normalized histogram of the latency
from stimulus to depolarization (0.90 + 0.27 ms, mean + SD, n = 9504 events in 9 trials from 3 cells from 3 mice). (C) Left: A representative image of a differential
interference contrast (DIC) microscope and mCherry fluorescence. The recorded ChR2-positive (Post, right) and ChR2-positive (Pre, left) pyramidal cells are located
at the tips of the electrodes. Right top: The representative Vm fluctuation in current-injected ChR2-positive (Pre) pyramidal cells. Right bottom: The representative Vm

fluctuation in ChR2-positive (Post) pyramidal cells.



T. Kashima et al.

containing 5 % bovine serum albumin (BSA) and 0.3 % Triton X-100 in
PBS for 60 minutes at room temperature. The next step involved incu-
bating these sections with a mouse primary antibody targeting the
guinea pig primary antibody against RFP (1:500 dilution, 390004,
Synaptic Systems, Gottingen, Germany) in a solution containing 1 %
BSA and 0.3 % Triton X-100 in PBS. This incubation lasted for 16 hours
at a temperature of 4 °C. Following the primary antibody incubation, the
sections underwent three 10-minute washes with PBS and were subse-
quently incubated with Alexa Fluor 594-conjugated goat secondary
antibodies against guinea pig IgG (1:500 dilution, A11076, Invitrogen,
MA, USA), NeuroTrace 435/455 blue fluorescent Nissl stain (1:500
dilution, N21479, Invitrogen, MA, USA), and 2 pg/ml streptavidin-Alexa
Fluor 647 conjugate (521374, Invitrogen, MA, USA). These secondary
antibody and stain incubations occurred in a solution containing 1 %
BSA and 0.3 % Triton X-100 in PBS for 1.5 hours at room temperature.
The expression of mCherry in recorded cells was verified by immuno-
staining. We stained the brain sections to confirm the expression pat-
terns of mCherry and to calculate the opsin-expressing ratio (Fig. 5A).
This calculation was performed by the Cellpose 2.0 software. This soft-
ware semi-automatically detects the stained neurons and calculates the
number of neurons and the spatial data of the detected neurons while
specifying the specific shapes and sizes. Using this software, we calcu-
lated the number of neurons in each neuron-stained photograph and
mCherry-stained photograph. After the in vitro patch-clamp recordings,
we confirmed whether the recorded cell expressed mCherry or not by
staining for biocytin and mCherry.

3. Results

To validate the efficacy of the established synaptic coupling confir-
mation system, simultaneous patch-clamp recordings confirmed the
presence of synaptic connections in all cases, regardless of whether the
postsynaptic cells were mCherry-positive or negative (Figs. 3E, 4C).
With the ability to detect presynaptic cells duly confirmed, the next step
was to estimate the mean probability of synaptic connections. This was
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accomplished by quantifying the percentage of EPSPs generated relative
to the stimulation point and the percentage of ChR2 (mCherry)
expression. Quantitative analysis using Cellpose 2.0 software (Stringer
et al.,, 2021) revealed that 15.8 &+ 7.5 % of cells underwent ChR2
transduction via in utero electroporation (Fig. 5A; mean + SD, n = 47
slices from 11 mice, 1364 ChR2-positive cells out of 9692 cells) in the
primary somatosensory cortex. This percentage was calculated for each
brain slice targeting only layer 2/3 of the somatosensory cortex. These
results are consistent with previous quantitative investigations of in
utero electroporation and are supported by the notion that the per-
centage of transgenes in in utero electroporation remains relatively
stable across experimental techniques (Miyashita et al., 2013). In this
context, the percentage of EPSPs elicited by this method was calculated
as the average of five trials, comprising 1056 stimulus points per cell,
with inclusion criteria restricting cells to those whose access resistance
was less than 35 MQ and whose resting membrane potential showed no
more than 10 % variation across trials. Since 4.06 + 5.07 stimulus
points elicited firing in ChR2-positive cells (Fig. 5B; mean + SD,n =112
trials from 23 cells from 7 mice), this value was normalized to the mean
of 4.06 and further adjusted by the mean of 0.158, representing the
ChR2 expression rate. This double division by 4.06 and 0.158 allowed
for a straightforward approximation of synaptic connection probability.
This estimation was made using the approximation that a 4.06-point
stimulus activates one presynaptic cell, with ChR2-expressing cells
representing presynaptic cells at a rate of 0.158. The purpose of this
approximation was to indicate the percentage of synaptic connections
present when one presynaptic cell was activated. The resulting synaptic
connection probabilities were determined to be 4.56 + 4.03 % and 4.94
+ 2.65 %, respectively (Fig. 5C left; mean + SD, n = 14 ChR2-negative,
16 ChR2-positive cells from 6 mice). These estimates were very similar
to those obtained from actual simultaneous multi-cell patch-clamp re-
cordings (Fig. 5C right; n = 19 of 450 (4.22 %) (from ChR2-positive to
ChR2-negative), 13 of 272 (4.78%) (from ChR2-positive to
ChR2-positive) pairs from 25 mice). This technique provides the ability
to examine the presence or absence of synaptic connections on a planar
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Fig. 5. Reasonable synaptic connection probabilities estimated by mapping presynaptic cells of the recording cell and performing a simple mathematical correction.
(A) Left: The representative photograph of the stained brain slice of the electroporated mouse. Blue: Nissl, Green: eYFP, Red: mCherry. Middle: The magnified image of
the white square in the left figure, the L2/3 of the primary somatosensory cortex. Right: The boxplot and violin plot of the expression ratio of mCherry (15.8 + 7.5 %,
mean =+ SD, n = 47 planes from 11 mice, 1364 ChR2-positive cells of 9692 cells). Each black dot indicates the expression ratio in each plane. (B) Box and violin plot of
the number of stimulus points elicited firing (4.06 + 5.07, mean + SD, n = 112 trials from 23 cells from 7 mice). Each black dot indicates a single trial. (C)
Comparison of the estimated connection probability from our mapping method (left) and the connection probability calculated from conventional dual patch-clamp
recordings (right). The red neuron indicates a ChR2-positive cell, and the gray neuron indicates a ChR2-negative cell. (D) A representative example of a synaptic
connectivity map visualizing the neurons projecting onto ChR2-positive and ChR2-negative pyramidal cells simultaneously recorded using our raster-scan mapping.
Gray circles indicate neurons projecting to the single recorded neuron, and black circles indicate neurons projecting to both recorded neurons.
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surface and to map, with reasonable precision, the cells projecting to the
recording cells in a simplified manner. In this estimation, we approxi-
mated the number of stimulated neurons by estimating two values, the
opsin expression ratio (Fig. 5A) and the number of stimulus points that
elicited neuronal firing (Fig. 5B), instead of determining the exact
number of stimulated neurons. Since the number of stimulated dots did
not correspond one-to-one with the number of stimulated presynaptic
neurons, it is important to calculate the density of opsin-expressing cells
in the targeted regions beforehand. This importance is mentioned in
detail in the Discussion part. Combining this technique with double
patch-clamp recordings allowed spatial detection of the five common
presynaptic neurons of the recorded neurons (Fig. 5D). This combina-
tion may be useful to visualize common inputs of recorded neurons. The
sequential single patch-clamp recordings could achieve this spatial
mapping. It should be noted, however, that because our experiments
aimed to establish comparable parameters corresponding to synaptic
connection probability and prioritized throughput over absolute accu-
racy, the derived synaptic connection probabilities were not as precise
as those calculated using the gold standard of simultaneous multi-cell
patch-clamp recording.

In addition, we analyzed several parameters obtained by this meth-
odology. First, we calculated the amplitude of evoked EPSPs recorded
from ChR2-negative neurons using the threshold evaluated in Fig. 3C.
Synaptic components were selected on a trial-by-trial basis, rather than
by average amplitude, due to the reliability of presynaptic firing in-
duction (Fig. 2B). We then compared these data to the simultaneous
multi-neuron patch-clamp recordings and confirmed that both datasets
had a log-normal distribution (Fig. 6A, n = 3171 putative EPSPs from 75
trials in 15 ChR2-negative neurons from 6 mice (raster scanning) and n
= 60 connections out of 1472 pairs observed in 25 mice (simultaneous
recording)). Each distribution was fitted to a log-normal distribution
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using the least squares method, and the coefficients of determination
(R?) were 0.72 and 0.83, respectively. This result is consistent with
previous studies (Buzsaki and Mizuseki, 2014; Feldmeyer et al., 2006;
Markram et al., 1997a; Song et al., 2005), although the number of
samples was smaller than the raster-scanning data. The amplitude of
ChR2-positive pairs was not calculated because it was too difficult to
separate the fast direct dendritic-activated depolarization from the slow
depolarization caused by synaptic transmission.

Second, we focused on the distances between synaptically connected
pairs of neurons. We set up a grid of 16 x 66 stimulus points within a
150 pym square as described in Methods 2-7. We estimated the positions
of putative presynaptic neurons and recorded neurons and then calcu-
lated the approximate distances. We compared this with data from
simultaneous multi-neuron patch-clamp recordings and confirmed that
both datasets exhibited a rough decreasing trend (Fig. 6B, n = 3171
putative EPSPs from 6 mice (raster scanning) and n = 60 connections out
of 1472 pairs observed in 25 mice (simultaneous recording)), consistent
with previous research (Holmgren et al., 2003; Lee et al., 2016; Mark-
ram et al., 1997a; Mason et al., 1991; Thomson et al., 1993) although the
number of samples was less than the raster-scanning data. It should be
noted, however, that the stimulus points did not correspond to the
presynaptic neurons.

Finally, we looked at trial variability. We analyzed the amplitude of
evoked EPSPs and the distances from presynaptic neurons to recorded
neurons. Cohen’s d was calculated for each trial to test whether the
amplitude distribution varied for each cell and confirmed that the values
were 0.185 + 0.128 (Fig. 6C Top; mean + SD, n = 70 trials from 14
ChR2-negative neurons from 6 mice). The same calculation was per-
formed for the distances and confirmed that the values were 0.223 +
0.185 (Fig. 6C Bottom; mean + SD, n = 70 trials from 14 ChR2-negative
neurons from 6 mice). Given these results, trial variability was relatively
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Fig. 6. Reliable detection of synaptic connections by the raster-scanning method. (A) Left: The normalized histogram of the amplitude of the detected events in the
raster-scanning method and approximated curve of log-normal distribution (R? = 0.72, n = 3171 putative EPSPs from 75 trials in 15 ChR2-negative neurons from 6
mice). Right: The normalized histogram of the evoked EPSPs of synaptic connections obtained from multi-neuron simultaneous patch-clamp recording and
approximated curve of log-normal distribution. (R*> = 0.83, n = 60 connections out of 1472 pairs observed in 25 mice). (B) Left: The histogram of connection
probability at each distance of putative connected neuron pairs detected by the raster-scanning method (n = 3171 putative EPSPs from 75 trials in 15 ChR2-negative
neurons from 6 mice). Right: The histogram of connection probability at each distance of synaptically connected neuron pairs obtained from multi-neuron simul-
taneous patch-clamp recording (n = 60 connections out of 1472 pairs observed in 25 mice) and fractions of how many of the recordings were connected. (C) Top: The
scatter plot and boxplot of Cohen’s d of the detected amplitude in each trial (0.185 + 0.128, mean =+ SD, n = 75 trials from 15 ChR2-negative neurons from 6 mice).
Bottom: The scatter plot and boxplot of Cohen’s d of the distances between estimated connected neuron pairs in each trial (0.223 + 0.185, mean + SD, n = 75 trials
from 15 ChR2-negative neurons from 6 mice). (D) The scatter plot and boxplot of the standard deviation of estimated connection probabilities in each trial in ChR2-
negative (gray) and ChR2-positive (red) (1.05 x 1072 4+ 1.51 x 10~? and 6.05 x 107> + 4.45 x 1073, mean + SD, n = 70 trials from 14 ChR2-negative neurons and
80 trials from 16 ChR2-positive neurons from 6 mice each).
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low, and reliable stimulation was delivered. We also found that the
connection probability did not vary significantly from trial to trial. The
standard deviation values of putative connection probabilities per trial
in ChR2-negative cells were 1.05 x 1072 + 1.51 x 1072, and in ChR2-
positive cells were 6.05 x 1073 + 4.45 x 1072 (Fig. 6D, mean =+ SD, n
= 70 trials from 14 ChR2-negative neurons and 80 trials from 16 ChR2-
positive neurons from 6 mice each). This result also suggested that the
variation between trials was small.

4. Discussion

This approach uses a localized raster-scan optical stimulation system
that allows optogenetic activation at the single-cell level. Using this
experimental system in conjunction with sophisticated signal and noise
analyses, it is possible to quantify the synaptic connection probability of
each cell from patch-clamp recordings of a single neuron. The estimated
synaptic connection probability derived by this method showed a level
of accuracy nearly comparable to that obtained by simultaneous multi-
cell patch-clamp recording. However, it is important to recognize that
verification of synaptic connections using this technique is not infallible,
may contain a degree of noise, and underestimates synaptic connections
due to dendritic slicing. In this method, we performed the raster scan-
ning stimulation five times each to make the experiment faster and more
efficient. However, it should be noted that increasing the number of
trials and using voltage-clamp recordings would improve the accuracy
of detecting synaptic connections. In our experiments, the visualization
of recorded cells with biocytin and streptavidin did not reveal any gap
junction connections. However, when applying this technique to other
brain regions or interneurons (Fukuda and Kosaka, 2000; Gibson et al.,
1999; Green et al., 2023; Neske and Connors, 2016), it is feasible to
distinguish them from synaptic connections by incorporating a dye such
as Alexa in a glass pipette and checking these spread or by including an
inhibitor of gap junction transmission, such as Gap 26, or connexin-43
inhibitor (Wang et al., 2012).

Another possible local light stimulation system is the method using a
glass pipette painted black containing the optical fiber mentioned in the
previous study (Noguchi et al., 2022). Local stimulation might be
possible if the electrode tips were thin enough to stimulate a single
neuron and could all be painted black, but this technique would take
longer than our method.

To initiate this method, there are three requirements: i) the intensity
that reliably induces neuronal firing without inducing firing in the
surrounding neurons of the target neuron is determined by performing
patch-clamp recordings of the opsin-positive neurons, ii) a pharmaco-
logical blockade experiment is performed to separate the synaptic
components from the noise components. Each inhibitor must be modi-
fied according to the target transmitter, and iii) the expression ratio of
opsin is calculated, as too high a ratio may prevent the estimation of
connection probability. This approach uses a localized raster-scan op-
tical stimulation system combined with the optical pathway typically
used by an epi-fluorescence microscope, allowing optogenetic activation
at the single-cell level.

The latency of ionotropic glutamatergic transmission shows vari-
ability between different synaptic connections, suggesting that certain
synaptic connections may be missed due to the singular detection win-
dow used. Furthermore, despite attempts to suppress spontaneous ac-
tivity by increasing the calcium concentration in aCSF (Takahashi et al.,
2012), incidental events may still trigger spontaneous EPSP events
within the detection window. While the precision of the method is not
beyond reproach and may exhibit variability in these respects, we
contend that such discrepancies do not undermine the validity of
approximate calculations and comparisons of synaptic connection
probabilities under identical conditions.

At the outset of this investigation, it is prudent to use soma-targeted
ChR2 for synaptic circuit mapping facilitated by ChR2 (Lim et al., 2000).
In addition, meticulous local stimulation studies can utilize two-photon
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stimulation techniques (Hage et al., 2022; Wang et al., 2007, 2011; Xue
et al., 2022). This approach bypasses direct dendritic stimulation,
thereby eliminating the need to distinguish between EPSPs resulting
from direct stimulation and those resulting from synaptic connections.
The significance of the current study lies in demonstrating the validation
of the widely used ChR2 system for experimental simplicity, thus con-
firming the ability to estimate synaptic connection probabilities across
varying experimental conditions without the need for precise neural
circuit validation using multiple patch-clamp recordings. In addition,
the ability to map a 150 um square area in less than 100 s sets this
method apart from traditional techniques.

However, several critical factors must be considered. In particular,
significant fluctuations in membrane potential or increased noise levels
can compromise detection accuracy. Given the well-established dis-
tance-dependent variations in binding probability within the cortex
(Holmgren et al., 2003; Lee et al., 2016; Markram et al., 1997a; Mason
et al., 1991; Thomson et al., 1993), it is essential to standardize the
positioning of the recording cells in the center during comparative an-
alyses. The slightly higher binding probability observed during scan-
ning, as opposed to simultaneous multi-cell recording, appears to reflect
a cell-to-cell distance-dependent phenomenon. For simultaneous
multi-cell recordings, the average distance between recording sites is
97.3 + 254 pum (mean + SD, n = 225 (from ChR2-positive to
ChR2-negative), 136 (from ChR2-positive to ChR2-positive) distances
from 25 mice). In contrast, during scanning, the distance between the
1056 stimulus points and the centrally located recording cell is slightly
reduced to 59.7 + 22.1 um (mean =+ SD, Fig. 2A).

Equally important is the ability to localize the stimulation site to a
position different from the recording field. This allows the validation of
synaptic connections within the same layer, as is common in traditional
experiments such as two-photon glutamate uncaging (Yoshimura et al.,
2005), and the investigation of long-range connections spanning mul-
tiple brain regions. This becomes particularly relevant in scenarios
where presynaptic cells have been uniformly activated by light irradi-
ation. In addition to the aforementioned points, since patch-clamp re-
cordings are ill-suited for experiments involving vibrations induced by
field-of-view movement, this methodology may be more appropriate
for studies of long-range synaptic connections, where simultaneous
multi-neuron patch-clamp recordings are challenging. Consequently,
the method extends its applicability to the study of synaptic connection
probabilities associated with long-range connections between regions
across multiple areas where all presynaptic cells have previously been
activated by light exposure (MacLean et al., 2006). For example, when
creating brain slices that include both the thalamus and neocortex
(MacLean et al., 2006), it would be possible to map which neurons in the
neocortex receive input from specific neurons in the thalamus. Addi-
tionally, this experiment could be combined with a dendritic ablation
test, similar to the one conducted in a previous study (Park et al., 2019).
By using intracellular solutions containing dye, such as Alexa-488, it
would be possible to visualize the dendritic morphology of the recorded
cells and selectively ablate specific dendrites (e.g., apical tuft, oblique,
and basal) and confirm whether with or without synaptic input.

What should be mentioned is the importance of sparse expression of
ChR2. In this study, sparse expression was achieved using in utero
electroporation, but if viral or transgenic strategies are used, it may be
necessary to sparse the expression of ChR2 using a Cre-loxP system, for
example. Special care should be taken when applying this method to
regions with a high cell density, such as the hippocampus. The mean
number of stimulation points that elicited firing was above four (4.06;
Fig. 5B) in the neocortex, whose neuronal density was confirmed to be
approximately 1.1 x 10° + 1.5 x 10* neurons/mm? (mean + SD, n =
9692 neurons from 47 brain 50 um-thick brain slices obtained from 11
mice, counted using Cellpose 2.0) nearly the same value as previous
studies (Keller et al., 2018). It should not be easy to stimulate neigh-
boring neurons separately because it could be estimated that the single
stimulation activated the area approximately 1.8 x 10° pm? (which
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corresponds to a circle with a radius of about 24 um) considering the
data above and the transmission of blue light to the Z axis in Fig. 2B. The
opsin-expressing neuronal density should be adjusted for this value. It
may be possible to assess the nature of synaptic connections of specific
neurons if the postsynaptic cell is genetically defined and labeled with a
fluorescent protein. In addition, this method may be compatible with
experiments in which multiple subtypes are labeled with different
fluorescent proteins to confirm synaptic connections between subtypes.
The spatial expression patterns of fluorescent proteins in neurons with
specific subtypes can be obtained by photographing the field of view
after recording.

Furthermore, the ability to delineate the spatial arrangement of
connected cells is of paramount importance. The ability to collect high-
throughput data on the distances between connected pairs and their
distribution is invaluable for quantifying the structure of neural circuits.
Although multi-neuron simultaneous patch-clamp recording is the gold
standard method for confirming synaptic connections and its accuracy
surpasses that of the raster scanning method, the ability to quickly make
an approximate estimate by simply performing a patch-clamp recording
from a single cell lowers the bar for estimating connection probabilities.
Indeed, the synaptic coupling probabilities inferred from our raster scan
data are consistent with our simultaneous multi-cell patch-clamp re-
cordings and with findings from previous large-scale cortical circuit
studies. Synaptic connection probabilities vary with neuronal distances
(Holmgren et al., 2003; Lee et al., 2016; Markram et al., 1997a; Mason
et al., 1991; Thomson et al., 1993), confirming a similar trend (Fig. 6B).
We expect that, under well-controlled conditions, this method could be
used for circuit studies, as has traditionally been done. However,
although we confirmed the three synaptically connected pairs in
ChR2-negative and positive neurons by multi-neuron simultaneous
patch-clamp recordings with a 100 % success rate, our experiment has
not fully confirmed the ground truth. We should verify whether all
presynaptic cells can be accurately detected using brain sections that
more sparsely express ChR2, ideally with simultaneous multi-cell
patch-clamp recordings. Otherwise, tracing experiments using rabies
virus on single neurons, as outlined in previous studies (Schwarz and
Remy, 2019), should be combined to detect presynaptic cells. Alterna-
tively, another method could be used to more precisely detect synaptic
connections. By using brain slices with sparsely expressed soma-targeted
ChR2 in the specific subtype, we can manually target a specific cell with
50 photostimulation pulses while performing patch-clamp recordings
from a cell. Although this method is more time-consuming and
labor-intensive, it provides a more accurate and absolute measure of
synaptic connection probability. Although there may be difficulties,
such as maintaining patch-clamp quality during the recording time, it is
believed that such an approach could also be implemented with this
system.

In the study of neurological diseases, some previous research pre-
sented that the synaptic connection probability in the brain varies in
autism (Hutsler and Zhang, 2010) and schizophrenia (Onwordi et al.,
2020). Rapid estimation of synaptic connection probability would be
useful for studying neural circuits in such conditions. We believe that
our method is well suited for this purpose.
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