Single Cell Analysis

Edited by

Tuhin Subhra Santra and Fan-Gang Tseng
Printed Edition of the Special Issue Published in Celis

=4
www.mdpi.com/journal/cells rM\D\Py
























































































































































































































































































































































































































































































































































































































































































































Cells 2020, 9, 1528

dependency of concentration for specific gene silencing and the non-specific off-target effects of siRNA
inserted through this method, showing that the effects were present at least up to 14 days, yet differed
between neuronal cell types [122,168].

CaMKIIp siRNA

1 SIRNA

Figure 15. Inmunostaining images of single-cell electroporated Purkinje cells small interfering RNA
(siRNA) against calcium/calmodulin-dependent protein kinase 8 (CaMKIIf) or 14-3-3n). SCEP was
done at 11 days in vitro (DIV). The cell fixation was performed on day 7 (a,c) or day 14 (b,d) post
electroporation (18 or 25 DIV, respectively) and double fluorescent immunostaining against CaMKIIf3
(green in a,b) and calbindin-D-28 K (CBD28K) (red in a,b) or 14-3-3n (green in ¢,d) and IP3R (red in
¢,d) was performed. Therefore, 1, 2 and 3 correspond to green, red and merged stains respectively.
CaMKIIB or 14-3-3n signals decreased in electroporated Purkinje cells (arrows), but not in nearby
non-electroporated Purkinje cells (asterisks). It is noteworthy that CaMKIIS and 14-3-31) expression was
present for both Purkinje cells and granule cells. Scale: 20 pm. Reprinted with permission from [168].
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Apart from the above-mentioned routes, single-neuron electroporation was performed on
the cultured cortex to transfect gene encoding yellow fluorescence protein. Analysis of the
dynamic of axon morphology indicated that electroporation had not affected developmental
aspects [169]. Electroporation was also tested on an organotypic culture of hippocampal slices
to introduce plasmids into single-neurons [170]. The approach has been used to demonstrate synthetic
oligonucleotides delivery to identify duplex RNA and antisense oligonucleotide activators of human
frataxin expression [171]. Using fluorescent Ca?* indicator-loaded brain slices and in vivo samples,
the morphology of the apical dendrites of several pyramidal neurons was found to be normal, indicating
that the neurons had recovered from the electroporation procedure [172]. Single-cell electroporation
accompanied by virus-borne genetically encoded Ca* sensors also allowed functionally trans-synaptic
tracing in targeted single cells [173]. Single-cell electroporation was also used to identify and
selectively label active homeodomain transcription factors mnx negative neurons in embryos of the
double-transgenic line Tg(elavl3:GCaMP6f) Tg(mnx1:TagRFP-T) via two-photon confocal microscopy
imaging [174].

7.3. Optical Transfection/Optogenetics

Antkowiak et al. designed a technique with an image-guided, three-dimensional laser-beam
steering system for transfecting specified cells (Figure 16). Channelrhodopsin-2 (ChR2) was successfully
introduced into a large number of cells in a neural circuit individually in a sequential manner as
shown in Figure 16b,c. This technique enabled the transfection of selective cells on a large-scale
basis and performed rapid genetic programming of neural circuits [175]. Barrett et al. successfully
phototransfected primary rat hippocampal neuron with a Ti-sapphire p laser using 100 fs pulses with
30 m] power, and 1-5 ms pulse duration. Successful transfection of the neuron could be observed after
30 min of laser exposure [176].

Optogenetics are now widely used for activation and silencing of neuron populations defined
by their molecular and activity profiles and projection patterns [177]. Some commonly used tools
are light-gated ion channels (e.g., channelrhodopsin-2, or ChR2) and ion pumps (halo-rhodopsin or
archaerhodopsin-3). These molecules, combined with a suitable optical method, can trigger their
function to control neuronal activities. Owing to low channel conductance of ChR2, single-cell optical
stimulation has not been feasible previously [178]. Simultaneous activation of a large number of
channels can help to achieve sufficient depolarization up to a space of tens of um?. Nevertheless,
conventional one-photon and two-photon scanning imaging systems addressing this issue inevitably
activate neurons in an untargeted fashion. Though these studies showed high spatial resolution, yet the
required activation time for large area appropriate for firing action potentials was approximately 30 ms.
The two-photon temporal focusing (TEFO) technique developed earlier in this decade may realize the
demand. The system has an independent axial beam profile from lateral distribution and simultaneous
excitation of multiple channels on individual neurons, resulting in strong (up to 15 mV) and fast
(<1 ms) depolarizations. The techniques may allow quasi-synchronous activation of neurons along
with specific cellular compartments. The TEFO with a conventional dual galvanometer-based scanning
system repositions the excitation spot in a rapid manner typically <0.2 ms to any point in a 100 pm
field. The precise spatial and temporal control of firing activity performed with a single or preferred
several single cells, particularly while combining with selective ChR2 expression of specific population
of cells. This technique highlights the scope for detailed, high-throughput analysis of connections and
neural network dynamics and evaluation of the functional significances of their activation both in vitro
and in vivo [179].

To overcome the limitation of the requirement of high opsin expression and complex stimulation
techniques, Packer et al. used a new red-shifted chimeric opsin C1V1t formed by combining ChR1
and VChR1 (Figure 17a). This technique involved a spatial light modulator, in which the laser beam
was split and targeted to several positions in a neuron, allowing simultaneous optogenetic activation
of selected neurons in three dimensions. The method also showed the possibility to optically map
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short-term synaptic plasticity. Figure 17b shows the effect of a single 150 ms TF stimulation pulse
(red bar) via two-photon highest intensity projections of Alexa 594 in the form of fluorescence and
current responses for patched and dye-filled pyramidal cells in acute slices expressing targeted (T) and
nontargeted (N) ChR2 [180].
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Figure 16. Optical transfection system using femtosecond laser (a) Schematic of the optical transfection
system. (b) Side view of the Petri dish containing a single-neuron for transfection. (c) Irradiation
patterns (red dots) superimposed on phase-contrast images of cortical neurons. Reprinted with
permission from [175].

To avoid undesired neuron labeling and studies, a combined temporal focusing with the spatial
confinement of ChR2 expression to the neuronal cell body and proximal dendrites were also tested.
This was based on the Kv2.1 potassium channel, which has a particularly unique localization to clusters
at the neuronal soma and proximal dendrites. As shown in Figure 17b, the action potential was
evoked in individual neurons, and peak generation took place with GCaMP6s, and functional synaptic
connections with patch-clamp electrophysiological recording could be determined at a single-neuron
resolution [181]. Another study also presented a conventional optogenetic two-photon mapping
method in mouse neocortical slices by activating pyramidal cells with the red-shifted opsin C1V1,
while recording postsynaptic responses in whole-cell configuration. The use of temporal-focused
excitation or holographic stimulation, as in earlier method, limits the problem of dendritic activation,
yet the current method is simple and fast [182].
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Figure 17. (a) Two-photon activates of individual neurons present in mouse brain slices with C1V1T.
(i) The experimental scheme shows the opsin C1V1T and EYFP genes encoded by Adeno-associated
virus (AAV) are inserted in the somatosensory cortex of the mouse. Brain slices were prepared at
a designated time point from the infected region. (ii) Two-photon fluorescence image of a living
cortical brain slice expressing EYFP (940-nm excitation, 15 mW on the sample, 25x/1.05-NA objective;
scale bar, 100 um). (iii, iv) Magnified images from (b) show cells with C1V1T-expression present in
higher (iii) and lower (iv) layers (scale bars, 20 pm (iii), and 10 pm (iv) Reprinted with permission
from [180]. (b) Illustrative two-photon highest intensity projections of Alexa 594 fluorescence and
current responses against a single 150 ms temporal focusing (TF) stimulation pulse (red bar) for patched
and dye-filled pyramidal cells present in acute slices expressing targeted (T) and nontargeted (N) ChR2.
Scale bar = 100 mm. Reprinted with permission from [181].

Contrary to the above-mentioned single-cell resolution optogenetics, sometimes neurons own
high expressing opsins so that even two-photon (2P) stimulation of a single-neuron soma is sufficient
to excite opsins present on crossing dendrites or axons along with stray excitation of neighboring
neurons. Therefore, the localization of a novel short amino-terminal peptide segment of the kainate
receptor KA2 subunit 18 fused with high-photocurrent channelrhodopsin CoChR19 in neuron soma
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avoided crosstalk and facilitated selected handling of CoChR to neuron soma in mammalian cortex.
The combined holographic 2P stimulation using low-repetition fiber laser optogenetically stimulated
single cells present in mammal brain slices. The use of light pulses with subtle powers lead to zero-spike
crosstalk with neighboring cells and a shown temporal resolution of <1 ms. It also implemented
protein fusion known as somatic CoChR (soCoChR), along with parametrized 2P stimulation enabled
probing of various circuit neural codes and computations. The 2P computer-mediated holography
sculpts light for simultaneously lighting many neurons in a network while maintaining the standard
temporal precision to precisely stimulate neural codes [183]. The expression of some opsins is restricted
genetically within the somatic part of the neurons; it offers a crucial feature of eliminating spurious
activation of nontargeted cells while causing excitation of multiple neurons. Also, parallel illumination
of conventional ChR2 and slow opsins such as C1V1 and ReaChR have fired up to 20-30 Hz spike with
susceptibility to spike duration changes and the generation of spurious extra spikes. The problems
are due to the limited kinetics of opsins. Certainly, high-frequency, light-driven action potential (AP)
trains need opsins with rapid off kinetics maintaining fast membrane repolarization and inactivation
recovery after every spike. All these facts postulate one hypothesis, that the in-depth optical regulation
of neuronal firing with high spatiotemporal precision is dependent on 2P parallel photostimulation of
fast opsins. Therefore, 2P action spectrum and kinetics of the fast opsin Chronos with holographically
shaped light pulses were characterized. It was demonstrated that efficient current integration with 2P
parallel illumination, enabled AP generation with sub-millisecond temporal precision and neuronal
spike frequencies up to 100 Hz. The use of a fiber amplifier and high-energy pulse laser decreased
the average illumination power many-folds. The outcome suggested mimicry of a broad range of
physiological firing patterns with sub-millisecond temporal precision, as it is critical for understanding
the relationship between behavior and pathological states in terms of particular patterns of network
activity [184].

Another research article computationally predicts the power of external regulation of the firing
times of a cortical neuron following the Izhikevich neuron model. The Izhikevich neuron model
helps to follow the membrane potential values and firing times of cortical neurons efficiently and
in a biologically possible way. The outside regulation is a simple optogenetic model including an
illumination source, which stimulates a saturating and decaying membrane current. Here, the firing
frequencies are assumed to be significantly lower for the membrane potential to achieve resting
potential after firing. The model fits neuron charging and recovery time along with peak input current,
to derive lower bounds on the firing frequency, achievable without significant distortion [185].

8. Micro/Nanofluidic Devices for Single-Neuron Analysis

In the last two decades, the rapid development of micro/nanotechnologies and their integration
with chemistry, chemical engineering, and life science have encouraged the emergence of lab-on-a-chip
devices or micro-total analysis systems (u-TAS), which are powerful tools used to perform a variety of
cellular analyses. The devices are capable of performing precise single-cell and subcellular analyses
with minimal sample consumption. Micro/nanofluidic devices can create optimal microenvironments
for growing cells and guiding their growth direction, especially for neurons. Microenvironments
within micro/nanofluidic devices can enhance the axonal growth and can dissolve molecules and can
create contact-mediated signaling from guided cells and cellular matrix [186].

The neurochip with microwells and microchannels along with planar multielectrode arrays to
confine single-neuronal cells were designed and used to study the cell electrophysiological activity.
A PDMS film with varying microwell sizes for cell patterning was fabricated on glass substrates with
40 um wide ITO electrodes. The cell patterning structures restricted the movement of soma by allowing
only the neurites to extend through the microchannel. Thus, one-to-one neuron electrode interfacing
was established along with patterned structures and planar multielectrode arrays [187].

This study was further extended by integrating a substrate with a multielectrode array for
recordings purpose from extended neurites in individual microchannels, as shown in Figure 18.
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The activity of extended neurite from the microwell was recorded by 18 electrodes, and a density
analysis of single-cell current was carried out. By using this technique, the electrical stability of the
electrode-neuron interface was enhanced, in comparison with the other using a planar multielectrode
array [188].
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Figure 18. Schematic showing a microelectrode device fabricated by photolithography with microwells
and microchannels on a planar multielectrode array, in which neurons were individually positioned in
microwells, view from top (a) and side (b). Redrawn from [188].

A biochip with asymmetrical channels was developed to study the polarized axonal growth
in neural circuitry. This device consisted of microwells connected by numerous micro tunnels,
which served as a guidance for developing axons to reach target neurons. A laser-based cell
deposition system was used to place single cells into specific microwells in the device. The design of
asymmetric channels improved the polarity as well as connectivity of the individual neurons [189].
Another asymmetric microchannel platform consisting of independent cell culture chambers, separated
by axonal diodes, which helped to achieve required directionality for growing single-neurons.
The neuronal cells were cultured in a way that the cell somas were retained in the microchamber, while
the axon of a single-neuron extended to the other chamber through the axon diode. The axon diode
had a decreasing cross-section from the culture chamber of 15 um to the target chamber of 3 um, hence
enhancing the directionality and synapse formation. This device helped to study neuronal development
and synaptic transmission and hence it can be developed further to study neurodegenerative diseases
such as Alzheimer’s, Parkinson, and Huntington diseases [190]. A similar type of device including
symmetric but smaller microfluidic channels also showed unidirectional extension of axons. By using
this device, degeneration and regeneration of individual axons were studied by injuring the extended
axons along the microchannels with the help of femtosecond laser. It was noticed that even after
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the injury, the axons tend to extend to the target chamber, and hence this device enabled a better
understanding of neuronal response to injury [191].

Asilicon-based device with a patch-clamp microchannel array that acts as a cell-trapping platform
has been designed for the electrical recording of single-neurons. The device consisted of two fluidic
compartments with a cell injection chamber at the top layer and six independent microchannels
and microholes at the bottom compartment. The local perfusion of single-neurons was obtained by
controlling pressure in the microfluidic compartments. The device had a successful trapping rate
of approximately 58%, which facilitated further analysis of the trapped cells in electrical recording
and drug screening applications [192]. Figure 19 shows a microfluidic device with a complementary
metal-oxide-semiconductor microelectrode array, which was designed to study the axonal signal
behavior of single-neurons. This device consisted of two neuronal culture chambers connected by 30
microchannels with 12 um width and about 10-50 microelectrodes were fabricated along each channel.
This study revealed that the electrical activity of soma could be related to its axons, and the single
action potential propagating along the long length of individual axons with high spatial resolution can
be recorded [193].

(a)

(d)

Figure 19. (a) The geometry of the microfluidic device on the microelectrode array. (b) Image of the
packaged chip with the device on the top. (c) Magnified image of the electrodes and the channels;
channels are highlighted with red, and the scale bar is 10 um. (d) Cross-section of chip depicted with
dimensions. (e) The images of the channels are highlighted in red; the scale bar is 20 um. (f) The
device with a small chamber and channels with an array marked inside the black box. Reprinted with
permission from [193].

The first neurochip was a silicon-based micromachined device with a 4 X 4 array of metal
electrodes, which allowed growth and monitor neuronal cell individually. In the neurochip, neurowells
were designed to capture the soma, while the neurites extend to gold electrodes, which was fabricated
on the bottom of the chip. This device was designed to mechanically trap a neuron near an extracellular
electrode of the multielectrode array with electrodes surrounded by micro tunnels. When an individual
neuron was trapped onto an electrode site, the cell soma was captured inside it, allowing only the
neurites to propagate along micro tunnels. The biochip yielded high neuronal cell viability and the
action potential of each neuron was detected by each electrode, and there was no crosswalk between
the channels [194]. These micro tunnels help the neurites from different neurons to form neural
connections and can be recorded to study synaptic connections [195].
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A compartmentalized microfluidic device integrated with microelectrode array was designed to
study activity-dependent dynamics in single-neurons and synaptic networks. The device has three
microfluidic chambers, presynaptic, synaptic, and postsynaptic chambers (each) with axonal, reference,
and postsynaptic electrodes to record the activity of single projecting axon. These presynaptic axons
were recorded selectively by placing electrodes under the presynaptic chamber, and this study was
further extended to study calcium dynamics [196]. Figure 20 depicts a microfluidic DEP device
consisted of a PDMS microfluidic chip with ring-shaped indium tin oxide microelectrode array. In this
device, the single-neuron was selectively trapped into the electrode, and the other neurons in the
vicinity of the electrode were repelled by the DEP force. The amplitude and frequency of alternating
current used to trap cells on the electrodes were 8 Vpp and 10 MHz, respectively. The trapped
neuron was recorded, and its morphological changes were tracked with the assist of a phase-contrast
microscope. Thus, this device enabled us to study multiple single-neurons at the same time and also
electrical communication between them [58].
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Figure 20. (a) Image of the microfabricated device and bright-field microscopic image of the electrode
array. (b) Recorded images of single-neuronal cell manipulation on the array of ring-shaped traps.
Incoming neuron (I) entering the 1st trap. (II) The neuron gets immobilized in the 1st trap electrode
against a fluid flow. (ITII) When a neuron is trapped, the repelled particle keeps on moving in the flow
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of media. (IV) The released neuron gets trapped in the 2nd trap. (V and VI) The neuron is trapped in
the 3rd and the 4th ring trap in turn. (c) The images show bouncing motion of the neuron subjected to
a repulsive force. When the target neuron gets trapped in the desired electrode, the incoming neuron
faces repulsion due to DEP force. At the end, when the incoming neuron reaches the outside of the
electrode, the repulsive force pushed the neuron out of the ring. Reprinted with permission from [58].

9. Artificial Intelligence and Single-Neuron

With advances in technology and instrumentation sensitivity, huge data is generated, but variation
between batches in inevitable with enhanced susceptibility. In spite of the application of several
correction models, the result is dependent on the actual magnitude of the effect [197]. Therefore,
artificial intelligence is being employed to stimulate the learning processes otherwise occurring in
humans, i.e., neural networks. Accelerated brain research initiatives are relying on Al-based tools,
despite the different approaches, emphases and routes of neural studies. In spite of different research
domains in the field of neuroscience employing different approaches and methodology, all have
same objective of developing the next generation of Al-based tools [198,199]. For example, the Brain
Research through Advancing Innovative Neurotechnologies (BRAIN) Initiative is moving forward to
bring revolution in machine learning through neuroscience. As per the scope of this review paper,
single-neuron analysis comes with several challenges, i.e., the curse of dimensionality, sparsity, degree
of noise, batch errors, and data heterogeneity, which often hinder the performance of conventional
computational approaches to scale up as data complexity and size grow, making the platform for
contemporary deep learning algorithms. Processing and interpreting such high-dimensional single-cell
information increasingly challenges conventional computational informatics calling for powerful and
scalable deep learning models for dropout imputation, cell-subtype clustering, phenotype classification,
visualization, and multi-omics integration. Igbal et al. developed a fully automated Al-based method
for whole-brain image processing to Detect Neurons in different brain Regions during Development
(DeNeRD—Detection of Neurons for Brain-wide analysis with Deep Learning). This method to detect
neurons labeled with various genetic markers is based on the state-of-the-art in object detection
networks called the Faster Regions with Convolutional Neural Network (Faster RCNN) [200]. Further,
a deep learning platform was developed for the identification and segmentation of active neurons.
The core component consists of 3D CNN named STNeuroNet.re derived employing the two-sided
Wilcoxon rank sum test. STNeuroNet was conceptualized on the basis of DenseVNet, a deep learning
platform consisting of 3D convolutional layers, for the segmentation of active neurons from two-photon
calcium imaging data. The STNeuroNet is equipped to extract relevant spatiotemporal features from
the imaging data without prior modelling [201]. The next area in which deep neural networks have been
employed for single-neuron analysis is single-cell RNA sequencing (scRNA-seq) data. An accurate,
fast and scalable DeepImpute “Deep neural network Imputation” imputes single-cell RN A-seq data;
outperforming the efficiency of other methods like mean squared error or Pearson’s correlation
coefficient as the dataset size increases [202]. During scRNA-seq, sometimes noise due to amplification
and dropout may obstruct analyses, therefore the need for scalable denoising methods arise. A quality,
high speed deep count autoencoder network (DCA) was proposed to denoise scRNA-seq datasets.
This takes the count distribution, overdispersion and sparsity of the data into account using a negative
binomial noise model with or without zero-inflation, and nonlinear gene-gene dependencies are
captured. It is possible to work with datasets from millions of cells owing to the linear scaling with the
number of cells [203]. Another single cell-based model scDeepCluster was developed to overcome the
statistical and computational challenge during the Clustering transcriptomes profiled by scRNA-seq
to reveal cell heterogeneity and diversity [204]. Therefore, lately, deep learning is an ideal choice
for big data integration or testing. However, a major concern around deep learning methods is the
“black-box” nature of the models and their un-interpretability due to the huge number of parameters
and the complex approach for extracting and combining features. While the data science community is
active in enhancing interpretability of deep neural networks, further research in biomedical contexts is
required to understand clinically or biologically relevant patterns in data raised to accurate predictions,
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and to improve the users’ trust ensuring that the model decides based on reliable reasons rather than
artifacts in data.

10. Limitations and Future Prospects

The current review includes the merits and limitations of single-neuron analysis. As discussed,
the single-neuron-at-a-time methodology amalgamated with complementing technologies allowing
recordings or imaging groups of neurons helps build a better understanding of complex neural networks.
A recently developed, sophisticated electrophysiology and connectivity tool, named Patch-seq,
associated with neuronal activity visualization and manipulation platform can assist in outlining the
connections and functions of each neuronal type. Similarly, another technique, named scRNA-seq,
elucidates the cell types in the brain via single-cell sequencing methods, single-cell genomics,
epigenomics (including methylation, mapping, sequencing, DNA accessibility, and chromosome
conformation), and multi-omics. These tools help in the decoding development stages, epigenetics,
and functionality of the brain at single-cell resolution. But sometimes, the connecting RNA techniques
require in few micrograms, corresponding to several cells, presenting the scope in this front. Moreover,
the difference in spatial positions, temporal points, and poor health stages may cause variation in
the analysis.

In recent years, advanced techniques facilitate automatic and high-throughput single-cell trapping
followed by sequencing along with analyzing large datasets. All of these techniques motivate and
strengthen the upcoming research activities in the direction of preparing an all-inclusive human brain
cell atlas. But the rate of data production raises a challenge to process and make sense of it. Based on
the processing of data, many scientists can make discoveries daily by employing new computational
methods. On the other hand, droplet-based sequencing can produce scRNA-seq datasets covering
>5 x 105 single cells, comprehends speed, and memory adeptness to state-of-the-art tools.

As stated earlier, multiple studies reported differences in cell types, number, cell cycle stage,
extracellular matrix, and cell networking in different parts of the brain. Herewith, efforts are needed
to integrate cell types from various studies. Hence, the biggest problem occurs on the level of scale
in different reports. Additionally, from the aspect of multiplexity, current multiplexing is still not
enough for whole proteomics detections (>10,000 proteins in a single cell). During standard bulk
analysis, data reproducibility can be controlled owing to multiple biological and technical replicates.
Single-cell experiments, particularly for scRNA-seq, contain the inability to replicate measurements on
the same cell, and single-cell data is generally full of noise owing to technical variations occurring in
multiple-step processes. Also, the biological variations arise as a result of cellular level heterogeneity,
therefore increasing the sensitivity of scRNA-seq workflow at multiple levels, ranging from sample
preparation, library preparation and sequencing and data analysis towards technical inconsistency
and batch effects.

Apart from biological differences, experiment methodology, processing, handling as well as
data processing workflows make it difficult to get a comparable result from the same model of the
diseased or normal brain at any scale, i.e., organ, tissue, or at the level of an individual neuron.
Therefore, the experimental protocols and computational outlines based on including and comparing
scRNA-seq data from various platforms would overcome this issue. Lately, linked inference of
genomic experimental relationships (LIGER) has proven useful in integrating multi-omics single-cell
sequencing data [205]. Finally, single-cell multi-omics is going to gain huge success for brain studies
by integrating data from various platforms. The classification of retinal bipolar cells has been the
best-suited example of this set-up. [206]. The classification took cues from different techniques as
well, i.e., structure and morphology (electron microscopy), electro-physiology (calcium imaging),
and molecular biology (scRNA-seq) data. For better consideration of network organization and
functioning of the brain, there is a great need for the unprejudiced, methodical assembly of molecular,
morphological, physiological, functional, and connectivity data.
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Overall, the knowledge of the brain is still in its infancy, but the rapidly growing single-cell
sequencing technologies have already gathered ample data for future assessment and presented a never
before seen map of the brain with single-cell resolution. Therefore, despite a range of complications
and challenges, overwhelming progress is anticipated in the upcoming decade.

11. Conclusions

This review provides a broad perspective to the readers about the recent advances in single-neuron
activity, neural circuit designing, and their sensitivity. We also emphasize in detail the current
progress and future trends of single-neuron behavioral analysis, including the models, isolation,
mapping, and electrophysiological recording. So far, isolation of single-neurons and maintaining
their viability is still a challenging task. The advanced imaging and manipulating tools would
continue to decipher the rise of thoughts and actions in the human brain. The details of single-neuron
manipulation, isolation, sequencing, transfection, and analysis were elaborated using recent developed
micro/nanofluidic devices as well as some physical methods, such as microinjection, electroporation,
and optogenetics. The single-neuron optogenetics reveal the fundamental information about the
sparseness of representations in neural circuits. Mapping neural connection at single-cell resolution
would encourage planning systematic physiological experiments, probing connectivity between
hundreds or thousands of neurons. Alongside this, deep learning is a promisingly potent machine
learning technology, and the ongoing research in this field is expected to reign over the recent “big bang”
of single-neuron data, just like it has been doing in other fields. The amalgamation of sophisticated
visualization hardware, software, and huge neuro-anatomy data has supported the interpretation
of decades of cumulative knowledge into a human axonal pathway atlas, which would be key for
educational, scientific, or clinical investigations in future. However, we have made remarkable
achievements in the field of human neuroscience, always accompanied by real-world problems.
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