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To understand the microcircuitry of the brain, the anatomical 
and functional connectivity among neurons must be resolved. 
One of the technical hurdles to achieving this goal is that 
the anatomical connections, or synapses, are often smaller 
than the diffraction limit of light and thus are difficult to 
resolve by conventional microscopy, while the microcircuitry 
of the brain is on the scale of 1 mm or larger. To date, the 
gold standard method for microcircuit reconstruction has 
been electron microscopy (EM). However, despite its rapid 
development, EM has clear shortcomings as a method for 
microcircuit reconstruction. The greatest weakness of this 
method is arguably its incompatibility with functional and 
molecular analysis. Fluorescence microscopy, on the other 
hand, is readily compatible with numerous physiological 
and molecular analyses. We believe that recent advances 
in various fluorescence microscopy techniques offer a new 
possibility for reliable synapse detection in large volumes 
of neural circuits. In this minireview, we summarize recent 
advances in fluorescence-based microcircuit reconstruction. 
In the same vein as these studies, we introduce our recent 
efforts to analyze the long-range connectivity among brain 
areas and the subcellular distribution of synapses of interest 
in relatively large volumes of cortical tissue with array 
tomography and superresolution microscopy.

Keywords: activity markers, circuit reconstruction, connectome, 

electron microscopy, microcircuitry, superresolution micro-

scopy

INTRODUCTION

To understand an electrical circuit, one needs to know which 

circuit elements are present and how they are organized. 

Because circuit function is critically dependent upon the ar-

rangement of the elements, it is impossible to understand 

the function of a circuit without knowing what elements are 

connected and how those elements are wired. Likewise, to 

understand the neural circuits of the brain, one must know 

the activity patterns of a population of neurons as well as 

the connectivity among those neurons. If the identities of 

individual neurons can be clarified reproducibly in different 

experiments, information derived from various studies assess-

ing functions and connectivity can be combined. However, 

despite recent progress in the systematic profiling of the 

morphological, physiological and molecular characteristics of 

neurons, reproducible identification across individual mam-

malian brains is far from being achieved in full (Peng et al., 

2021; Zeng & Sanes, 2017). Therefore, to gain a comprehen-

sive understanding of the neural circuit, an appropriate set of 

information must be accessed within a subject’s brain. In this 

short review, we will discuss recent advances in anatomical 



Mol. Cells 2022; 45(2): 84-92  85

Brain Mapping with Fluorescence Microscopy
Jong-Cheol Rah and Joon Ho Choi

methods that can be used to aggregate physiological infor-

mation and present future perspectives on related work.

SHORTCOMINGS OF NEURAL CIRCUIT MAPPING 
WITH ELECTRON MICROSCOPY AND PUTATIVE 
SOLUTIONS

Electron microscopy (EM) provides sufficient resolution to re-

solve individual synapses and trace thin neurites. With the aid 

of rapid developments in artificial-intelligence-based morpho-

logical analysis (Beier et al., 2017; Januszewski et al., 2018) 

and various ingenious high-throughput EM image acquisition 

technologies, it has become possible to probe individual 

synaptic connections in cubic-millimeter-scale neural circuits 

(Table 1). Insightful review articles addressing the detailed ad-

vantages and limitations of these high-throughput EM tech-

nologies are available elsewhere (Briggman and Bock, 2012; 

Briggman and Denk, 2006; Helmstaedter et al., 2008; Kubo-

ta et al., 2018). Thus, in this minireview, we wish to highlight 

the technical hurdles facing EM-based circuit reconstruction 

in regard to retaining physiological information.

 Connectomic information on invertebrates such as Caenor-

habditis elegans and fruit flies can be understood through 

comparisons of various functional studies performed in dif-

ferent individuals because the neurons of these organisms 

are relatively well classified morphologically and genetically 

(Hobert et al., 2016; Jenett et al., 2012; Yemini et al., 2021). 

On the other hand, in mammalian brains, neither location 

nor neurite morphology nor genetic profiling can be used to 

predict the identity of neurons. Therefore, to understand the 

circuit elements and connectivity of the mammalian brain, 

EM images must be correlated with images that show the 

physiological identity of neurons from the same brain tissue. 

These physiological images can vary depending on the bio-

logical questions to be addressed; the images may depict the 

firing properties of the neurons during a particular behavior 

as acquired from 2-photon Ca2+ images (Table 1), the long-

range connectivity of the neurons from neurotracers, or cell 

types identified based on the expression of marker proteins 

(Adams et al., 2016). In most cases, identifying neurons in 

terms of their functional or molecular properties is a task best 

suited for fluorescence light microscopy (FM). Indeed, while 

large-scale EM studies on invertebrates provide rich function-

al and structural information, those concerning mammalian 

brains tend to focus on either analyzing structure and con-

nectivity rules per se or adding functional information by 

means of correlative FM images (Table 1).

 Correlative light and electron microscopy (CLEM) is tech-

nically challenging for many reasons. In addition to the diffi-

culty of simultaneously preserving ultrastructure and fluores-

cence, the imaging axes of functional 2-photon microscopy 

and EM are usually perpendicular to each other (however, 

see [Andermann et al., 2013]). Thus, the number of neurons 

whose functions have been measured in the reconstructed 

volume is inevitably small. Furthermore, because the accuracy 

of the alignment between EM and FM images is at the level 

of somata, not the level of neurites, all neurites of the neuron 

of interest must be reconstructed to examine their connectiv-

ity. The results of axon tracing based on anisotropic EM im-

ages are often ambiguous because axons are thinner and ~7 

times more numerous in a given volume than dendrites (Fiala 

and Harris, 1999; Kasthuri et al., 2015; Shepherd and Harris, 

1998). Even artificial-intelligence-aided dense reconstruction 

of axons yields what are known as “edge” cases and requires 

extensive human correction of the segmentation results 

(Dorkenwald et al., 2019; Kasthuri et al., 2015; Motta et al., 

2019).

 We believe that the emergence of genetically encoded 

and EM-compatible tracers has opened a new path for effi-

ciently studying long-range connectivity, molecular identity, 

and even firing properties with a limited temporal resolution 

(Atasoy et al., 2014; Han et al., 2012; Li et al., 2010; Lin 

et al., 2016; Schikorski et al., 2007; Zhang et al., 2019). In 

particular, genetically encoded dimerized enhanced soybean 

ascorbate peroxidase-2 (dAPEX2) directed to various sub-

cellular organelles enriched in synapses immediately permits 

the anterograde labeling of multiple synaptic inputs. Ginty 

and colleagues showed that transduced dAPEX2 in the mi-

tochondrial matrix of layer (L) 5 neurons leads to distinguish-

able labeling of the mitochondria throughout cell bodies and 

neurites without compromising ultrastructural preservation 

(Zhang et al., 2019). These authors also provided dAPEX2 

constructs designed to target various subcellular compart-

ments, including synaptic vesicles (SVs), plasma membranes 

(PMs), and the endoplasmic reticulum (ER). When the relative 

subcellular distribution of synapses from multiple brain re-

gions is of interest, as in (Kim et al., 2021b), postsynaptically 

targeted neurons may be labeled with PM-targeted dAPEX2, 

while presynaptic groups of neurons are labeled with SV- and 

mitochondrial-matrix-targeted dAPEX2. Because the synaptic 

boutons are filled with SV and enriched with mitochondria, 

the origins of the boutons can be visualized without long and 

laborious axon tracing. The cell types of neurons, as defined 

based on the expression of marker proteins, can be visualized 

in EM by fusing the marker with dAPEX2, as demonstrated 

in (Martell et al., 2017; Rae et al., 2021). Finally, we suggest 

that photoactivable calcium-sensitive expression of dAPEX2 

can enable selective EM-compatible labeling of neurons 

that are involved in a specific behavior (Lee et al., 2017). 

Let us assume that the question to be addressed is the local 

connectivity among neurons sharing orientation selectivity 

in the primary visual cortex (V1), as in (Ko et al., 2011). Neu-

ronal mitochondria with specific orientation selectivity can 

be labeled with dAPEX2 by means of selective visual stimuli 

coupled with in vivo photoactivation. Because mitochondria 

are densely present in both axonal varicosities and dendrites, 

reconstructions around synapses with and without dAPEX2 

can provide a statistical conclusion to this question (Fig. 1B, 

insets). Various light-dependent transcriptional regulation 

tools (de Mena et al., 2018) with different wavelengths allow 

orthogonal labeling of multiple activities (e.g., vertical vs hori-

zontal orientation selectivity, see Fig. 1A).

 Nonetheless, this method, like others, comes with limita-

tions. Full structural reconstruction may be necessary because 

most neurons could have an intermediate receptive field and 

thus express both markers at a certain ratio. Many of the 

critical determinants of this method, such as sensitivity, half-
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life, and physiological interference, remain unclear and are 

difficult to quantify. The lack of fine temporal resolution can 

be problematic for many experiments because it can obscure 

essential functional information, such as the pattern of activi-

ty and epoch sensitivity of the neurons.

LIMITATIONS OF NEURAL CIRCUIT MAPPING WITH 
LIGHT MICROSCOPY

Abbe’s rule and conventional microscopy
The theory of image formation was proposed by Ernst Abbe. 

The theory suggests that an image arises from a diffraction 

process, specifically when incoming light waves from an ob-

ject are diffracted by an objective lens (Hecht, 2016). Abbe 

Table 1. Representative studies using large-scale EM

Species Analyzed area

Function in question  

and correlated  

functional information

Method
Reconstructed  

volume (µm3)

Pixel size (nm), 

section  

thickness (nm)

Reference

C. elegans Complete Connectome ssTEM N/A, 50 White et al., 1986

Male  

C. elegans

Posterior  

nervous  

system

Sexually dimorphic 

circuits

Jarrell et al., 2012

Drosophila Mushroom  

body

Connectome TEM-CA 750 × 370 × 250 3.6, 50 Scheffer et al., 2020; 

Zheng et al., 2018

Drosophila Complete Connectome FIB-SEM 250 × 250 × 250 8, 2-4 Li et al., 2020;  

Scheffer et al., 

2020

Drosophila Medulla Connectomic variations  

between columns

FIB-SEM 40 × 40 × 80 10, 10 Takemura et al., 

2015

Drosophila Olfactory  

glomerulus

Synaptic variations TEM-CA 400 × 750 × 60 4, 40 Tobin et al., 2017

Drosophila

larva

Mushroom  

body

Connectome ssTEM 3.8, 50 Eichler et al., 2017;  

Ohyama et al., 

2015

Zebrafish Hindbrain Eye movement

Integration neurons  

by 2-photon  

microscopy

ATUM-SEM 220 × 110 × 60 5, 45 Vishwanathan et al., 

2017

Zebrafish Complete  

myelinated  

axons

Prey capture

Avoidance

ATUM-SEM 56 (4 nm in ROI), 

60

Hildebrand et al., 

2017

Mouse Retina Visual responses by  

2-photon microscopy

SBF-SEM 350 × 300 × 60 16.5, 23 Bae et al., 2018;  

Briggman et al., 

2011; Kim et al., 

2014

Mouse V1 L2/3 Visual orientation  

preference by  

2-photon microscopy

TEM-CA 450 × 350 × 52 4, 50 Bock et al., 2011

Mouse V1 L2/3 Synapse size  

distribution

TEM;  

high-resolution, 

large-format 

camera

250 × 140 × 90 3.58, 50 Dorkenwald et al., 

2019

Mouse S1 Saturated  

reconstruction

ATUM-SEM 40 × 40 × 50 3, 30 Kasthuri et al., 2015

Mouse S1BF L4 Saturated  

reconstruction

SBF-SEM 62 × 95 × 93 11, 28 Motta et al., 2019

Human Temporal lobe  

fragment

Ultrastructural  

anatomy of the  

human cortex

ATUM-mSEM 3 mm × 2 mm × 180 µm 4, 33 Shapson-Coe et al., 

2021

ssTEM, serial section transmission electron microscopy; N/A, not available; TEM-CA, transmission electron microscope camera array; FIB-

SEM, focused ion beam scanning electron microscopy; ATUM-SEM, automated tape-collecting ultramicrotome scanning electron micros-

copy; ROI, region-of-interest; SBF-SEM, serial block-face scanning electron microscopy; ATUM-mSEM, ATUM multibeam SEM.
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found that a larger aperture—and thus, a higher numerical 

aperture (NA)—results in a higher resolution, as described in 

the following simple equation:

𝑑𝑑 = 0.61𝜆𝜆
𝑁𝑁𝑁𝑁   

𝑑𝑑𝑧𝑧 =
2𝜆𝜆
𝑁𝑁𝑁𝑁2  

 (Thorn, 2016)

The NA also affects the resolution in the z (axial) direction:
𝑑𝑑 = 0.61𝜆𝜆

𝑁𝑁𝑁𝑁   

𝑑𝑑𝑧𝑧 =
2𝜆𝜆
𝑁𝑁𝑁𝑁2   (Thorn, 2016)

 Another way of describing the resolution of a microscope 

is the point spread function (PSF), which corresponds to an 

image of an infinitesimal object blurred by diffraction. The 

size of the PSF reflects the resolution of the imaging system in 

terms of both the theoretical and experimental limits. Usually, 

the full width at half maximum (FWHM) of the PSF matches 

Abbe’s rule. In an invariant space system (i.e., an aberra-

tion-free system such that the PSF is the same everywhere), 

one can think of an image as a convolution of the imaged 

object and the PSF (Hecht, 2016).

 Effectively, in the field of neuroscience, two enhanced 

green fluorescent protein (EGFP)-expressing dendrites sepa-

rated by a lateral distance of less than approximately 205 nm 

will appear as a continuous structure. Worse, neuronal struc-

tures separated by less than approximately 465 nm of axial 

space will appear to be in physical contact even under ideal 

conditions when the objects exist on a single imaging plane.

 In practice, however, because most neurons have radially 

oriented neurites, the objects on the focal plane are often 

obscured by out-of-focus structures. Therefore, an imaging 

method that can selectively produce clear images of the fo-

cal plane within thick brain tissue is required. This is one of 

the critical reasons why confocal laser scanning microscopy 

is such a widely adopted imaging tool in neuroscience. In 

confocal microscopy, optical sectioning is achieved by illumi-

nating an object with focused laser light and detecting the 

light through a pinhole that eliminates light originating from 

out-of-focus points. Despite this advantage, confocal micros-

copy is not appropriate for studying connectivity due to its 

insufficient resolution, especially along the axial dimension. 

Many imaging methods have been developed and adopted 

for neural circuit reconstruction to circumvent this insufficient 

resolution while preserving the advantages of FM.

Physical methods to circumvent the resolution problem
To circumvent the limited resolution of FM imposed by the 

properties of light, some physical solutions have been sug-

gested, namely, expansion microscopy and array tomography 

Fig. 1. A connectivity mapping strategy with functional information using photoactivable calcium-sensitive expression of dAPEX2. 

(A) Light- and activity-dependent expression of dAPEX2, a genetically encoded and EM-compatible tracer, can be useful to examine one 

of the classical questions in neuroscience: whether neurons that fire together wire together. Because the Cal-Light system allows gene 

expression only when the Ca2+ concentration is elevated in the presence of blue light (Lee et al., 2017), repetitive vertically oriented visual 

stimuli paired with blue light will lead to expression of the target gene in a selective group of neurons whose receptive field matches 

the visual stimulation (red neuron in A). (B) If the target gene is dAPEX2 targeted to the mitochondrial matrix (Mito-dAPEX2; Zhang et 

al., 2019), the axons from the neurons with the vertical receptive field (red neurons in B) can be distinguished from the inputs from the 

neurons with no response (blue neurons in B) in EM by labeling of the mitochondrial matrix (insets). Thus, without reconstructing the 

entire volume, the relative ratio of the inputs can be calculated by a stereological approach. Figure was created with BioRender.com.
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(Micheva and Smith, 2007; Wassie et al., 2019). A method of 

isotropic expansion of biological specimens was initially sug-

gested by Boyden’s research team (Chen et al., 2015; Wassie 

et al., 2019). They took advantage of the expandability of a 

polymer network. By cross-linking the network of swellable 

polyelectrolyte hydrogel in brain tissue, they achieved mag-

nification by a factor of 4.5 or more without noticeable 

distortion of the tissue while preserving the antigenicity of 

the tissue (Chen et al., 2015; Truckenbrodt et al., 2018). This 

method effectively allows an optical resolution comparable 

to that of superresolution microscopy to be achieved using 

conventional confocal microscopy. However, the typical chal-

lenges of confocal microscopy still hinder large-scale circuit 

mapping. Compared to other FM imaging methods, confocal 

microscopy requires a long imaging time due to the scanning 

of the excitation laser, suffers from increased photobleaching 

because of the prolonged exposure of the fluorophore to the 

laser, and has relatively low sensitivity because the pinhole 

tends to block a substantial fraction of the in-focus signal. Be-

cause expanded tissues have a lower fluorophore density per 

unit volume and thus require slower scanning, the problems 

of confocal microscopy described above will be more severe 

with expansion microscopy. Combination with selective plane 

illumination microscopy (SPIM), in which the optical resolu-

tion is provided by an orthogonally applied excitation beam 

in the form of a thin sheet of light (Huisken et al., 2004), 

could potentially solve some of these problems (Bürgers et 

al., 2019).

 Array tomography (AT) is another physical solution to 

overcome Abbe’s rule. Because AT relies on iterative wide-

field FM imaging of ultrathin serial sections of brain tissue, 

the axial resolution of this imaging technique depends solely 

on the thickness of the tissue, not on Abbe’s rule (Micheva 

and Smith, 2007). Furthermore, because all the pixels have 

the same chance of antigen–antibody reactions, this meth-

od enables quantitative immunohistochemical analysis. A 

reasonably high (~80%) synapse detection accuracy has 

been predicted and demonstrated at an isotropic optical 

resolution of 200 nm (Rah et al., 2013). Furthermore, the 

minimal thickness of the sections allows repetitive antibody 

elution and staining (Micheva and Smith, 2007; Micheva et 

al., 2010b). In practice, various studies have taken advantage 

of this technique to successfully unveil the subcellular distri-

bution or molecular diversity of synapses (Bloss et al., 2016; 

Kim et al., 2021b; Micheva et al., 2010a; 2021; Rah et al., 

2013; 2015). Nevertheless, despite the advantages described 

above, AT also has inherent limitations. Because AT is based 

on wide-field FM, dense reconstruction of local connectivity 

is difficult to resolve. Furthermore, the wave nature of light 

imposes a lateral resolution limit on this technique, and thus, 

the detection of small synapses can be ambiguous. We be-

lieve that local circuits could be resolved via AT in combina-

tion with Brainbow (expression of fluorescent proteins) (Cai 

et al., 2013; Livet et al., 2007; Loulier et al., 2014), although 

this possibility currently remains unexamined experimentally. 

Superresolution microscopy providing a resolution as high 

as a few nm on the matching thickness of the serial sections 

could overcome the resolution limit of this imaging tech-

nique. However, because of the long imaging time and fast 

bleaching of superresolution microscopy imaging, this task 

is not as easy as it sounds. Below, we introduce a brief con-

ceptual introduction to several widely used superresolution 

microscopy techniques, such as photoactivated localization 

microscopy (PALM), structured illumination microscopy (SIM), 

and stimulated emission depletion (STED), to discuss the ad-

vantages and disadvantages of microscopic techniques as ad 

possible solution for FM-based microcircuit reconstruction.

Recent progress in superresolution imaging (or nanoscopy)
A wide variety of FM techniques have emerged in an attempt 

to overcome the diffraction limit (Fig. 2; Sahl et al., 2017). 

Among these superresolution techniques, scanning-based 

methods can acquire images directly, similar to a confocal 

microscope. The methods of STED and reversible saturable/

switchable optical linear fluorescence transitions (RESOLFT) 

directly silence diffraction-limited areas such that the effective 

PSF is reduced to 40 nm (Vicidomini et al., 2018). PALM and 

stochastic optical reconstruction microscopy (STORM) use the 

flickering kinetics of a single molecule, known as stochastic 

kinetics, to computationally detect the molecule’s position. 

These methods have the highest resolution of all techniques 

(Betzig et al., 2006; Sahl et al., 2017). To collect a sufficient 

number of flickering events, special fluorophores and a large 

amount of imaging (>10,000 frames per image) are required 

(Khater et al., 2020). In SIM, the sample is illuminated with 

several rotated and phase-shifted periodic patterns, and the 

obtained images contain high-resolution information in a 

resolvable regime, similar to moiré fringe patterns (Gustafs-

son, 2000; 2005). Through linear image postprocessing of 

SIM in Fourier space and the reverse Fourier transformation, 

it is possible to recover an image with a twofold increase in 

resolution (~100 nm). This process provides sufficient resolu-

tion for synapse imaging while requiring only relatively simple 

and fast computational processes (Khater et al., 2020). On 

the sample preparation side, SIM is not restricted by labeling 

and requires a relatively low dose of light, making live cell 

imaging easier (Sahl et al., 2017). Finally, by utilizing higher 

harmonic orders with brighter illumination (saturated SIM), 

the resolution can be increased even further with a nonlinear 

reconstruction method, which is computationally complex 

and heavy (Gustafsson, 2005).

Future perspectives
The abovementioned superresolution techniques provide 

sufficient optical resolution while maintaining the advantages 

of FM, such as compatibility with functional imaging, genetic 

or immunochemistry-based molecular labeling, and relatively 

straightforward image segmentation due to the high contrast 

of FM. However, in terms of imaging speed, superresolution 

microscopy imaging is not significantly advantageous over 

EM. Although the field of view of superresolution microscopy 

tends to be wider than that of EM, it is still typically smaller 

than 50 µm. Furthermore, it takes 3-10 min to acquire a one-

tile superresolution image (Huszka and Gijs, 2019; Kim et al., 

2021a). Therefore, the long imaging time required to obtain 

images over a sufficiently large volume to address biological 

questions is a critical limiting factor. In fact, whereas various 

high-throughput EM imaging methods have been developed 
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and utilized in neural circuit analysis (Table 1), superresolu-

tion microscopy has been mainly developed for studying fine 

structure or dynamic molecular changes in neuroscience (Ji 

et al., 2008; Maglione and Sigrist, 2013; Tao et al., 2012). 

SIM seems to be the best fit for large-scale circuit reconstruc-

tion because of the following attributes. SIM provides the 

minimal necessary optical resolution for reliable identification 

of synaptic connections, i.e., ~100 nm (Gustafsson, 2000; 

Kim et al., 2021a; Rah et al., 2013; Wu et al., 2013). To take 

full advantage of FM, multiple fluorescent channels with con-

ventional fluorophores can be utilized. Compared with other 

superresolution microscopy techniques, the image acquisition 

speed is relatively fast because of the relatively large field of 

view (Fiolka, 2013; Gustafsson, 2005). The shortcomings 

Fig. 2. Comparison of the imaging resolution of different microscopy techniques. The ellipsoids indicate the 3D resolution of the listed 

methods. Each can be interpreted as an uncertainty range from where detected photons originate or the PSF of that technique. PSFs of 

the diffraction-limited methods, such as confocal microscopy, SIM, and lattice light-sheet microscopy, are shown in orange (assumed 

emission wavelength: ~650 nm). PSFs of the further extended resolution techniques over the diffraction limits are shown in yellow. 

Finally, PSFs of the diffraction-unlimited techniques such as STED, PALM, RESOLFT, and minimal emission fluxes (MINFLUX) are shown in 

green. Adapted from the article of Sahl et al. (2017) (Nat. Rev. Mol. Cell Biol. 18, 685-701) with original copyright holder’s permission.
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of SIM, preventing it from being an ideal technique, are ex-

cessive imaging time and the inability to image thick tissue 

sections effectively. Three-dimensional sectioning provides 

approximately twice the resolution of conventional micros-

copy, approximately 300 nm, and is applicable only to thin 

samples such as cell cultures, as opposed to thick and highly 

diffractive matter such as brain tissue (York et al., 2012). A 

long image acquisition time for a field is unavoidable because 

SIM uses a series of sinusoidal illumination patterns.

 We have recently developed a new imaging technique 

called structured illumination microscopy of the putative re-

gion of interest with ultrathin sectioning (SIM-PRIUS), which 

combines SIM with AT (Kim et al., 2021a). To reduce the im-

aging time, SIM images are selectively acquired from regions 

with putative synapses of interest as determined based on a 

set of low-magnification images (Kim et al., 2021a). Further-

more, because SIM-PRIUS relies on ultrathin sectioning of the 

specimen, the axial resolution is determined by the physical 

thickness of the tissue. Indeed, when the target structure is as 

sparse as a particular set of synapses (e.g., synapses sourced 

from a specific brain region), synapse identification can be 

achieved with greater accuracy and a 95% reduction in im-

aging time (Kim et al., 2021a). With the rapid development 

of artificial-intelligence-dependent object recognition tech-

niques, we believe that this concept can enable expeditious 

and accurate detection from a relatively large volume of brain 

tissue.

CONCLUSION

Despite the initial worries about connectomic research high-

lighted by Seung and Movshon’s argument, many studies 

have successfully demonstrated the advances that connecto-

mic studies can provide. It is now widely agreed that brains 

cannot be understood without knowing how neural circuits 

are organized. A proper understanding of neural circuits can 

finally be derived when a set of information about molecules 

defining the cell types and long-range connectivity, physio-

logical characteristics, and local connectivity is collectively un-

derstood. In this respect, we believe that FM is the technique 

that is best positioned to provide the necessary elements if 

there is sufficient support from digital image processing, au-

tomatic hardware control and feedback systems, and molec-

ular tool development.

ACKNOWLEDGMENTS
This work was supported by grants from the KBRI Research 

Program (21-BR-01-01, 21-BR-01-04, and 21-BR-03-01), 

from the DGIST R&D Program (21-IJRP-01), and from the 

Brain Research Program through the National Research Foun-

dation of Korea (NRF) of the Ministry of Science and ICT (NRF-

2017M3C7A1048086 and No. 2017M3A9G8084463).

AUTHOR CONTRIBUTIONS
J.C.R. and J.H.C. designed the article and interpreted the rele-

vant literature. J.C.R. and J.H.C. drafted the article.

CONFLICT OF INTEREST
The authors have no potential conflicts of interest to disclose.

ORCID
Jong-Cheol Rah https://orcid.org/0000-0003-3780-0522

Joon Ho Choi https://orcid.org/0000-0002-2090-8724

REFERENCES

Adams, S.R., Mackey, M.R., Ramachandra, R., Palida Lemieux, S.F., 
Steinbach, P., Bushong, E.A., Butko, M.T., Giepmans, B.N.G., Ellisman, M.H., 
and Tsien, R.Y. (2016). Multicolor electron microscopy for simultaneous 
visualization of multiple molecular species. Cell Chem. Biol. 23, 1417-1427. 

Andermann, M.L., Gilfoy, N.B., Goldey, G.J., Sachdev, R.N.S., Wölfel, M., 
McCormick, D.A., Reid, R.C., and Levene, M.J. (2013). Chronic cellular 
imaging of entire cortical columns in awake mice using microprisms. 
Neuron 80, 900-913. 

Atasoy, D., Betley, J.N., Li, W.P., Su, H.H., Sertel, S.M., Scheffer, L.K., 
Simpson, J.H., Fetter, R.D., and Sternson, S.M. (2014). A genetically 
specified connectomics approach applied to long-range feeding 
regulatory circuits. Nat. Neurosci. 17, 1830-1839. 

Bae, J.A., Mu, S., Kim, J.S., Turner, N.L., Tartavull, I., Kemnitz, N., Jordan, C.S., 
Norton, A.D., Silversmith, W.M., Prentki, R., et al. (2018). Digital museum of 
retinal ganglion cells with dense anatomy and physiology. Cell 173, 1293-
1306.e19. 

Beier, T., Pape, C., Rahaman, N., Prange, T., Berg, S., Bock, D.D., Cardona, 
A., Knott, G.W., Plaza, S.M., Scheffer, L.K., et al. (2017). Multicut brings 
automated neurite segmentation closer to human performance. Nat. 
Methods 14, 101-102. 

Betzig, E., Patterson, G.H., Sougrat, R., Lindwasser, O.W., Olenych, S., 
Bonifacino, J.S., Davidson, M.W., Lippincott-Schwartz, J., and Hess, H.F. 
(2006). Imaging intracellular fluorescent proteins at nanometer resolution. 
Science 313, 1642-1645. 

Bloss, E.B., Cembrowski, M.S., Karsh, B., Colonell, J., Fetter, R.D., and 
Spruston, N. (2016). Structured dendritic inhibition supports branch-
selective integration in CA1 pyramidal cells. Neuron 89, 1016-1030. 

Bock, D.D., Lee, W.C.A., Kerlin, A.M., Andermann, M.L., Hood, G., Wetzel, 
A.W., Yurgenson, S., Soucy, E.R., Kim, H.S., and Reid, R.C. (2011). Network 
anatomy and in vivo physiology of visual cortical neurons. Nature 471, 
177-182. 

Briggman, K.L. and Bock, D.D. (2012). Volume electron microscopy for 
neuronal circuit reconstruction. Curr. Opin. Neurobiol. 22, 154-161. 

Briggman, K.L. and Denk, W. (2006). Towards neural circuit reconstruction 
with volume electron microscopy techniques. Curr. Opin. Neurobiol. 16, 
562-570. 

Briggman, K.L., Helmstaedter, M., and Denk, W. (2011). Wiring specificity 
in the direction-selectivity circuit of the retina. Nature 471, 183-188. 

Bürgers, J., Pavlova, I., Rodriguez-Gatica, J.E., Henneberger, C., Oeller, M., 
Ruland, J.A., Siebrasse, J.P., Kubitscheck, U., and Schwarz, M.K. (2019). 
Light-sheet fluorescence expansion microscopy: fast mapping of neural 
circuits at super resolution. Neurophotonics 6, 015005. 

Cai, D., Cohen, K.B., Luo, T., Lichtman, J.W., and Sanes, J.R. (2013). 
Improved tools for the Brainbow toolbox. Nat. Methods 10, 540-547. 

Chen, F., Tillberg, P.W., and Boyden, E.S. (2015). Optical imaging. 
Expansion microscopy. Science 347, 543-548. 

de Mena, L., Rizk, P., and Rincon-Limas, D.E. (2018). Bringing light to 
transcription: the optogenetics repertoire. Front. Genet. 9, 518. 

Dorkenwald, S., Turner, N.L., Macrina, T., Lee, K., Lu, R., Wu, J., Bodor, A.L., 
Bleckert, A.A., Brittain, D., Kemnitz, N., et al. (2019). Binary and analog 
variation of synapses between cortical pyramidal neurons. BioRxiv, https://
doi.org/10.1101/2019.12.29.890319

Eichler, K., Li, F., Litwin-Kumar, A., Park, Y., Andrade, I., Schneider-Mizell, 
C.M., Saumweber, T., Huser, A., Eschbach, C., Gerber, B., et al. (2017). The 
complete connectome of a learning and memory centre in an insect 

https://doi.org/10.1101/2019.12.29.890319
https://doi.org/10.1101/2019.12.29.890319


Mol. Cells 2022; 45(2): 84-92  91

Brain Mapping with Fluorescence Microscopy
Jong-Cheol Rah and Joon Ho Choi

brain. Nature 548, 175-182. 

Fiala, J.C. and Harris, K.M. (1999). Dendrite structure. In Dendrites, G. 
Stuart, N. Spruston, and M. Häusser, eds. (Oxford, UK: Oxford University 
Press), pp. 1-34.

Fiolka, R. (2013). Three-dimensional live microscopy beyond the 
diffraction limit. J. Opt. 15, 094002. 

Gustafsson, M.G.L. (2000). Surpassing the lateral resolution limit by a 
factor of two using structured illumination microscopy. J. Microsc. 198, 
82-87.

Gustafsson, M.G.L. (2005). Nonlinear structured-illumination microscopy: 
wide-field fluorescence imaging with theoretically unlimited resolution. 
Proc. Natl. Acad. Sci. U. S. A. 102, 13081-13086. 

Han, C., Wang, D., Soba, P., Zhu, S., Lin, X., Jan, L.Y., and Jan, Y.N. (2012). 
Integrins regulate repulsion-mediated dendritic patterning of drosophila 
sensory neurons by restricting dendrites in a 2D space. Neuron 73, 64-78. 

Hecht, E. (2016). Optics (5th Edition) (Boston: Pearson Education).

Helmstaedter, M., Briggman, K.L., and Denk, W. (2008). 3D structural 
imaging of the brain with photons and electrons. Curr. Opin. Neurobiol. 
18, 633-641. 

Hildebrand, D.G.C., Cicconet, M., Torres, R.M., Choi, W., Quan, T.M., Moon, 
J., Wetzel, A.W., Scott Champion, A., Graham, B.J., Randlett, O., et al. (2017). 
Whole-brain serial-section electron microscopy in larval zebrafish. Nature 
545, 345-349. 

Hobert, O., Glenwinkel, L., and White, J. (2016). Revisiting neuronal cell 
type classification in Caenorhabditis elegans. Curr. Biol. 26, R1197-R1203. 

Huisken, J., Swoger, J., Del Bene, F., Wittbrodt, J., and Stelzer, E.H.K. (2004). 
Optical sectioning deep inside live embryos by selective plane illumination 
microscopy. Science 305, 1007-1009. 

Huszka, G. and Gijs, M.A.M. (2019). Super-resolution optical imaging: a 
comparison. Micro Nano Eng. 2, 7-28. 

Januszewski, M., Kornfeld, J., Li, P.H., Pope, A., Blakely, T., Lindsey, L., 
Maitin-Shepard, J., Tyka, M., Denk, W., and Jain, V. (2018). High-precision 
automated reconstruction of neurons with flood-filling networks. Nat. 
Methods 15, 605-610. 

Jarrell, T.A., Wang, Y., Bloniarz, A.E., Brittin, C.A., Xu, M., Thomson, J.N., 
Albertson, D.G., Hall, D.H., and Emmons, S.W. (2012). The connectome of 
a decision-making neural network. Science 337, 437-444.

Jenett, A., Rubin, G.M., Ngo, T.T.B., Shepherd, D., Murphy, C., Dionne, H., 
Pfeiffer, B.D., Cavallaro, A., Hall, D., Jeter, J., et al. (2012). A GAL4-driver line 
resource for Drosophila neurobiology. Cell Rep. 2, 991-1001. 

Ji, N., Shroff, H., Zhong, H., and Betzig, E. (2008). Advances in the speed 
and resolution of light microscopy. Curr. Opin. Neurobiol. 18, 605-616. 

Kasthuri, N., Hayworth, K.J., Berger, D.R., Schalek, R.L., Conchello, J.A., 
Knowles-Barley, S., Lee, D., Vázquez-Reina, A., Kaynig, V., Jones, T.R., et al. 
(2015). Saturated reconstruction of a volume of neocortex. Cell 162, 648-
661. 

Khater, I.M., Nabi, I.R., and Hamarneh, G. (2020). A review of super-
resolution single-molecule localization microscopy cluster analysis and 
quantification methods. Patterns (N. Y.) 1, 100038. 

Kim, G., Bahn, S.K., Kim, N., Choi, J.H., Kim, J.S., and Rah, J.C. (2021a). 
Efficient and accurate synapse detection with selective structured 
illumination microscopy on the putative regions of interest of ultrathin 
serial sections. Front. Neuroanat. 15, 759816.

Kim, J.S., Greene, M.J., Zlateski, A., Lee, K., Richardson, M., Turaga, S.C., 
Purcaro, M., Balkam, M., Robinson, A., Behabadi, B.F., et al. (2014). Space-
time wiring specificity supports direction selectivity in the retina. Nature 
509, 331-336. 

Kim, N., Bahn, S., Choi, J.H., Kim, J.S., and Rah, J.C. (2021b). Synapses 
from the motor cortex and a high-order thalamic nucleus are spatially 
clustered in proximity to each other in the distal tuft dendrites of mouse 

somatosensory cortex. Cereb. Cortex 2021 Aug 5 [Epub]. https://doi.
org/10.1093/cercor/bhab236

Ko, H., Hofer, S.B., Pichler, B., Buchanan, K.A., Sjöström, P.J., and Mrsic-
Flogel, T.D. (2011). Functional specificity of local synaptic connections in 
neocortical networks. Nature 473, 87-91. 

Kubota, Y., Sohn, J., and Kawaguchi, Y. (2018). Large volume electron 
microscopy and neural microcircuit analysis. Front. Neural Circuits 12, 98. 

Lee, D., Hyun, J.H., Jung, K., Hannan, P., and Kwon, H.B. (2017). A calcium- 
and light-gated switch to induce gene expression in activated neurons. 
Nat. Biotechnol. 35, 858-863. 

Li, F., Lindsey, J., Marin, E.C., Otto, N., Dreher, M., Dempsey, G., Stark, 
I., Shakeel Bates, A., William Pleijzier, M., Schlegel, P., et al. (2020). The 
connectome of the adult Drosophila mushroom body: implications for 
function. BioRxiv, https://doi.org/10.1101/2020.08.29.273276

Li, J., Wang, Y., Chiu, S.L., and Cline, H.T. (2010). Membrane targeted 
horseradish peroxidase as a marker for correlative fluorescence and 
electron microscopy studies. Front. Neural Circuits 4, 6. 

Lin, T.Y., Luo, J., Shinomiya, K., Ting, C.Y., Lu, Z., Meinertzhagen, I.A., and 
Lee, C.H. (2016). Mapping chromatic pathways in the Drosophila visual 
system. J. Comp. Neurol. 524, 213-227. 

Livet, J., Weissman, T.A., Kang, H., Draft, R.W., Lu, J., Bennis, R.A., Sanes, 
J.R., and Lichtman, J.W. (2007). Transgenic strategies for combinatorial 
expression of fluorescent proteins in the nervous system. Nature 450, 56-
62. 

Loulier, K., Barry, R., Mahou, P., Le Franc, Y., Supatto, W., Matho, K.S., Ieng, 
S., Fouquet, S., Dupin, E., Benosman, R., et al. (2014). Multiplex cell and 
lineage tracking with combinatorial labels. Neuron 81, 505-520. 

Maglione, M. and Sigrist, S.J. (2013). Seeing the forest tree by tree: super-
resolution light microscopy meets the neurosciences. Nat. Neurosci. 16, 
790-797. 

Martell, J.D., Deerinck, T.J., Lam, S.S., Ellisman, M.H., and Ting, A.Y. (2017). 
Electron microscopy using the genetically encoded APEX2 tag in cultured 
mammalian cells. Nat. Protoc. 12, 1792-1816. 

Micheva, K.D., Busse, B., Weiler, N.C., O’Rourke, N., and Smith, S.J. (2010a). 
Single-synapse analysis of a diverse synapse population: proteomic 
imaging methods and markers. Neuron 68, 639-653. 

Micheva, K.D., Kiraly, M., Perez, M.M., and Madison, D.V. (2021). Extensive 
structural remodeling of the axonal arbors of parvalbumin basket cells 
during development in mouse neocortex. J. Neurosci. 41, 9326-9339. 

Micheva, K.D., O’Rourke, N., Busse, B., and Smith, S.J. (2010b). Array 
tomography: immunostaining and antibody elution. Cold Spring Harb. 
Protoc. 2010, pdb.prot5525. 

Micheva, K.D. and Smith, S.J. (2007). Array tomography: a new tool for 
imaging the molecular architecture and ultrastructure of neural circuits. 
Neuron 55, 25-36. 

Motta, A., Berning, M., Boergens, K.M., Staffler, B., Beining, M., Loomba, S., 
Hennig, P., Wissler, H., and Helmstaedter, M. (2019). Dense connectomic 
reconstruction in layer 4 of the somatosensory cortex. Science 366, 
eaay3134. 

Ohyama, T., Schneider-Mizell, C.M., Fetter, R.D., Aleman, J.V., Franconville, 
R., Rivera-Alba, M., Mensh, B.D., Branson, K.M., Simpson, J.H., Truman, J.W., 
et al. (2015). A multilevel multimodal circuit enhances action selection in 
Drosophila. Nature 520, 633-639. 

Peng, H., Xie, P., Liu, L., Kuang, X., Wang, Y., Qu, L., Gong, H., Jiang, S., Li, 
A., Ruan, Z., et al. (2021). Morphological diversity of single neurons in 
molecularly defined cell types. Nature 598, 174-181. 

Rae, J., Ferguson, C., Ariotti, N., Webb, R.I., Cheng, H.H., Mead, J.L., Riches, 
J.D., Hunter, D.J.B., Martel, N., Baltos, J., et al. (2021). A robust method for 
particulate detection of a genetic tag for 3D electron microscopy. Elife 10, 
e64630. 

Rah, J.C., Bas, E., Colonell, J., Mishchenko, Y., Karsh, B., Fetter, R.D., Myers, 

https://doi.org/10.1093/cercor/bhab236
https://doi.org/10.1093/cercor/bhab236
https://doi.org/10.1101/2020.08.29.273276


92  Mol. Cells 2022; 45(2): 84-92

Brain Mapping with Fluorescence Microscopy
Jong-Cheol Rah and Joon Ho Choi

E.W., Chklovskii, D.B., Svoboda, K., Harris, T.D., et al. (2013). Thalamocortical 
input onto layer 5 pyramidal neurons measured using quantitative large-
scale array tomography. Front. Neural Circuits 7, 177. 

Rah, J.C., Feng, L., Druckmann, S., Lee, H., and Kim, J. (2015). From a meso- 
to micro-scale connectome: array tomography and mGRASP. Front. 
Neuroanat. 9, 78. 

Sahl, S.J., Hell, S.W., and Jakobs, S. (2017). Fluorescence nanoscopy in cell 
biology. Nat. Rev. Mol. Cell Biol. 18, 685-701. 

Scheffer, L.K., Xu, C.S., Januszewski, M., Lu, Z., Takemura, S.Y., Hayworth, 
K.J., Huang, G.B., Shinomiya, K., Maitin-Shepard, J., Berg, S., et al. (2020). 
A connectome and analysis of the adult Drosophila central brain. Elife 9, 
e57443. 

Schikorski, T., Young, S.M., Jr., and Hu, Y. (2007). Horseradish peroxidase 
cDNA as a marker for electron microscopy in neurons. J. Neurosci. 
Methods 165, 210-215. 

Shapson-Coe, A., Januszewski, M., Berger, D.R., Pope, A., Wu, Y., Blakely, 
T., Schalek, R.L., Li, P.H., Wang, S., Maitin-Shepard, J., et al. (2021). A 
connectomic study of a petascale fragment of human cerebral cortex. 
BioRxiv, https://doi.org/10.1101/2021.05.29.446289

Shepherd, G.M.G. and Harris, K.M. (1998). Three-dimensional structure 
and composition of CA3-->CA1 axons in rat hippocampal slices: 
implications for presynaptic connectivity and compartmentalization. J. 
Neurosci. 18, 8300-8310.

Takemura, S.Y., Xu, C.S., Lu, Z., Rivlin, P.K., Parag, T., Olbris, D.J., Plaza, S., 
Zhao, T., Katz, W.T., Umayam, L., et al. (2015). Synaptic circuits and their 
variations within different columns in the visual system of Drosophila. 
Proc. Natl. Acad. Sci. U. S. A. 112, 13711-13716. 

Tao, C., Xia, C., Chen, X., Hong Zhou, Z., and Bi, G. (2012). Ultrastructural 
analysis of neuronal synapses using state-of-the-art nano-imaging 
techniques. Neurosci. Bull. 28, 321-332. 

Thorn, K. (2016). A quick guide to light microscopy in cell biology. Mol. 
Biol. Cell 27, 219-222. 

Tobin, W.F., Wilson, R.I., and Allen Lee, W.C. (2017). Wiring variations that 
enable and constrain neural computation in a sensory microcircuit. Elife 6, 
e24838.

Truckenbrodt, S., Maidorn, M., Crzan, D., Wildhagen, H., Kabatas, S., and 
Rizzoli, S.O. (2018). X10 expansion microscopy enables 25-nm resolution 
on conventional microscopes. EMBO Rep. 19, e45836. 

Vicidomini, G., Bianchini, P., and Diaspro, A. (2018). STED super-resolved 
microscopy. Nat. Methods 15, 173-182. 

Vishwanathan, A., Daie, K., Ramirez, A.D., Lichtman, J.W., Aksay, E.R.F., and 
Seung, H.S. (2017). Electron microscopic reconstruction of functionally 
identified cells in a neural integrator. Curr. Biol. 27, 2137-2147.e3. 

Wassie, A.T., Zhao, Y., and Boyden, E.S. (2019). Expansion microscopy: 
principles and uses in biological research. Nat. Methods 16, 33-41. 

White, J.G., Southgate, E., Thomson, J.N., and Brenner, S. (1986). The 
structure of the nervous system of the nematode Caenorhabditis elegans. 
Philos. Trans. R. Soc. Lond. B Biol. Sci. 314, 1-340.

Wu, Y., Christensen, R., Colón-Ramos, D., and Shroff, H. (2013). Advanced 
optical imaging techniques for neurodevelopment. Curr. Opin. Neurobiol. 
23, 1090-1097. 

Yemini, E., Lin, A., Nejatbakhsh, A., Varol, E., Sun, R., Mena, G.E., Samuel, 
A.D.T., Paninski, L., Venkatachalam, V., and Hobert, O. (2021). NeuroPAL: a 
multicolor atlas for whole-brain neuronal identification in C. elegans. Cell 
184, 272-288.e11. 

York, A.G., Parekh, S.H., Nogare, D.D., Fischer, R.S., Temprine, K., Mione, 
M., Chitnis, A.B., Combs, C.A., and Shroff, H. (2012). Resolution doubling 
in live, multicellular organisms via multifocal structured illumination 
microscopy. Nat. Methods 9, 749-754. 

Zeng, H. and Sanes, J.R. (2017). Neuronal cell-type classification: 
challenges, opportunities and the path forward. Nat. Rev. Neurosci. 18, 
530-546. 

Zhang, Q., Lee, W.C.A., Paul, D.L., and Ginty, D.D. (2019). Multiplexed 
peroxidase-based electron microscopy labeling enables simultaneous 
visualization of multiple cell types. Nat. Neurosci. 22, 828-839. 

Zheng, Z., Lauritzen, J.S., Perlman, E., Robinson, C.G., Nichols, M., 
Milkie, D., Torrens, O., Price, J., Fisher, C.B., Sharifi, N., et al. (2018). A 
complete electron microscopy volume of the brain of adult Drosophila 
melanogaster. Cell 174, 730-743.e22.

https://doi.org/10.1101/2021.05.29.446289

