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NIKON JOICO AWARD is a new-style award  

in which microscopic images are evaluated in terms of artistry  

and academic excellence as a piece of work based on research findings.

We would like to take this opportunity to thank many researchers  

from across the country for applying in this award’s inaugural year.

After impartial and careful consideration, applicants with artistic  

and academically excellent fruits of their work were selected to receive the first prize  

JOICO Award (for one), the runner-up prize (for one),  

and the special prize (for two).

This booklet was produced in the hope that it would be used  

by the coming generation in the imaging industry as an opportunity  

to be exposed to cutting-edge microscopic studies,  

and to the thrilling science that researchers are working on.

Please visit our website to discover the tremendous impact of the videos.
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First Prize 
JOICO Award Long-Distance, Rapid Calcium Signaling          in Plants

Captured the moment when a plant with neither brain nor nerves  
sensed damage, and transmitted the information to the whole body.



Long-Distance, Rapid Calcium Signaling          in Plants

Comments from the award recipient:

I am very honored to receive the first prize JOICO Award 
of the NIKON JOICO AWARD.

I have been conducting my research focusing on 
microscopic observation.

The capability of observation helped me to shed light on 
the dynamicity of information processing system of plants 
which, historically, had been considered static.

I am delighted to be able to share this finding with not 
only the scientific community but also the public.

I would like to express my appreciation for all colleagues' 
contribution to this research and continue to uncover new 
phenomena with novel imaging technologies. 

Thank you very much.

Masatsugu Toyota
Associate Professor 
Graduate School of Science & Engineering 
Saitama University

Captured the moment when a plant with neither brain nor nerves  
sensed damage, and transmitted the information to the whole body.

Arabidopsis thaliana
Detailed description : Expression of calcium biosensor GCaMP (GFP)

Observation method : Stereo microscopy, fluorescence

Magnification : 1x

Year : 2019

Microscopic data : Video
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Long-Distance,  
Rapid Calcium Signaling in Plants

Paper

Toyota M*, Spencer D, Sawai-Toyota S, Wang J, Zhang T, Koo AJ, Howe GA, Gilroy S* (2018)  
Glutamate triggers long-distance, calcium-based plant defense signaling. Science. 361(6407):1112-
1115. (*, corresponding author)

By what kind of mechanism do plants with neither brains nor nerves sense 
damaged, and how do they transmit the information to the whole body? 
This age-old mystery in the fields of biology and agricultural science was 
successfully solved using a wide-field fluorescence stereomicroscope and 
highly-sensitive calcium/glutamate biosensors GCaMP/iGluSnFR 
(Toyota et el., Science 2018).

When a leaf of Arabidopsis thaliana is damaged:
1) Glutamate leaks out of the damaged part;
2)  The outflowing glutamate is received by the glutamate receptors 

(GLRs), resulting in the generation of a Ca2+ signal;
3)  The signal propagates to distant leaves through the sieve tubes (1mm/s) 

that are known to transport nutrients;
4)  The leaves that receive the Ca2+ signal increase their resistance in 

preparation for future insect attack/mechanical stress.

Plants are considered to have long-distance, rapid information propagation 
through a combination of organs such as sieve tubes which are unique to 
plants, and an evolutionary conserved system (GLRs) in common with the 
nervous system.

Overview of this research

Please see the glossary on p.10 (each superscript number corresponds to the number for each term in it).
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Long-Distance, Rapid Calcium Signaling in Plants

However...

For many years...

It was known that when plants are attacked by predators such as insects,

1) they feel damaged,

2) then propagate the information to the whole body,

3) and increase the resistance in undamaged, distant leaves.

A great mystery remained in biology and agricultural science

Cutting-edge imaging technology

The kind of mechanism that plants with no sensory organs such as brains and nerves utilize  

in order to perceivedamaged, and to propagate that information to the whole body, 

was not known.

An increase in the intracellular Ca2+ concentration is triggered by touching it (Arabidopsis thaliana3).

A fluorescent stereo microscope
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GCaMP (fluorescence from GFP)2

T O U C H

Wide-field (4 cm x 4 cm) and real-time (30 frames/s) 

and real-time imaging for the Ca2+ signals1 in plants.

1) 3)2)
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Long-distance, rapid Ca2+ signaling was discovered, which changes the conventional belief!

Visualization of the Ca2+ signals that are generated in plants when they are preyed upon or physically damaged.

Toyota et al., Science 2018

Toyota et al., Science 2018

Data for award application 
(obtained again in 2019)
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Predation by a larva

A leaf was physically damaged  
by crushing the leaf with tweezers.

• When a leaf of Arabidopsis thaliana is damaged, a Ca2+ signal is 
propagated to distant leaves in ca. 1 min at a rate of ca. 1 mm/s 
through sieve tubes4 and plasmodesma5 (upper pannels, YouTube 
video).

• The leaves that receive the Ca2+ signal increase their resistance 
even though they are not damaged directly.

• The long-distance, rapid Ca2+ signaling does not occur in a 
mutant plant without two kinds of glutamate receptors6 (GLR3.3/
GLR3.6).

• GLR3.3 and GLR3.6 are expressed in the vascular tissues including 
sieve tubes where the Ca2+ signal is propagated.

• When a glutamate (Glu) solution7 is applied to a leaf, the long-
distance, rapid Ca2+ signal is generated without damaging it 
(lower panels).

• Damaging a leaf results in a quick increase in the glutamate level 
at the damaged part, revealed by extracellular glutamate imaging 
with iGluSnFR2.

What was solved in this paper?

Wild type

Ca2+ imaging 
in sieve tubes

Wild type

Glu solution
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Long-Distance, Rapid Calcium Signaling in Plants

1) Damage in plants causes the leak of glutamate from the damaged cells and organs.

2) GLR3.3 and GLR3.6 receive the glutamate, leading to the generation of a Ca2+ signal.

3) The Ca2+ signal propagates to distant leaves through the sieve tubes.

4) The resistance of the leaves that have received the Ca2+ signal is increased in preparation for future attacks.

A damage-sensing/rapid-signaling model in plants

3

3

6

6

3

6

A cross-section of a leaf

Resistance is increased

Damage

Ca2+ signal

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+ signal Glutamate Sieve tubes Vessels Parenchyma cells adjoining vessels

Glutamate receptor 3.6Glutamate receptor 3.3

Evolutionary conserved mechanism  
in animals and plants

Glutamate/glutamate receptor (GLR)/Ca2+ signal

Mechanism unique to plants

Sieve tubes/plasmodesma

Nerve-like mechanism in plants

Take home message

4)

3)

1)

2)
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1. Intracellular Ca2+ signal
Changes in the concentration of intracellular free Ca2+ ions, which 
play various physiological roles such as muscle contraction and 
neurotransmission in animals. In general, the intracellular Ca2+ 
concentration is kept at about one ten-thousandth of the 
extracellular one, and the change of Ca2+ concentration acts as the 
switch (signal) that causes the next biological reaction.

2. Biosensor (GCaMP, iGluSnFR)
Proteins in which calcium ion- or glutamate-binding domains are 
fused to a green fluorescent protein, GFP (Nakai et al., Nature 
Biotechnology 2001; Marvin et al., Nature Methods 2013). The 
intracellular calcium ion binding to GCaMP (shown below) and the 
glutamate binding to iGluSnFR increases the green fluorescence.

3. Arabidopsis thaliana
An annual plant which belongs to the cabbage-like Brassicaceae 
family. It is widely studied as a model plant across the world owing 
to its short life cycle and the ease of cultivation and genetic 
modification. Its whole genome sequencing was completed in 
2000.

Glossary

4. Sieve tube
One of the tissues forming vascular bundles such as leaf veins. It 
consists many cells which form a long, tubular structure that plays 
a role in transporting nutrients such as photosynthesis products. 
Other kinds of tissues and cells forming vascular bundles such as 
water-transporting xylem vessels, companion cells, and parenchyma 
cells exist in its vicinity.

5.  Plasmodesma (protoplasmic connection)
A channel which traverses two adjacent plant cells for cytoplasmic 
connection. Small molecules such as mRNA and proteins are 
considered to be transported through it. It resembles gap junctions 
of animal cells in terms of the function.

6. Glutamate receptors
Membrane proteins activated by amino acids such as glutamate 
binding to them, and classif ied broadly into two types: 
Metabotropic and ionotropic receptors. In the excitatory synaptic 
transmission, neurotransmission is conducted by binding glutamate 
released from the presynaptic terminal of a nerve cell to the 
glutamate receptor of another nerve cell, which is considered to 
play an important role in memory and learning in the human brain.

In Arabidopsis thaliana, there are twenty kinds of GLUTAMATE 
RECEPTOR LIKE (GLR) genes with high homology with ionotropic 
glutamate receptors which transport ions by activation. This study 
revealed that two, GLR3.3 and GLR3.6, are essential for the long-
distance Ca2+ signal generated when the plant body is damaged.

7. Glutamate
Glutamate is one of the umami components, and also known for its 
function as an excitatory neurotransmitter in the central nervous 
system of mammals.

The Ca2+ binding increases the GFP fluorescence.

Memo
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Long-Distance, Rapid Calcium Signaling in Plants

Q1 What is the resistance that plants gain?

Plants cannot physically attack pests because they cannot move freely. Thus, they produce compounds that the predators dislike, e.g., 
indigestion-causing compounds, for resistance.

Q2 Is the defense mechanism in plants you discovered present in other kinds of plants?

I think it is highly possible. We've also made other plants such as tobacco and rice express the Ca2+ biosensor and observed the long-
distance Ca2+ signal generation for all the tested plants upon being damaged.

Q3 If glutamate is dropped onto a leaf that has no damage, what happens?

Unfortunately, it doesn't induce the Ca2+ signaling. The surface of plant leaves is covered by water-repellent materials such as wax, and so 
if the glutamate solution is applied to leaves, it will not be able to reach the vascular bundle tissue (leaf vein) that expresses the glutamate 
receptors 3.3 and 3.6.

Q4 What kinds of studies do you think will be led by the findings in this research?

In this study, we found that glutamate causes an increase in the resistance-against-damage of distant leaves, as well as the damaged site 
itself. We expect this finding to lead to the development of novel amino acid (glutamate)-type fertilizers and agrichemicals which can 
control the resistance of plants.

Q & A

From award panel members

• This image is based on the extremely high-impact 
scientific achievement which revealed the long-
distance information propagation through glutamate 
receptors and calcium signaling against nociceptive 
st imuli ,  which is s imilar to the information 
propagation system of animals, on which can be 
placed an extremely high value. The video is also 
tremendously powerful and is valuable in showing 
the active information communications in plants 
which, to now, have been considered static.

• This study visualized vibrantly that immovable plants 
are performing signal communications like animals 
to defend themselves from attacks by foreign 
enemies. It is academically and artistically excellent.

• This image shows beauty and originality in getting 
us to realize that plants are living.

• The wave-like propagation of luminescence as a 
result of the plant's response looks fantastic.

• The discovery of the long-distance, rapid, calcium 
signaling in this study is revolutionary and game-
changing; it breaks down the stereotype which has 
existed throughout the long history of plant research. 
This achievement will have a great impact on 
common people as well as on researchers, and we 
can say that it has historic value far exceeding the 
importance of being published in Science.

• It is of value in visualization as a very beautiful video 
in addition to its academic value.
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A Secret Inside FlowersRunner-up  
Prize

Pollen tube elongation in pistils within the innermost part of a  
small flower was observed. Each of the tubes were able to be  
compared accurately with each other by color-coding of the tubes.



A Secret Inside Flowers

Comments from the award recipient

I am deeply grateful to receive the wonderful prize in the 
first commemorable award.

When I look at the micro-world through a microscope, 
sometimes it is as I expected but I often encounter 
something out of the ordinary, so my daily research 
activity is always exciting.

Fertilization in plants takes place dynamically inside small 
flowers. Imaging technology is like a magic tool to me for 
catching a glimpse of a part of the world veiled in mystery.

I hope this work will make you all imagine the secrets in 
plants and therefore in living beings.

Yoko Mizuta
Designated Assistant Professor 
Institute for Advanced Research/ 
Institute for Transformative Bio-Molecules 
Nagoya University

Pistils of Arabidopsis thaliana
Detailed description : Fluorescent protein (mApple, Venus, mTFP1)-labeled pollen tubes, cleared with ClearSee

Observation method : Two-photon excitation microscopy, fluorescence

Magnification : 25x

Year : 2015

Microscopic data : Still image
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A Secret Inside Flowers

Paper

Daisuke Kurihara, Yoko Mizuta , Yoshikatsu Sato , Tetsuya Higashiyama (2015) 
ClearSee: a rapid optical clearing reagent for whole-plant fluorescence imaging.  
Development. 142(23): 4168–4179.

It is very important to observe the body structure of living beings to 
understand how each organ or tissue functions. However, it is difficult to 
see deep inside the body because the bodies of most living beings are not 
transparent. Plants especially have various autofluorescent5 compounds 
such as chlorophyll as a representative example and also consist of various 
different cells with different refractive indices1, and therefore it was difficult 
to see the inside of them without section preparation or dissection.

Thus, in this study, we developed a novel reagent which can make the 
whole plant body transparent without removing fluorescent proteins7. This 
reagent, that was named ClearSee, enabled us to make various plants 
transparent for the first time. Using this, we can observe deep inside plants, 
where no one has ever looked before, keeping their structure and 
fluorescence.

This work concerns the observation of the flowers of Arabidopsis thaliana 
which was cleared with ClearSee after pollination2 using pollens labelled 
with blue, green, or red fluorescent protein and formalin fixation. It was 
possible to observe in detail how each of the pollen tubes3 elongate in the 
pistil for fertilization, using the color-coding of the pollen tubes which are 
hidden inside flowers.

Please see the glossary on p.18 (each superscript number corresponds to the number for each term in it).

Overview of this research
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A Secret Inside Flowers

We explored a plant-clearing reagent which 
removes chlorophyll from plants but retains 

fluorescent protein.
Plant leaves inherently have structure which 

doesn't let the received light escape out.

Inside of flowers (Arabidopsis thaliana)

♂ Pollen

Pistil

Pollen tube

♀ Ovule  
(egg cell)

Fertilization

Seeds

•  It is difficult to observe the inside of flowers because plant bodies are not transparent.
•  The place where the pollen tube elongation occurs is wrapped in the innermost part 

of flowers, and thus dissection or section preparation is often used to study the 
mechanism of seeding.

Tissue structure is often broken, and analysis 
with fluorescent protein is difficult.

Prevent studies

Plant structure and autofluorescence

Prevents 
observation

Strong  
autofluorescence  

(red)
Cells

Air

Cross-sectional leaf structure

(Littlejohn et al., 2014)

Chlorophyll4 in chloroplasts
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1mm

30µm

W/O treatment

4 days later

Urea
Surfactant

Xylitol

Nucleus (GFP)

Autofluorescence

ClearSee
ClearSee Tissue-clearing reagent 

chloral hydrate6

Became transparent just by being 
immersed after formalin fixation.

A variety of tissues of various plants can become transparent  
just by being immersed, while retaining fluorescent protein.

The use of ClearSee got rid of autofluorescence while 
retaining GFP, resulting in plant-clearing.

Plant-clearing reagent ClearSee

Various plant-clearings with ClearSee

A tomato leaf

Seeding of Arabidopsis thaliana

A cucumber leaf

Labelling of leaf veins with 
fluorescent protein (green)

Flowers of Torenia fournieri

W/O treatment (PBS) ClearSee
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A Secret Inside Flowers

W/O treatment

Arabidopsis  
thaliana

Two-photon excitation (Ex. 990 nm)

ClearSeePollination was 
performed with red, 

green, or blue-
labelled pollens.

•  The pistils in the whole flower was able to be observed without other 
treatment such as dissection.

•  Spatial studies with retained tissues like how and where pollen tubes elongate 
became possible.

32 ch PMT (detector)

NDD PMT,  
GaAsP (detector)

MaiTai Hp DeepSee 
690–1040 nm

Inverted type

Flower insides observed with two-photon excitation microscopy

Focal plane

Laser

Single-photon excitation

Ultraviolet/visible light

Continuous oscillation
Pulse oscillation

Two-photon excitation

Special light

Small damage

Near-infrared light

A microscope suited for observation of deep parts 
of the body of living beings.

Mizuta et al. (2014) Plant Morph.
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1. Refractive index
One of the physical quantities describing light propagation in 
substances. The greater the difference in refractive index between  
substances, the more light scatters significantly.

2. Pollination
Means adherence of pollens to pistils.

3. Pollen tube
Consists of cells formed in a tubular structure; it germinates from 
pollens and elongates.

4. Chloroplast chlorophyll
Chloroplast-containing pigment involved in photosynthesis.

5. Autofluorescence
Fluorescence derived from substances originally existing in cells and 
tissues.

6.  Chloral hydrate tissue-clearing reagent
An aqueous solution used conventionally for plant fixation and 
clearing.

7. Fluorescent protein
Protein fluorescing when exposed to excitation light. GFP means 
green fluorescent protein.

Glossary

Memo
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A Secret Inside Flowers

Q1 What kind of technical background led to the development of the plant-clearing reagent ClearSee?

Conventional plant-clearing reagents had problems such as damaging the plant tissue structure and removing fluorescent protein. 
Recently, novel animal-clearing reagents such as the Scale solution and SeeDB had been developed. By reference to them, the plant-
clearing reagent ClearSee, best suited for plants, was developed to solve the problems above.

Q2 Are there any plants that are less easy to clear with the plant-clearing reagent ClearSee?

Trees with hard tissues into which the solution cannot infiltrate and plants with water-repellent surface structure are more difficult to be 
clear.

Q3 Why do the pollen tubes derived from the pollens with the same label converge from a bundle-like 
structure to a single point at a lower position?

Multiple images were taken spatially from the tip to the deep inside and from the front to the back of the pistil, but the images in the 
front were removed and those in the back were used to synthesize to obtain the image here for better visibility of the inside of pistil. The 
reason why the pistils look like they are converging to a single point is the removal of the front images.

Q4 Are there any substances preventing the imaging except for chlorophyll?

Lignin (a kind of phenolic polymers) included in cell walls prevents it.

Q & A

From award panel members

• Based on the development of a novel technique 
called ClearSee for plant-clearing and tissue 
observation, they succeeded in analyzing the 
morphology of each pollen tube while retaining its 
structure by applying the technique to the pollen 
tube elongation. It can be highly evaluated. The 
two-photon excitation microscopic image is 
extremely beautiful; it looks like another flower is 
blooming within the flower.

• It looks like a colorful bouquet and is extremely 
beautiful. This study is academically excellent in the 
field of plant biology.

• This research has developed an important plant-
clearing technique for studying the inside structure 
and inside cells of plants. This has the potential to 
contribute widely to plant research and the 
technique is extremely important.

• To see the beautiful structure inside flowers in this 
way is very surprising and the colorful image is really 
beautiful. I look forward to seeing its three-
dimensional image in the future.
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Auditory brainstem circuits detecting         interaural time differenceSpecial Prize

Three-dimensional neural network structure was visualized to  
study the interaural time difference-detecting auditory brainstem  
circuit functioning for sound source localization.



Auditory brainstem circuits detecting         interaural time difference

Comments from the award recipient

It is quite an honor to receive the special award at this 
time.

There are often moving moments within conducting 
studies. For me, one of those moving moments is the time 
when I actually see the beautifulness of neural circuits 
hidden in the tissues.

How do cells build such sophisticated structure? I’ve spent 
my days conducting the study with undergraduate medical 
students to unravel the mechanism.

I hope even a little of neural circuit attractiveness and 
excitement in this study will be shared through this work.

Ryo Egawa
Designated Assistant Professor 
Laboratory of Cell Physiology  
Graduate School of Medicine 
Nagoya University

Hiroshi Sekikawa
Undergraduate student  
School of Medicine

Hiroshi Kuba
Professor

Chicken embryo (age: 15 days), brainstem, nucleus magnocellularis (NM) neurons
Detailed description : Tetbow and tissue-clearing with CUBIC method

Observation method : Confocal microscopy, fluorescence

Magnification : 10x

Year : 2019

Microscopic data : Video
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Auditory brainstem circuits detecting  
interaural time difference

Paper

Hiroshi Kuba (2012) 
Structural tuning and plasticity of the axon initial segment in auditory neurons. 
The Journal of physiology. 590(pt22): 5571-5579.

Hiroshi Kuba (2016) 
"Neural circuit mechanism detecting interaural time difference" 
Audiology Japan. 59(4): 211-217.

Formation mechanism of interaural time difference-detecting 
auditory brainstem circuits
Most mammals and birds perform sound source localization based on both 
time and pressure1 differences of sounds incoming to the right and left 
ears. However, the time difference-detecting circuit does not function for 
mice, widely used as laboratory animals, due to different hearing range2, 
and thus studies on the time difference-detecting circuit with genetic 
engineering7 procedures have not progressed.

We established a flexible genetic engineering method for auditory 
brainstem4 circuits of chicken embryo, and successfully visualized and 
manipulated time difference-detecting circuits.

Please see the glossary on p.26 (each superscript number corresponds to the number for each term in it).

Overview of this research
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Auditory brainstem circuits detecting interaural time difference

Sound source localization: Where do sounds come from?

How is sound source localization carried out? First,  
the animal needs to listen to sounds using the right and left ears.

Our lives are always surrounded by sounds. We understand the 
space around us by unconsciously and habitually recognizing the 
direction where each sound comes from. By this, we can look back 
when being called, feel that a car is approaching on the street, 
and feel realistic sounds at a movie theater as if we existed within 
the screen.

The ability to understand the directions where sounds come from is 
called sound source localization. Animals besides humans also 
have this ability, and birds especially are known to have excellent 
sound source localization. For example, owls can catch prey even in 
the darkness by relying only on sounds.

Auditory brainstem circuits detecting  
interaural time difference
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The key to understanding sound source localization: interaural time difference

The right and left ears differ slightly from each other in how sounds are listened to. One of the key factors is 
time difference of sound input.

The arrival time from a sound source to one ear is different from that to the other, depending on where the 
sound comes from. This is called interaural time difference. Since sound travels at 340 meters per second, 
the time difference is less than a millisecond (thousandth of a second). However, we have the ability to detect 
this time difference with an astounding accuracy of about 10 microseconds (hundred-thousandth of a 
second), and can distinguish the direction of the sound source even if the angle difference is only 1 °.

It is our brains that detect the immeasurably slight difference. In our brains, there are neural circuits for the 
detection of interaural time difference.

Interaural time difference: None Interaural time difference: Small Interaural time difference: Large

Long

Short

When the sound comes  
from the front

When the sound comes  
from an oblique direction

When the sound comes  
from the side
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Auditory brainstem circuits detecting interaural time difference

Auditory brainstem circuits detecting interaural time difference

The neural circuit detecting the interaural time difference exists in the brainstem. This circuit has been studied 
especially in birds. Sound information is first converted to nerve activity at the cochlea, which is deep in the 
ear, and then propagated to the brainstem. A pair of neuron groups called NM5 and NL6 exists on both the 
right and left sides of the bird brainstem. NM receives the input from the cochlea at the same side and 
transfers the activity to the NLs on the same side and on the contralateral side. The interaural time difference is 
detected by comparing the time information from the right and left sides.

The key to detecting the interaural time difference is the neural wiring connecting NM to NL. 
These wires are aligned with regularity, in which each of them propagates different sound pitch information.  
We established the technique for visualization and manipulation of each wiring of the neural 
circuit using genetic engineering methods. With this technique, we have been studying the mechanism for 
constructing the precise circuit detecting the interaural time difference.

A drawing of an auditory brainstem 
circuit of a bird

A cross-section of brainstem

Cochlea

Visualization of each connection

NL

NM

Detection mechanism of interaural time difference

NM

NL

Activation does not occur at the same 
time due to the interaural time difference.

The signal from the opposite  
side diverges and is input in turn from the neuron 

nearest the center of the brain. A delay line

A cell at the position  
corresponding to the interaural time  

difference is strongly activated upon the input 
from the same and opposite sides.
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1. Sound pressure
Sound intensity. This is equivalent to variation in air pressure with 
air vibration. The unit used for this is pascal (Pa). The unit of sound 
pressure expressed as a relative scale to the auditory sensitivity of 
humans is decibel (dB). The minimum audible pressure, which is 20 
μPa, is set to 0 dB and the value in dB increases by 20 dB every 
time when the sound pressure becomes 10 times (e.g. the sound 
pressure of usual conversations is 20 mPa = 60 dB; that of a loud 
blast of a jet engine is 20 Pa = 120 dB).

2. Hearing range
Audible sound pitch range. Sound pitch is expressed in frequency 
of the vibration and the unit used for this is Hz. To humans, 
approximately 20 Hz is the lowest limit of sound pitch and 20,000 
Hz is the highest. The sound beyond the highest pitch is called 
ultrasonic waves.

3. Cochlea
An organ with a tubular spiral shape existing deep in the right and 
left ears. The basilar membrane inside the cochlea is vibrated by 
sound through the eardrum and the ossicle. A different site on the 
basilart membrane is easy to vibrate by sound with a different 
frequency. A high-pitched sound vibrates the outside region of the 
spiral near the ossicle and a low-pitched sound vibrates the center 
region of the spiral far from the ossicle. Hair cells adjacent to the 
basilar membrane detect the vibration, causing its electrical 
alteration. The sound information, consisting of each frequency 
component being received by each different site on the cochlea, is 
transferred to the brainstem through the cochlear nerve.

4. Brainstem
A brain region shaped like a tree trunk supporting the cerebrum. It 
contains dense neural circuits essential for maintenance of life and 
relays sensory and motor information. Auditory information is first 
input to a region called pons of the brainstem and the output to 
upper brain regions.

5. NM
Nucleus magnocellularis. It is one of the neuron groups (nucleus) 
that exists in the brainstem and is the first region to receive sound 
information propagated from the cochlea. It corresponds to 
anteroventral cochlear nucleus (AVCN) of mammals.

6. NL
Nucleus laminaris. It is a nucleus in which neurons align in a sheet-
like structure. Its dorsal and ventral sides receive input from NM at 
the same side (right or left) and the opposite side, respectively. It 
corresponds to the medial superior olive (MSO) in mammals.

7. Genetic engineering
A collective term of techniques artificially manipulating genes. In 
this study, each NM neuron was visualized through the Tetbow 
method that randomly express genes of multiple fluorescent 
proteins derived from jellyfish and coral.

Glossary

Memo
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Auditory brainstem circuits detecting interaural time difference

Q1 It is described in your study that a different neuron responds to a different sound pitch.  
What's the difference of the responding neurons?

In the cochlea, there are regularly aligning cells, each of which selectively responds to a specific sound pitch. A similar positional 
relationship is also seen in the auditory information-receiving brainstem and the auditory region of the cerebral cortex. The wires 
connecting the different regions propagate sound frequency information without becoming crossed. Such cell arrangement is called 
tonotopy. It is considered a complicated and precise molecular mechanism exists in the background of tonotopy formation, but the details 
still remain unclear. This is one of the mysteries we want to solve the most.

Q2 How does NL detect the interaural time difference?

The connection between NM and ML is the key to detecting interaural time difference. The neurons aligning in a sheet-like structure in the 
NL is strongly activated when receiving input from the left and right NM neurons simultaneously. However, the inputs from the contralateral 
NM reach the NL in order from medial to lateral. due to the branched wiring pattern called delay line. The input timing difference decides 
which neurons in the NL is activated corresponding to the interaural time difference.

Q3 If sound pressure only influences, what happens with sound source localization accuracy?  
How does sound source localization accuracy become better by detecting time difference?

It is considered sound source localization accuracy, especially at low-pitch regions, becomes lower if only using the sound pressure 
difference. Low-pitch sounds propagate around obstacles and thus do not tend to create a difference between loudness in the right and 
left ears. On the contrary, it is considered sound source localization accuracy at high-pitch regions becomes lower if only using the time 
difference. Sounds are converted to the nerve activity at the phase peak, so when the frequency becomes high and thus the width of 
phase becomes short, it becomes difficult to detect the phase shifting accurately. The use of both time difference and sound pressure 
difference enables the precise sound source localization at a wide range of sound pitches.

Q4 What is the mechanism of sound source localization along the vertical direction?

When sound waves hit pinna ear, they reflect or diffract. The pattern is dependent on sound frequency. As a result, each frequency of 
sound is strengthened or weakened, depending on the direction it comes from, to reach the eardrum. Animals unconsciously learn this 
alteration pattern of frequency for sound source localization along the vertical direction. Thus, we become unable to carry out sound 
source localization along the vertical direction if we use a lump of clay to fill the surface concavity and convexity of our pinna ears.

Q & A

From award panel members

• Procedure development to identify and observe 
brainstem neural circuits related to sound source 
localization can be highly evaluated. The imaging 
technique taking advantage of the tissue-clearing 
technique is also excellent.

• The image has a particular mystique suggestive of 
the universe. This work is extremely fantastic and 
beautiful.

• This has a visual impact. The neural circuit looks 
beautiful, which reminded me of the beauty of the 
universe.

• The image is visually reminiscent of installation using 
big data and excites the viewer’s imagination.

• This visualizes the beauty of neural circuits attracting 
neuroscientists.
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A super-resolution image of the inner         mitochondrial membrane developed in starved cells
The image that the inner mitochondrial membrane became elongated  
and dense in nutritionally starved cells was taken with super-resolution 
microscopy.

Special Prize
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Comments from the award recipient

I am absolutely delighted to receive the special prize at 
the treasured first NIKON JOICO AWARD. This work is one 
of the achievements accomplished with coworkers and I 
would like to use this opportunity to express my deep 
appreciation for them.

I think images of cell structure and functions displayed 
authentically are not only important research outcomes 
but also works of art.

I was really encouraged by the award-winning this time 
and would like to push forward my research so I am able 
to elevate academic excellence and artistry of my research 
to further heights.

Human-derived cell lines, HeLa cells, mitochondrial cristae
Detailed description : Cell membrane-permeable fluorescent labeling agent for mitochondria (MitoPB Yellow)-labeled HeLa cells, starved

Observation method : Super-resolution microscopy, fluorescence

Magnification : 100x

Year : 2018

Microscopic data : Still image
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A super-resolution image of the  
inner mitochondrial membrane developed  
in starved cells

Paper

Chenguang Wang, Masayasu Taki, Yoshikatsu Sato, Yasushi Tamura,  
Hideyuki Yaginuma, Yasushi Okada, Shigehiro Yamaguchi (2019)

A photostable fluorescent marker for the superresolution live imaging of the dynamic structure of the 
mitochondrial cristae. 
Proc. Natl. Acad. Sci. USA, 116(32): 15817-15822

In this study, a fluorescent labeling agent for mitochondria MitoPB Yellow 
with extremely high photo resistance was developed, and a clear image of 
the mitochondrial inner folded membrane (cristae) was successfully 
obtained with super-resolution STED imaging, in living cells.

MitoPB Yellow emits strong fluorescence when binding to mitochondrial 
inner membrane proteins, and thus enabled the observation of the highly 
dense cristae in starved cells10 and the morphological changes of cristae 
caused by inhibition of mitochondrial DNA11 replication in living cells. 
Furthermore, its extremely high photostability, enabled to monitor cristae 
dynamics in real time.

Please see the glossary on p.34 (each superscript number corresponds to the number for each term in it).

Overview of this research
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A super-resolution image of the inner mitochondrial membrane developed in starved cells

Observation object dimension and measurement methods

1 Å 1 nm 10 nm 100 nm 1 µm 10 µm 100 µm 1 mm 10 mm 100 mm 1 m

Humans

Chicken eggsHuman cells

Escherichia  

coli

VirusesAtoms

Proteins Mitochondria

PET1

MRI2

CT3

Fluorescence imaging

X-ray structure analysis6

Electron microscopy5

Super-resolution fluorescence imaging 
(1–200 nm)

A super-resolution image of the  
inner mitochondrial membrane developed  
in starved cells
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Mitochondrial structure and functions

Structure

Functions

Outer membrane

Cristae

Inner membrane
Folded structure  
of inner membrane

Mitochondrial dysfunction

Neurodegenerative diseases13 such as 

mitochondrial diseases and 

Parkinson's disease

It had not been possible to observe  

the cristae structure in living cells with conventional fluorescence 

imaging techniques.

Improvement of  
energy (ATP7) producing 
efficiency

A conventional image obtained by 
fluorescence microscopy

• Energy synthesis

• Generation of reactive oxygen8 species

• Control of apoptosis (cell death)9

• Calcium storage

32



A super-resolution image of the inner mitochondrial membrane developed in starved cells

Research achievements and future directions

Challenge

Strong laser irradiation had been necessary for super-resolution imaging4.

Achievements

Future directions

Succeeded in developing a labeling agent for mitochondrial inner membrane 
with extremely high photostability.

• Clear visualization of cristae in living cells.

• Real-time imaging of cristae dynamics.

• Simple detection of abnormal cristae morphology.

Mitochondrial labeling agents that would not be bleached even under exposure to strong 
light had been required.

Abnormal cristae morphology caused 

by inhibition of mitochondrial DNA 

replication

It is expected to solve how alterations in the mitochondrial 

morphology and cell functions affect metabolic diseases12, 

neurodegenerative diseases, cancers, and aging.

Swelling Fission

Recovery Fusion

Use as a diagnostic agent and a therapy 
development tool for neurodegenerative 
diseases.
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1. PET
Positron emission tomography. A computed tomography using 
positron detection.

2. MRI
Magnetic resonance imaging. An imaging technique using 
magnetic and electric fields for living bodies.

3. CT
Computed tomography. A computer-using imaging technique 
reconstructing body cross-sectional images obtained with radiation.

4. Super-resolution imaging
An imaging technique obtaining resolution superior to light 
diffraction limits. The microstructure of cells can be visualized.

5. Electron microscopy
A kind of microscopy to obtain magnified images by irradiating an 
observation object with an electron beam. It features a high spatial 
resolution.

6. X-ray structure analysis
A method for determination of molecular three-dimensional 
structures by analyzing X-ray diffraction patterns from samples.

7. ATP
Adenosine triphosphate. Energy for cell activity in living organisms.

8. Reactive oxygen
Oxygen with higher reactivity produced by external stimuli.

9. Apoptosis
Programmed cell death occurred within a mechanism determined 
by genes.

10. Starved cells
Cells cultured without nutrients, such as amino acids.

11. Mitochondrial DNA
DNA including genetic information associated with mitochondria.

12. Metabolic diseases
A collective term of diseases caused by mutations in enzyme genes 
related to metabolism. 

13. Neurodegenerative diseases
Diseases causing loss of certain neuron groups due to gradual 
damage.

Glossary

Memo
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A super-resolution image of the inner mitochondrial membrane developed in starved cells

Q1 Why does the alteration of cristae morphology occur? How does it influence cell functions?

The mechanism of cristae morphology alteration still remains unclear. Clarifying the mitochondrial functions and morphology, and their 
relationship with cell functions, has been a very important research challenge. The technique developed in this study enabled the clear 
observation of cristae in living cells and thus is expected to reveal their mechanism.

Q2 Why has it been difficult to observe the cristae structure in living cells? I think there has already 
been observation methods and mitochondrial labeling agents.

The distance between adjacent cristae is 100 nm or less, with some variation depending on cells. This is smaller than the light diffraction 
limit, and thus the observation with conventional optical microscopes cannot distinguish the two different adjacent cristae. It is 
theoretically possible to observe cristae with super-resolution microscopes, but there has not been any mitochondrial labeling agents 
suitable for this purpose. The MitoPB Yellow developed in this study has extremely high photostability and specificity for inner membrane, 
and thus observation of cristae with a super-resolution microscope became possible.

Q3 What kinds of drugs have been developed for diseases caused by mitochondrial abnormity?

Diseases caused by mitochondrial dysfunction are called mitochondrial diseases and have been designated as intractable diseases by the 
government. The genes responsible for them are in the process of being identified, but effective drugs have not yet been developed. I 
expect the combination of MitoPB Yellow and super-resolution microscopy will lead to searching for sources for novel drugs and will 
clarify drug action mechanisms.

Q & A

From award panel members

• Mitochondrial inner membranes are microstructures 
unable to be vividly imaged without super-resolution 
microscopy, but the bleaching of fluorescent probes 
has been problematic upon observation of living 
cells with super-resolution microscopy. The image 
obtained in th is  study is  valuable because 
mitochondria, the morphology of which was 
changed in response to starvation of cells, was 
vividly visualized with the newly developed labeling 
agent with super light resistance.

• This is an important paper developing a technique to 
visualize the mitochondrial inner structure. This has 
potential to be applied in medical fields in the future.

• This study can contribute a lot to the future 
development of super-resolution imaging.

• This is a high-level research reported in PNAS.
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