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Abstract

N

The present paper is a contribution to the memory of a scientist and, thereby, a report about an outstanding re-
search achievement that may help future investigators in the field of cholinergic nerve transmission. Indeed, Shigeru Tsuji
realized a basic analysis of the histochemical reactions used to detect acetylcholinesterase activity. Moreover, he remains,
until now, a pioneer in the in situ localization of the quaternary ammonium compounds, such as choline and acetylcholine.
Always open-minded, Tsuji remarkably understood, at the end of his life, the relevance of initiating research in the newly
emerging field of quantal neurobiology. Here, his significant findings will be put together to emphasize that they provide
both enlightening data and very useful tools for further works in the domain of the cholinergic synapse.
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The birth of a vocation

Shigeru Tsuji was born in Japan a few years before
the Second World War. The young boy was thrown early in
the tragic atmosphere prevailing at that time. And, later, the
adolescent will be troubled by the contradiction that he had
felt, during his childhood, between the militarist propagan-
da and the reality of the war. It is probable that such puz-
zling questions marked his personality at the point he will
always be unsatisfied not to be able to understand the things
as clearly as he wished. Trying to understand is a prevailing
trait for a scientist. However, the origin of a vocation remains
always beyond any rational consideration. Thus, precursor
events appeared in the life of Tsuji as decisive milestones that
engaged him for all his life. He liked to report that, during a
lesson of biology delivered at school, he was fascinated when

©2019 The Authors. Published by the JScholar under the terms of the Crea-
tive Commons Attribution License http://creativecommons.org/licenses/
by/3.0/, which permits unrestricted use, provided the original author and
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watching the beating heart of a frog. This experience seemed
decisive in his wish to study biology and understand this mys-
terious life he observed at once. Tsuji entered, thus, Tokyo
University of Education where he obtained his master degree
in the faculty of science. Then, he received the opportunity to
spend two years in Germany to work in the laboratory of Kurt
Greven (Institute of animal physiology, Frankfurt am Main
University). Thus, at the end of a memorable travel by sea from
Yokohama to Marseille, he discovered Europe and began his
scientific life in Frankfurt am Main. There, he evidenced new
centers of automatism in the chain of the nerve conductor sys-
tem of the frog heart[1,2]. After coming back to Japan, Tsuji
became interested to study thoroughly the neuronal activity of
these nerve centers regulated by acetylcholine neurotransmis-
sion. He heard about the work of two famous French histo-
chemists, René Couteaux and Jacques Taxi, who had devised
a successful method to accurately visualize in situ the activ-
ity of acetylcholinesterase (AChE), the enzyme that catalyzed
acetylcholine degradation [3].Then, with the aid of his future
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wife, Thérese, Tsuji began exchanges by mail, and, through the
recommendation of DeniseAlbe-Fessard (Laboratory of nerve
centers physiology, Faculty of Sciences, Paris) he was invited
in Paris by Couteaux to apply AChE histochemistry on the pe-
ripheral nervous system. When he entered for the first time the
Parisian laboratory of cytology, the young Japanese fellow did
not know that he would become one of its members and would

stay there until his retirement!

To the school of the Parisian neurobiologists

Despite the obstacle of language and the cultural
chock, Tsuji rapidly showed a particular aptitude for under-
standing the mechanisms of histochemical reactions. It is,
thus, not surprising that, with the recommendation of Cou-
teaux, he got a position at the C.N.R.S., the National Center
of Scientific Research. In a few years, the young Japanese sci-
entist, endowed with a communicative enthusiasm, became
respected by his French scientific colleagues. He had, then, the
unique opportunity to collaborate with some of the leading
neuroscientists working in France at that time. In these years,
he continued his study of the cholinergic nerve transmission,
the domain he would never leave afterward. He participated to
the immunocytochemical localization of AChE and of the ace-
tylcholine receptor in the laboratory of Jean-Pierre Changeux
(Pasteur Institute, Paris) [4,5]. He gave his contribution to pio-
neering works on the molecular species of AChE in the labora-
tory of Jean Massoulié (Physical and Chemical Biology Insti-
tute, Paris) [6]. He worked on the putative role of intra-cellular
ACHhE in the laboratory of Ladislas Tauc (Laboratory of Cel-
lular and Molecular Biology, Gif-sur-Yvette) [7]. These years
passed in a very stimulating atmosphere provided Tsuji with
a strong formation for advanced research. Thus, his expertise
in electron microscopy largely contributed to the basic study
performed by Denise Cade (Pierre et Marie Curie University)
on the in vitro de-differentiation of the proximal tubules of
the bovine nephrons [8]. Tsuji was hence armed to begin his
original contribution to the understanding of the cholinergic
synapse. This started when he attempted to localize AChE on
35 nm thick ultra-thin frozen sections by a negatively stained
immune complex. By this technical tour-de-force, he obtained
an AChE immuno-staining on the basal lamina of the synaptic

cleft in the electric organ of electric eel [9].

The cellular localization of the cholinergic
agents: a rather hard challenge for histochem-

ists.

Degradation of acetylcholine released from nerve
terminals was considered as an essential step for the fine regu-
lation of the action of the neurotransmitter on the target cells.
Thus, thorough researches were undertaken to localize and
identify AChE, the agent of acetylcholine degradation [for
review see 10]. In situ localization of AChE activity became
possible thanks to the Koelle and Friedenwald’s method [11]
that used acetylthiocholine as an artificial substrate of AChE.
Thiocholine was formed as the reaction product and precipi-
tated at the enzymatic site with copper ions. Thus the final pre-
cipitates of cupro-thiocholine (converted in cupric sulphide,
a black precipitate) revealed in situ the sites of AChE activity,
providing controls of the specificity for AChE. After its subse-
quent improvement to decrease the artifactual diffusion of the
precipitates [3], AChE histochemistry became an important
tool for the in situ study of the cholinergic nervous system. A
method, based on the formation of the metallic precipitate of
cupric ferrocyanide at the site of AChE activity, was proposed
by Karnovsky and Roots [12]. The reaction of Karnovsky and
Roots allowed reliable observation of enzymatic activity at the
ultra-structural level, and, thus, gave a new impulse in the his-
tochemistry of the cholinergic nervous system. It was shown
that AChE activity was located in the synaptic cleft associated
with cholinergic neurons [13,14]. This was confirmed when
AChE itself was localized by immuno-cytologic procedures
using specific antibodies directed against the purified enzyme
[15]. However, AChE activity was currently detected not only
in the cholinergic but also in the non-cholinergic neuronal cell
bodies. Since histochemical detection of AChE was not suit-
able to identify unequivocally the cell bodies of the cholinergic
neurons, it was considered as a last resource, only useful for
general staining of nerve circuits. Moreover, in situ detection
of choline acetyltransferase (ChAT), the synthesis enzyme of
acetylcholine, and of its enzymatic activity, remained a puz-
zling question, especially in the peripheral nervous system. At
last, despite the breakthrough made in the research on acetyl-
choline receptors [16], the study of cholinergic synapse in situ
was hampered by the impossibility to precipitate acetylcholine
itself for a suitable localization [see 17]. All these obstacles
were certainly much more than sufficient to engage an eager
histochemist, as was Tsuji, to gather his strengths for the sci-

entific challenge of the cholinergic synapse! (Figure.1)
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Figure. 1: Draft written in French by Tsuji on the two main
theories of acetylcholine (Ach) release in the cholinergic syn-
apse. Acetylcholine is released in the synaptic cleft from exocy-
tosis of synaptic vesicles (vesicular theory, favoured by B. Katz
and R. Couteaux) or through axoplasmic diffusion (non-vesic-
ular or axoplasmic theory, favoured by M. Israél). Still today,
the mechanism of acetylcholine release remains to be clearly

elucidated.

Histochemical detection of AChE activity:

when old methods shed light on new problems

Thanks to their modification of the original Koe-
lle and Friedenwald’s method, Couteaux and Taxi obtained a
satisfactory localization of AChE activity in the frog neuro-
muscular junction [3]. When these authors observed, at light
microscope level, AChE activity underlying the folds of the
sarcolemma outside of the nerve endings, they proved the rel-
evance of histochemistry for the investigation of the nervous
system. This all the more as Karnovsky and Roots devised, a
decade later, a method enabling suitable localization of AChE
activity under electron microscope [12]. Tsuji began his ac-
tive research in cholinergic nerve system in this hinge period.
He rapidly understood that the sharpness of the localization of
AChE activity could still be improved by obtaining a minimal
diffusion of the histochemical precipitates. He, thus, began
thorough methodological research that will last on more than
30 years, with ups and downs before obtaining a fine result at
the end.

Following a trend of his personality, Tsuji looked at
first for elucidating the components formed in the “soups” of
the histochemical reactions. He liked to compare maliciously

histochemistry with good cooking and a beautiful painting.

This humor masked a profound exigence towards experimental
results. Furthermore, Tsuji always thought that science without

joy and beauty is not more than a poor and sad thing (Figure.2)
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Figure. 2: Postcard made by Tsuji on the occasion of the 1997
New Year. The year 1997 marked the centenary of the introduc-
tion of the concept of the synapse by CS Sherrington (see 10). In
the following text, originally written in Japanese and in French,
Tsuji compared the synapses to inter-relation places in human
societies:“The synapse is a place of communication between
nerve cells. In human societies, something is similar to synapse.
In the past in Nagasaki, Deshima island was a true synapse be-
tween Europa and Japan. Where could we find, today, synapses
in our societies?” (from “Le Cerveau au Microscope” (2017).

Barbara J-G and Clarac Feds., Hermann, Paris.

Thus, Tsuji undertook a sharp analysis of the histo-
chemical reactions devised by Koelle and Friedenwald and by
Karnovsky and Roots for localizing AChE activity. His work
brought out basic data that remain until today a reference in this
domain. Indeed, he demonstrated that the reaction of Koelle and
Friedenwald did not occur when iodide was replaced by another

halogen anion, such as chloride, and that the histochemical pre-
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cipitate actually was cuprous thiocholine iodide [18]. The chemi-
cal analysis of the medium of Karnovsky and Roots showed the
unexpected presence of the precipitate taking place in Koelle
and Friedenwald’s reaction, in addition to cupric ferrocyanide
(Cu'* Fe'*(CN),), the well-known precipitate of Karnovsky and
Roots. It was demonstrated that, in the medium of Karnovsky
and Roots, cuprous thiocholine iodide reacted with Fe***(CN) to
form Cu*,Fe***(CN),. Thus, the reaction of Karnovsky and Roots
actually resulted in the formation of two precipitates, Cu** Fe™*
(CN), and Cu*Fe**(CN)(26). Moreover, these two products
may be transformed into each other by alternating intra-mo-
lecular oxide-reduction [19]. However, these significant in vitro
data did not practically result in a decisive decrease of the dif-
fusion artifacts of the precipitates in the in situ localization of
ACHE activity. A solution was unexpectedly brought by the birth
country of Tsuji when Hisao Tago and his collaborators devised
a new method based on diamino-benzidine oxidation by the me-
tallic precipitates formed in the reaction of Karnovsky and Roots
[20]. The method of Tago enabled both sharp and intense histo-
chemical staining of AChE activity and became commonly used
in a series of modified forms. Then, inspired by these new re-
sults, Tsuji undertook a methodological analysis of the different
catalytic activities of the Karnovsky and Roots precipitate and
obtained, in the end, the images that he was looking for from the
beginning [21] (Figures.3 and 4).The localization of AChE activ-
ity became reliable at the scale of an organelle or of an intracel-
lular compartment. It is noteworthy that, already before this last
work, the outstanding contribution of Tsuji in AChE histochem-
istry was remarkably resumed by Peter. .S toward in a textbook
of histochemistry [22].

Figure. 3: AChE activity in a dopaminergic neuron of the rat
substantia nigra detected by Tago’s method without metallic im-

pregnation, and observed at electron microscopic level: The dark

precipitates of DAB oxidized by cupric ferrocyanide are finely
localized in the endoplasmic reticulum (ER) and in the nuclear
envelop. M: mitochondria, N: nucleus. (x 24,000). (From Tsuji,
1998)

Figure. 4: Cytoplasm of a dopaminergic neuron at electron mi-
croscopic level. AChE activity detected by Tago’s method without
metallic impregnation is visible as dark precipitates in the cis-
ternae of the Golgi apparatus (G). M: mitochondria. (x 84,000).
(From Tsuji, 1998)

The aptitude of Tsuji for re-using and renewing the ne-
glected methods was particularly well illustrated in the field of
AChE histochemistry. Indeed, he used the precipitation of or-
ganic non-metallic compounds, such as red a-naphtyl azo dye
[23], to reveal AChE activity after silver nitrate impregnation
[24]. Moreover, employing these non-metallic compounds for
the histochemical reaction, he devised a method combining the
localization of AChE activity and neuropeptide immunoreactiv-
ity [25].

This story is not only a series of interesting results for
the records of histochemistry. Indeed, the localization of AChE
activity recovered primal significance when were established the
non-cholinergic functions of cholinesterases in basic phenom-
ena, such as cell-cell interaction, cell division, cell differentiation
and neural development [see 26]. Several investigations con-
firmed this new field of research, such as evidence for a mor-
phogenetic role of AChE in axonal outgrowth [27]or induction
of AChE during apoptosis [28].Tsuji participated with enthusi-
asm for this renewal. Thus, in collaboration with morphologists
working on the central nervous system, he provided ultra-struc-
tural data suggesting AChE release from the dendrites of the do-
paminergic neurons in the rat substantia nigra [29]. Moreover,

using immunocytochemistry, Tsuji detected AChE in structures
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identified as dendritic spinules. These data suggested a putative
role of AChE in synaptic plasticity, in particular in the remod-

eling of the cholinergic synapses [30].

The discovery of the role of AChE in the pathogenesis
of Alzheimer’s disease could be of therapeutic importance. Un-
til now, Alzheimer’s disease is most commonly treated by AChE
inhibitors in order to reduce the symptoms due to the loss of
cholinergic neurons. However, AChE might intervene in the
pathological process by favoring the aggregation of beta-amyloid
peptide and modulating tau-phosphorylation [31-33]. There-
fore, the proposition of new AChE inhibitors specifically target-
ing beta-amyloid deposition and abnormal tau-phosphorylation
may lead to an improvement in the cure of Alzheimer’s disease
[31-33]. In this context, Tsuji showed, thanks to the fruitful sup-
port of Tsutomu Hashikawa (laboratory of Neural architecture,
RIKEN, Brain Science Institute, Wako, Japan),that the use of
new methods, such as backscattered electron imaging and X-ray
mapping, enabled the observation of extra-neuronal AChE ac-

tivity in fine neural networks [34].

Finally, the important contribution of Tsuji in AChE
histochemistry could provide useful tools to understand so far

unknown properties of this enzyme.

Ionic fixation of acetylcholine-like cations: sun
and rain on original research

This is now a key point of Tsuji’s work. It is the best and
the most disputable part of his research. The first wish of this
report is that the best be highly considered for future investiga-
tions, whereas most disputable be simply seen as the reverse of
the medal.

Tsuji wrote in a first paper: “A chromatography tech-
nique which characterizes choline by phosphomolybdic acid
(...) an analogous molybdenum compound of PTA (phospho-
tungstic acid), gave us the idea of using an heteropoly tungstic
acid for cytochemistry of diffusible substances in nerve termi-
nals” [35]. Thus, he understood that tungstic heteropolyanions
might precipitate acetylcholine in situ, providing the use of suit-
able experimental conditions. And, indeed, after using phospho-
molybdic or silicotungstic acid (STA) at low pH, he regularly
observed point-like precipitates in the synaptic vesicles of the
cholinergic nerve terminals of the frog neuromuscular junction,
whereas only background staining was seen in the cells of mus-
cular and connective tissue [36-37] (Figure. 5).Tsuji interpreted
the point-like staining as vesicular acetylcholine precipitated in
situ by STA. He called this method “ionic fixation” since STA

has the property to precipitate quaternary ammoniums, such as

choline or acetylcholine, after ionic interaction.

B IR i oy AT

i AL

Figure. 5: Ultrastructural localization of acetylcholine-like cati-
ons in a frog neuromuscular junction at 25 °C (resting state).
Point-like precipitates of acetylcholine-like cations are observed
in the synaptic vesicles of the nerve terminal (NT). JF: a junc-
tional fold of the synaptic cleft, M: muscle cell.(x 100,000)

This result appeared, at first, as a breakthrough in the
wall stood up by the impossibility to localize acetylcholine in
situ. However, STA and the other hetero-polyanions could pre-
cipitate, not only choline and acetylcholine but also, at variable
degrees, all the quaternary ammonium compounds including
those of soluble proteins. Therefore, the method was finally
named “lonic-fixation of acetylcholine-like cations” Thus, the
specificity of this method for in situ localization remained to be
established. And, Tsuji will accept to take up this challenge in the

following years.

Nevertheless, the sun rose when ionic fixation was applied at low
temperature in resting and excited frog neuromuscular junction.
Indeed, the diffusion of acetylcholine-like cations in the synaptic
cleft was markedly reduced at temperatures ranging from 0 to 4
C°. Tsuji obtained, in these conditions, spot-like precipitates in
the synaptic space just at the level of the active zone described
by Couteaux and Pécot-Dechavassine [38,39] (Figure. 6). These
images displayed twin spots at the supposed sites of the double
rows of exocytotic vesicles, and laminar precipitates extending in
the folds of the subneural apparatus [40]. They were heartfully
received by Couteaux who recognized the best confirmation of
his hypothesis of “active zone” of the nerve terminals. Indeed,
when it was applied at low temperature or during nerve stimula-
tion, ionic fixation evidenced that in the neuromuscular junction

an intense activity was related to the structures of the active zone.
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This work is certainly one of the most beautiful contributions of

Figure. 6: Ultrastructural localization of acetylcholine-like cati-
ons in frog neuromuscular junction at 0°C. The diffusion of
acetylcholine-like cations in the synaptic cleft is reduced at low
temperature, which enables the visualization of pairs of diffuse
precipitates beneath the sites of the active zone of the nerve ter-
minal (NT). M: muscle cell. (x 100,000)

Clouds came rapidly after in the shape of scepticism concerning
the specificity of the ionic fixation for acetylcholine. Tsuji was
probably not sufficiently cautious about the confusion he might
cause when he displayed his results obtained in a series of dif-
ferent experimental conditions. The stringent treatments of the
cellular tissues (low temperature, nerve stimulation, low pH of
ionic fixation) caused poor preservation of the ultra-structures
and some of the precipitates were rather questionable. A rain of
critics pushed Tsuji to undertake a study to gauge the specificity
of the ionic fixation for acetylcholine. He asked the assistance of
Tadakazu Ohoka who was not only his friend but also a bright
biochemist. In vitro, experimental models and ultrastructural
observation of cholinergic and non-cholinergic nerve terminals
in the frog heart enabled to partly answer to the criticisms. The
results suggested a relative specificity of ionic fixation by STA
for acetylcholine compared to the other neurotransmitters[41].
In fact, in the range of the concentrations found in the cellular
tissues, only acetylcholine, choline, and to a lesser extent, seroto-
nin can be precipitated by STA. Moreover, electron microscopic
studies revealed punctiform precipitates in small clear vesicles of
presumed cholinergic terminals, whereas they were not found
in the large dense-cored vesicles of the presumed noradrenergic
varicosities. However, soluble proteins were precipitated at low
concentrations by STA. This remained a question, although the
pattern of point-like staining in the synaptic vesicles correspond-

ed to the distribution of the cholinergic vesicles.

Further works allowed to precise both the limits and
the relevance of ionic fixation for specific detection of cholin-
ergic nerve terminals. By using this method, the plasticity of the
nerve afferents to nigrostriatal dopaminergic neurons was evi-
denced in Parkinson’s disease, although the cholinergic nature of
all the stained terminals could not be assessed [42] (Figure. 7).
Moreover, ionic fixation seemed more specific for acetylcholine
in the peripheral nerve system [37,41] than in the brain where
the concentrations of neurotransmitters are the highest. Since,
until now, ionic fixation by STA is the unique method allowing
in situ precipitation of acetylcholine, further works must be per-
formed in order to unequivocally characterize the compounds of

the precipitates observed under an electron microscope.

Figure. 7: Ionic fixation of acetylcholine-like cations after tyros-
ine hydroxylase (TH) immunostaining in the substantia nigra of
post-mortem human brain. Two nerve endings (N1 and N2) are
observed in synaptic contact with a TH-immunoreactive den-
dritic process of a dopaminergic neuron (TH) stained by dark
DAB precipitates. Point-like precipitates of acetylcholine-like
cations are present in the synaptic vesicles of N1 and absent in
the synaptic vesicles of N2.(x 60,000)

Curiously, the soundness of this method for future re-
searches came from its successful application to choline auto-
radiography. Indeed, STA enables to limit the diffusion of [*H]
choline captured by cholinergic neurons and allows an intense
and reliable autoradiographic labeling of cholinergic pathways
[43]. This is all the more interesting as ionic fixation is compat-
ible with immuno-cytochemical reaction [43].In the same way,
an important capture of [*H] choline was evidenced in fibrocytes
surrounding the frog motor end-plates [44] (Figure. 8). The con-
tribution of Silvia Araneda, a cytochemistry coming from Chili,
and of Ion Motelica-Heino, a physiologist born in Moldavia, was

essential for obtaining these crucial results. These colleagues of
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Tsuji proved on this occasion that science may, fortunately, gath-

er human beings for the best...

Figure. 8: Ionic fixation applied to the frog neuromuscular junc-
tion after loading with [*H] choline and brief tetanic stimulation.
The cytoplasm of a fibrocyte situated in the vicinity of the neuro-
muscular junction is intensely labeled with silver grains whereas
the nucleus is almost devoid of the autoradiographic label. (x
20,000), (reproduced from the figures of ref. 44).

In one word, ionic fixation is a major contribution for a
reliable visualization of quaternary ammonium compounds used
as histochemical markers, such as [*H] choline and d-tubocurar-
ine [45]. Its relative specificity for acetylcholine in situ remains a
question to be precisely estimated. This method must be a sound
and useful tool for future studies in the domain of the cholinergic
synapse. This is certainly the best wish that Tsuji would transmit

to the next generation of researchers.

When research and friendship gathered...

The ways of scientific research are often going by hu-
man friendship. Thus, Tsuji met Shomatsu Yokoyama in the lab-
oratory of Greven, at the time when he was a young physiologist
who was studying the nerve conductor system of the frog heart.
In these years, Yokoyama was already an experimented scien-
tist, at the head of the department of physiology of the Medi-
cal College of Fukushima, a middle-town in the north of Japan.
His humane and courageous attitude during the tragic years of
the Second World War and his sound personality marked Tsuji
a lot. And from the first meeting until the death of the old mas-
ter of Fukushima that would occur 30 years later, an exceptional
friendship linked them with each other. Tsuji reported himself
this story in the obituary he wrote after the decease of Yokoy-

ama [46]. Indeed, the Professor of Fukushima was a pioneer in

the electrophysiology of the enteric nervous system. After his
retirement, he spent, in 1981, one year in Paris and, there, initi-
ated Tsuji in the physiology of the intestinal nerve plexuses [47].
Following this collaboration, Yokoyama invited Tsuji to work in
this domain through the hospitality of Tsuyoshi Ozaki, a pupil
of Yokoyama, an expert in electrophysiology. Then, from 1985,
Tsuji began to work, during annual stays, in the National In-
stitute for Physiological Sciences in Okazaki, a Japanese town
situated near Nagoya. The greeting of the scientists of Okazaki’s
Institute was such that Tsuji received moral support at the time
when, in France, it was raining on the "ionic fixation". Thanks to
the exceptional scientific and human conditions gathered there
by many outstanding researchers coming from all parts of Japan,
Tsuji achieved an original contribution on the role of the myen-

teric plexus in the intestinal peristalsis [48].

During this period, Tsuji renewed with Japanese biolo-
gists, and, through travels and collaborations, became aware of
their vitality. He, thus, received a substantial influence from Tsu-
neo Fujita (Department of Anatomy, Niigata University School
of Medicine, Niigata) in the laboratory of whom he was used to
go. In Niigata, a town situated on the coast of Japan Sea, Fujita
animated a famous school of histologists working on nervous
and endocrine systems, among them, Shigeru Kobayashi, Hisa-
take Kondo, and Toshihiko Iwanaga. Backed by the physiologist
Tomio Kanno (Department of Physiology, Faculty of Veterinary
Medicine, Hokkaido University, Sapporo), and by the biochemist
Noboru Yanaihara (Laboratory of Bioorganic Chemistry, Shizuo-
ka College of Pharmacy, Shizuoka), Fujita originated the concept
following which endocrine and neuroendocrine cells could be
considered as “paraneurons’, close to neurons from a structural
and functional point of view [49,50]. However, the paraneuron
concept, reflecting eastern philosophy, was not well understood
both in Europe and America, where scientists are used to think-

ing with well-defined categories.

Tsuji was also influenced by the histochemistry working
in the laboratory of Toshihiro Maeda (Department of Anatomy,
Shiga University of Medical Science) situated in Otsu, near Biwa
lake. There, he benefited from the expertise of Hiroshi Kimu-
ra, when he evidenced an intriguing binding avidity of immu-
noglobulins G for acetylcholine [17]. In this place, he also met
Hisao Tago the author of the famous histochemical method for
in situ detection of AChE activity. Later, Tago visited The Na-
tional Institute for Physiological Sciences in Okazaki where Tsuji
was used to working during his stays in Japan. On this occasion,
the two scientists could manage free-time to talk with each other.

During this meeting, Tago confessed with humor that his discov-
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ery was due to a mistake of tissues handling he made, one day,

during histochemical staining.

Tsuji was endowed with a particular sense for elucidat-
ing the chemical interactions between ions or molecules in the
cellular tissues. It is, thus, not surprising that he felt a great in-
terest for the book written by Pascal Mentré on the practically
unknown (but probably basic) role of cellular water in the in-
termolecular reactions [51]. He, himself, devoted huge energy
to promote and achieve the Japanese translation of this original
work thanks to the unconditional support and contribution of

his Japanese scientific friends [51].

When the time of retirement came in 2002, Tsuji was
ready for continuing his researches. He founded an unexpected
“International Institute of Neuroscience”, the seat of which was
in this house of Bagneux, in the suburbs of Paris. On this occa-
sion, the underground of his house was endowed with a suitable
laboratory and an informative library. The functioning of this
original institute was simple and sound: Tsuji made, during bi-
annual stays, the experiences of physiology in the laboratory of
Yoshifumi Katayama, his friend working in Tokyo Medical and
Dental University. There, Keiji Hirai brought them his compe-
tence in electrophysiology. After coming back to Paris, he could
treat the experimental preparations in his home-laboratory of
Bagneux. Then, he observed tissues under the electron micro-
scope of the Department of Cytology of Pierre et Marie Curie
University, where he benefited from the expertise of Mrs. Marie-
Jeanne Brisorgueil in electron microscopy. Moreover, Tsuji was
guided in immunology by Gabriel Peltre, (Laboratory of « Al-
lergies et from the environment » from « Ecole Supérieure de
Physique et Chimie Industrielles » in Paris). And, in the end, a
pool of readers and correctors was ready to bring the final touch
to the manuscripts! The activity of this international research
team was crowned by original publications on synaptic cobalt ul-
trastructural localization [52], detection of cholinergic synaptic
transmission after staining of Cu** ions incorporated in the neu-
romuscular junction [53] and visualization of the cytomatrix-

related part of the nicotinic acetylcholine receptors [45].

In a personal letter written a few months before his
death, Tsuji expressed his intent to work in the domain of “quan-
tum biology”, and search for putative electron transfers in the
active zone of the synapse (personal communication). At that
time, “quantum biology” remained an almost unexplored con-
cept in neurobiology, and this term itself was rarely used by the
neuroscientists. Nevertheless, with the aid of his colleagues of

Gif-sur-Yvette, Jean-Pierre Denizot, and Jordi Molgo, Tsuji ob-

served, in the neuromuscular junction, an increase of the nerve
transmission induced by methylene blue reduction at the level
of the presynaptic membrane. He interpreted his results as puta-
tive electron transfers from molecules of the presynaptic mem-
brane to methylene blue situated in the synaptic cleft (personal
communication). Stimulated by his clear-sighted emphasis on
“quantum neurobiology”, two of his pupils, Philippe Anglade and
Yamina Larabi-Godinot, proposed that, in the living brain, re-
ceptor proteins could function as holographic media, integrating
and recording electron or proton interferences. Their hypothesis
was sustained by structural analogies between holographic pho-
toreceptor proteins, such as rhodopsin, and neurotransmitter re-
ceptors. Thus, investigations with the aid of scanning tunneling
microscopy, transient absorption spectroscopy or holographic
imaging of atoms might bring new data on learning and memory
in the living brain [54-56].

Once, Maurice Israél (Laboratory of cellular and mo-
lecular biology, CNRS, Gif-sur-Yvette) proposed a name for the
laboratory that his friend had settled in his house of Bagneux:
“Room René Couteaux”. This is a summary of the scientific in-
spiration of Tsuji who was proud to be considered as a true pupil
of Couteaux, the founder of the modern school of French neuro-
cytology. The pupil paid homage to his master in the last publi-
cation [57], and in a symposium organized in 2007 in Paris by
Jean-Gaél Barbara (REHSEIS Laboratory, CNRS UMR 7596) on
the history of the French school of neuroanatomy [58]. In turn,
Couteaux had, long before, confirmed that the work of Tsuji was
a major contribution to neuroscience. Indeed, one day, using po-
etic humor towards his pupil, Couteaux told him: “As you know,
the art of the Japanese painter Leonard Foujita® is a foreign flower

which bloomed on a foreign land”...

@ Tsuguharu Fujita (also called Leonard Foujita) was
born in 1886 in Tokyo. He was an expressionist Japanese painter
who came and settled in France before the First World War. He
left France in 1928 and, then, lived in different countries. A few
years after the Second World War, he came back to France and
took the French nationality in 1955. Foujita was baptized in the
Catholic Church under the name of Leonard and deceased in
Zurich in 1968.

Acknowledgments: We wish to thank Mrs. Thérése
Tsuji, Dr. Takeshi Shimahara, Pr. Maurice Israél, and Dr. Marc
Godinot for their support and helpful reading of the manuscript.

N.B.: This text is a revised and enlarged version of a paper pub-
lished in French: (Anglade P, Larabi-Godinot Y (2017). Shigeru
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Tsuji, maitre doeuvre dans I'histochimie de la synapse cholin-
ergique. Le cerveau au microscope — La neuroanatomie francaise
au XIX¢ et XX¢ siecles. Eds J.-G. Barbara, F. Clarac, Hermann,
Paris, pp 333-356).
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