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Outline of the work:

Most excitatory synapses are formed on small appendages of dendrites, characterized by a
submicron head and a narrow neck structure, called dendritic spines, in the brain. The highest
density of dendritic spines on dendrites are found in the principal neurons of the forebrains. The
shapes and densities are highly diverse and are often affected in mental disorders. Despite their
attractive features, intensive investigations in the 20th century have failed to elucidate the pivotal
role of dendritic spines; mainly because there was no appropriate method for the stimulation of
single spines (Refs. 1 and 3).

1. Investigation of spine synapses with two-photon glutamate uncaging

In 2001, Dr. Haruo Kasai developed two-photon uncaging of glutamate, enabling the
stimulation of visually identified spines. This revealed that spine-head sizes are closely correlated
with their glutamate sensitivity, a determinant of synaptic connections (Ref. 15). Moreover, Dr.
Kasai discovered that repetitive glutamate uncaging induces enlargement of spine heads when
applied together with membrane depolarization. Spine enlargement has both transient and sustained
phases and is confined to the stimulated spines. Glutamate sensitivity is increased during the
sustained phase of spine enlargement (Ref. 18), which is dependent on BDNF (Brain-Derived
Neurotrophic Factor) and protein synthesis (Ref. 22). Spine enlargement is necessary in many
scenarios, such as in motor learning (Ref. 30).

2. Dopamine and psychosis

Dopamine is a crucial modulator of brain function. Dr. Kasai found that increases in dopamine
concentrations potentiated spine enlargement only within the precise time window up to 2 s after
excitatory input (Ref. 29), consistent with the reward timing of conditioned learning and the
eligibility trace in reinforcement learning. Reward timing is formed by the Ca/calmodulin-induced
conformation change of adenylate cyclase 1 (AC1), following which AC1 can more efficiently
generate cAMP. In contrast, decreases in dopamine concentrations during conditioned learning
promoted punishment learning and spine enlargement in the neurons expressing the dopamine D2
receptor. Thus, his studies clarified that D2 receptor antagonists (antipsychotic drugs) facilitate
punishment learning and prevent psychotic symptoms (delusion and hallucination) (Ref. 33).



3. Fluctuations and statistical properties of dendritic spines in memory functions and

mental disorders

How long does plasticity last? Dendritic spines restore the stationary condition a certain
duration after plasticity. The spines display day-by-day spontaneous fluctuations (intrinsic
dynamics) even in static conditions, which regularize the spine size distributions and facilitate the
elimination and generation of spines (Refs. 3 and 23). Consequently, new and small spines are
predominant in the spine population. These features conform to the inexhaustibility of new
memories in daily life, most of which are forgotten within a few days (Ebbinghaus). Repeated recall
improves memory via spine enlargement. In autism spectrum disorders (ASD), the stability of
synaptic contact is impaired, the intrinsic dynamics are exacerbated, and small spines prevail,
yielding spine dysgenesis. In such cases, dendritic spines show excess fluctuations and fail to
elaborate the communicational skills; a significant hurdle even for contemporary artificial
intelligence (Ref. 3).

4. Mechanical actions of dendritic spine enlargement on presynaptic exocytosis.

Additionally, Dr. Kasai found that the force of rapid spine enlargement is equal to that of
smooth muscle contraction (0.5 kg/cm®). This force is primarily used to expand the spine space for
stable spine growth, but further acts on the presynaptic terminals to enhance evoked release 2—3
times for 20 min. This transmission is neither chemical nor electrical and represents the third form
of synaptic transmission. Pressure sensation and transduction (PREST) is new in mechanobiology
but may be widely utilized in various cell functions. PREST represents the increases in SNARE
assembly induced by the approach of SNAREs in the plasma membrane toward SNAREs on the
vesicles, which are supported by actin scaffolds. It is the best candidate for short or working
memory substrates for the brain because it is rapid, synapse-specific, short-lasting, and naturally
extended into long-term memory (Ref. 34).

Dr. Kasai has, thus, revealed the structure—function relationship of dendritic spines, the
enlargement during long-term memory, purposive modulations by dopamine, spontaneous slow
fluctuations (intrinsic dynamics), and mechanical transmission. These newly found principles are
essential for the roles of dendritic spines in rapid and long-lasting mental functions and their
disorders.

List of Main Publications

Review Articles
1. Kasai, H., Matsuzaki, M., Noguchi, J., Yasumatsu, N. and Nakahara, H. Structure-stability-
function relationships of dendritic spines. Trends Neurosci. 26; 360-368, 2010.
2. Kasai, H., Takahashi, N. and Tokumaru, H. Distinct initial SNARE configurations underlying
the diversity of exocytosis. Physiol. Rev. 92; 1915-1964, 2012.
3. Kasai, H., Ziv, N. E., Okazaki, H., Yagishita, S. and Toyoizumi, T. Spine dynamics in the brain,
mental disorders and artificial neural networks. Nat. Rev. Neurosci. 22; 407-422, 2021.



Research Articles

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19

20.

Kasai, H. and Augustine, G. J. Cytosolic Ca®" gradients triggering unidirectional fluid secretion
from exocrine pancreas. Nature 348; 735-738, 1990.

. Kasai, H. Tonic inhibition and rebound facilitation of a neuronal calcium channel by a GTP-

binding protein. Proc. Natl. Acad. Sci. U.S.A. 88; 8855-8859, 1991.

.Kasai, H., Li, Y. and Miyashita, Y. Subcellular distribution of Ca*" release channels underlying

Ca’" waves and oscillations in exocrine pancreas. Cell 74; 669-677, 1993.

. Takahashi, N., Kadowaki, T., Yazaki, Y., Miyashita, Y. and Kasai, H. Multiple exocytotic

pathways in pancreatic B-cells. J. Cell Biol. 138; 55-64, 1997.

.Tto, K., Miyashita, Y. and Kasai, H. Micromolar and submicromolar Ca’" spikes regulating

distinct cellular functions in pancreatic acinar cells. EMBO J. 16; 242-251, 1997.

. Takahashi, N., Kadowaki, T., Yazaki, Y., Ellis-Davies, G.C.R., Miyashita, Y. and Kasai, H. Post-

priming actions of ATP on Ca”"-dependent exocytosis in pancreatic beta cells. Proc. Natl. Acad.
Sci. U.S.A. 96; 760765, 1999.

Ito, K., Miyashita, Y. and Kasai, H. Kinetic control of multiple forms of Ca’* spikes by inositol
trisphosphate in pancreatic acinar cells. J. Cell Biol. 146; 405-414, 1999.

Eto, K., Tsubamoto, Y., Terauchi, Y., Sugiyama, T., Kishimoto, T., Takahashi, N., Yamauchi, N.,
Kubota, N., Murayama, S., Aizawa, T., Akanuma, Y., Aizawa, S., Kasai, H., Yazaki, Y. and
Kadowaki, T. Role of NADH shuttle system in glucose-induced activation of mitochondrial
metabolism and insulin secretion. Science 283; 981-985, 1999.

Kasai, H., Kishimoto, T., Liu, T-T., Miyashita, Y., Podini, P., Grohovaz, F. and Meldolesi, J.
Mutiple and diverse forms of regulated exocytosis revealed in wild-type and defective PC12
cells. Proc. Natl. Acad. Sci. U.S.A. 96; 945-949, 1999.

Maeda, H., Ellis-Davies, G.C.R., Ito, K., Miyashita, Y. and Kasai, H. Supralinear Ca™ signaling
by cooperative and mobile Ca®* buffering in Purkinje neurons. Neuron 24; 9891002, 1999.
Nemoto, T., Kimura, R., Ito, K., Tachikawa, A., Miyashita, Y., lino, M. and Kasai, H. Sequential
replenishment mechanism of exocytosis in pancreatic acini. Nat. Cell Biol. 3; 253-258, 2001.
Matsuzaki, M., Ellis-Davies, G.C.R., Nemoto, T., Miyashita, Y., lino, M. and Kasai, H.
Dendritic spine geometry is critical for AMPA receptors expression in hippocampal CAl
pyramidal neurons. Nat. Neurosci. 4; 1086—1092, 2001.

Takahashi, N., Kishimoto, T., Nemoto, T., Kadowaki, T. and Kasai, H. Fusion pore dynamics
and insulin granule exocytosis in the pancreatic islet. Science 297; 1349-1352, 2002.
Takahashi, N., Hatakeyama, H., Okado, H., Miwa, A., Kojima, T., Abe, T. and Kasai, H.
Sequential exocytosis of insulin granules is associated with redistribution of SNAP25. J. Cell
Biol. 165; 255-262, 2004.

Matsuzaki, M., Honkura, N., Ellis-Davies, G.C.R. and Kasai, H. Structural basis of long-term
potentiation in single dendritic spines. Nature 429; 761-766, 2004.

. Noguchi, J., Matsuzaki, M., Ellis-Davies, G.C.R. and Kasai, H. Spine-neck geometry

determines NMDA receptor-dependent Ca”* signaling in dendrites. Neuron 46; 609-622, 2005.
Kishimoto, T., Kimura, R., Liu, T.-T., Nemoto, T., Takahashi, N. and Kasai, H. Vacuolar
sequential exocytosis of large dense-core vesicles in adrenal medulla. EMBO J. 25; 673—-682,
2006.



21.

22.

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Honkura, N., Matsuzaki, M., Noguchi, J., Ellis-Davies, G.C.R. and Kasai, H. The subspine
organization of actin fibers regulates the structure and plasticity of dendritic spines. Neuron 57,
719-729, 2008.

Tanaka, J., Horiike, Y., Matsuzaki, M., Miyazaki, T., Ellis-Davies, G.C.R. and Kasai, H. Protein
synthesis and neurotrophin-dependent structural plasticity of single dendritic spines. Science
319; 16831687, 2008.

. Yasumatsu, N., Matsuzaki, M., Miyazaki, T., Noguchi, J. and Kasai, H. Principles of long-term

dynamics of dendritic spines. J. Neurosci. 28; 13592—-13608, 2008.

Kantevari, S., Matsuzaki, M., Kanemoto, Y., Kasai, H. and Ellis-Davies, G.C.R. Two-color,
two-photon uncaging of glutamate and GABA. Nat. Methods 7; 123—-125, 2010.

Matsuzaki, M., Hayama, T., Kasai, H. and Ellis-Davies, G.C.R. Two-photon uncaging of
g-aminobutyric acid probes on neurons in intact brain tissue. Nat. Chem. Biol. 6; 255-257,
2010.

Takahashi, N., Hatakeyama, H., Okado, H., Noguchi, J., Ohno, M. and Kasai, H. SNARE
conformational changes that prepare vesicles for exocytosis. Cell Metab. 12; 19-29, 2010.
Hayama, T., Noguchi, J., Watanabe, S., Ellis-Davies, G.C.R., Hayashi, A., Takahashi, N.,
Matsuzaki, M. and Kasai, H. GABA promotes the competitive selection of dendritic spines by
controlling local Ca®’ signaling. Nat. Neurosci. 16; 14091416, 2013.

Hayashi-Takagi, A., Araki, Y., Nakamura, M., Vollrath, B., Duron, S.G., Yan, Z., Kasai, H.,
Huganir, R.L., Campbell, D.A. and Sawa, A. PAKs inhibitors ameliorate schizophrenia-
associated dendritic spine deterioration in vitro and in vivo during late adolescence. Proc. Natl.
Acad. Sci. U.S.A. 111; 6461-6466, 2014.

Yagishita, S., Hayashi-Takagi, A., Ellis-Davies, G.C.R., Urakubo, H., Ishii, S. and Kasai, H. A
critical time window for dopamine action on the structural plasticity of dendritic spines. Science
345; 1616-1620, 2014.

Hayashi-Takagi, A., Yagishita, S., Nakamura, M. Shirai, F., Wu, Y., Loshbaugh, A.L., Kuhlman,
B., Hahn, K.M. and Kasai, H. Labelling and optical erasure of synaptic memory traces in the
motor cortex. Nature 525; 333-338, 2015.

Takahashi, N., Sawada, W., Noguchi, J., Watanabe, S., Ucar, H., Hayashi-Takagi, A., Yagishita,
S., Ohno, M., Tokumaru, H. and Kasai, H. Two-photon fluorescence lifetime imaging of primed
SNARE complexes in presynaptic terminals and  cells. Nat. Commun. 6; 8531, 2015.
Moda-Sava, R.N., Murdock, M.H., Parekh, PK., Fetcho, R.N., Huang, B.S., Huynh, T.H.,
Witztum, J., Shaver, D.C., Rosenthal, D.L., Always, E.J., Lopez, K., Meng, Y., Nellissen, L.,
Grosenick, L., Deisseroth, K., Bito, H., Kasai, H. and Liston, C. Sustained rescue of prefrontal
circuit dysfunction by antidepressant-induced postsynaptic spine formation. Science 364;
eaat8078, 2019.

lino, Y., Sawada, T., Yamaguchi, Tajiri, M., K., Ishii, S., Kasai, H. and Yagishita, S. Dopamine
D2 receptors in discrimination learning and spine enlargement. Nature 579; 555-560, 2020.
Ucar, H., Morimoto, Y., Watanabe, S., Noguchi, J., lino, Y., Yagishita, S., Takahashi, N. and
Kasai, H. Mechanical actions of dendritic-spine enlargement on presynaptic exocytosis. Nature
600; 686—689, 2021.



