U7 WA AR

R AN S I

MSTATEHEN AR R B

(K& 10)
(MEF RN ZE B 3
SF 34 10H 26 H

B M 4 B 2019 4
f+ & 5 201960607
4 HEROE R

%
K

WA RIFZER & L COIRENIMZK T LE LIZOT, TR LB IEWTZLET,
B, TRRAEOHMREERONFIZ OV TIIHEDH Y T A,

£

1. HBH (REEES) mEt:. AR~ (H4: TAVHERE )
2. WRZCHREEA (FN30) XMPZeaMiA I mEss 0 b o Lilibi 0 L 5 ICEliT 5 - b,

O L R DT S < IR IE D PR A O iR
3. URIEMARD BBk 31 4 4 A 1 H O~ Af 3 4 9 A 30 H (914 HED
4. ZAKBEL RO R4

ZEERA . N—N— RERRY

A - PR
5. A0 BMOBITHRIK O R EXEE [EXEE MHESIRA—JLUE HETEALR)
[FodFm]

WF%E - BB IHLRILK OZ DR R DFRFE - BIURFER ~DOB IR I %

B9
s

B oo A L R JEYE D

D DRIRED 5 B ENTRABRL « SRAMIRIER -

R

PR OWT O 25T 7285618, SigiEom HIC L 5w E%s
() T6. BHFZedes2] LURIZ DUV TIIRER 10— BIHE 1~4 ([Z58AD ., R TiRET 5 2 &,



5. T D H#Y DB A TRV DR

sl & BE offi e ic fk o < EUBPIE O AR o fiE I

5-1. Scope of my research project

My long-term research goal is to understand the neurobiology of decision-making that generalizes
to the complexity in the real world, and to restore the ability to make rational decisions in novel
situations for patients who incurred cognitive impairment. During my medical training, | found that
the field faces a lack of mechanistic understanding of cognition and effective treatments for most
cognitive dysfunctions. | have therefore focused my research career on a fundamentally important
mental operation for cognitive recovery: decision-making, the process through which we produce
rational behavioral outputs based on sensory and internal signals. Whereas most previous studies
focused on specific decisions that only require the perception of sensory input and a fixed association
from the sensory input to stereotyped motor output, | have endeavored to expand the framework to
more elaborate and flexible decisions that are essential in the real world. The goal of the funded
project was to understand a neural mechanism for flexible decision-making during navigation. During
this process, the brain combines the memory of recent experiences and sensory signals to choose an
appropriate navigation path. Here, | define flexibility as the ability to associate the same sensory signal
to different actions depending on recent experiences stored in the memory. Such memory-dependent
flexible decision-making is severely disrupted in many cognitive disorders, including Alzheimer’s
disease, schizophrenia, autism, and obsessive-compulsive disorders (OCD). The finding in this project
suggests that retrosplenial cortex is a candidate area that mediates such flexibility of decision-making,
and it is a potential therapeutic target for the recovery of cognitive flexibility.
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We developed a delayed match-to-sample 3

(DMTS) task for mice, based on navigation in a virtual 50n —7mice  1mm
reality T-maze (Fig. 1). A head-fixed mouse navigated 211 10 trials/site

through the maze by running on a spherical Figure 2. Effect of optogenetic bilateral inhibition

treadmill. A sample cue (black or white wall pattern) throughout a trial during the DMTS task. For each inhibition
area, the fraction of correct trials is indicated in color.



was presented at the start of the maze. The mouse then entered a delay period in which the wall

patterns were identical between trial types, and the identity of the sample cue had to be stored in

memory. After the delay segment, a test cue appeared in one of two configurations: black walls on

the left and white walls on the right (BW) or vice versa (WB). To receive a reward, the mouse was

required to turn at the T-intersection toward the T-arm that contained the same wall color that

matched the sample cue. Importantly, in the test segment, the mouse therefore needed to combine

its memory of the sample cue with the sensory information of the test cue to produce an appropriate

choice (left or right turn).

An optogenetics screen identified the posterior parts of the cortex were necessary for flexible

navigation decisions in the DMTS task. In mice expressing ChR2 in inhibitory interneurons, we targeted

laser to a different bilateral pair of cortical sites on
each trial. When inhibition was applied throughout
the trial, behavioral performance was impaired during
inhibition of V1, retrosplenial cortex (RSC),
posterior parietal cortex (PPC) (Fig. 2). When
inhibition was restricted to a specific maze segment,
the performance decrease was largest when the
inhibition was applied during the decision-making
phase in the test segment. Thus, the results suggest
that these areas may play a central role in combining
memory and visual information to generate
navigation choices.

Calcium imaging in V1, RSC, and PPC revealed that
cells in each area showed activity with selectivity to
key task variables. We observed neural activity
selective for the sample cue, test cue, and choice (Fig.
3a-c). Strikingly, a large fraction of cells were
preferentially active on a single trial type and were
thus active during trials with a specific combination of
sample cue and test cue (Fig. 3d). These cells
appeared as candidates for mixing sample cue and
test cue information as is needed to make appropriate
choices in the DMTS task, which requires a logical
exclusive OR (XOR) operation? (Fig. 3e).

To test this quantitatively, we measured
information about the key task variables encoded in
individual cells. Because previous studies have shown
that locomotion variables, such as running speed, can
modulate cortical activity, we evaluated the
selectivity of individual cells using generalized linear
models (GLMs) that include both task and locomotor
variables as predictors of a neuron’s activity. Then we
guantified the information encoded in each cell about
each task variable by inverting the GLM in a Bayes
decoder??
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Figure 3. Example cells that showed selective activity for
(a) sample cue, (b) test cue, (c) choice, and (d) single trial
type. (e) Activity for four trial types is plotted in different
colors as in the contingency table.
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Figure 4. (a) Average information about the reward
direction (XOR info) per cell in a decision epoch for correct
and error trials. Error bars indicate s.e.m. (b) Difference in
XOR information between correct and error trials,
calculated per cell and averaged across cells. Error bars
indicate mean =+ s.e.m.



This analysis revealed that navigation goals were encoded by single-trial-type selective neurons
that mixed specific combinations of memory and visual information (Fig. 3d). These neurons formed
efficient, easy-to-decode population codes that appeared to govern accurate decision-making
because they were informative before correct choices but degenerated during errors (Fig. 4). These
cells were distributed across posterior cortex, even V1, and surprisingly were densest in RSC and
sparsest in PPC. Therefore, we propose the flexibility of navigation decisions arises from distributed
neurons that mix memory and visual information within a visual-parietal-retrosplenial network,
centered in RSC.
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5-3. Significance of research on the development of treatments or prevention

The long-term goal of my research is to develop treatments for cognitive disorders based on the
understanding of neural computation. For this goal, it is essential (1) to understand the neural
computation underlying a regular cognitive function, (2) to identify components of the neural
computation that causes a failure of the cognitive function in animal models, and (3) to correct or
compensate the neural computation with physiological and/or pharmacological interventions. My
current research project provides important results and insights for the first two levels. |
demonstrated that the activity of RSC neurons generated mixed representation of memories and
sensory signals, in a way useful for guiding action in a flexible manner. Moreover, this mixed
representation degenerated when the animals failed to make correct decisions. Such failure could
underlie the impairment of flexible decision-making in a wide range of cognitive disorders. Based on
these findings, my future research aims to aid the recovery of cognitive flexibility for patients who
incurred cognitive impairments. In particular, | will use the methods used in this funded project to
investigate the neural basis of cognitive recovery after permanent brain lesions in a mouse model.
Furthermore, | plan to develop bioengineering interventions by artificial stimulations of neurons and
implantation of embryonic neurons. This research direction is likely to provide therapeutic methods
for a large number of patients who suffer from behavioral and cognitive impairments due to brain
lesions from stroke and trauma.

5-4. Benefits from the extended fellowship period

Due to the pandemic, all labs at Harvard Medical School were closed for a prolonged time in 2020.
| was required to work remotely for eight months, during which the progress of my research has been
severely slowed down due to the lack of childcare and access to essential resources in the lab. | am
deeply grateful for the JSPS’s arrangement to extend the fellowship period, which allowed me to
complete this project and submit the manuscript to a journal. Based on the significance of the funded
project, | was also invited to give online oral presentations at highly competitive seminars, as detailed
below.



5-5. Relevant presentations and publications

Invited seminars

2021 Winner for Emerging Neuroscientists Seminar Series (ENSS)

Sainsbury Wellcome Centre, University College London, online, October 2021.

A distributed and efficient population code of mixed selectivity neurons for flexible navigation
decisions.

2021 Winner for NeuroLaunchpad, online, March 2021.
Mixed representations in a visual-parietal-retrosplenial network for flexible navigation decisions.

Park City Winter Conference, online, January 2021.
Mixed representations in a visual-parietal-retrosplenial network for flexible navigation decisions.

Conference presentations

Kira S., Safaai H., Morcos A.S., Panzeri S., Harvey C.D.
Society for Neuroscience Annual Meeting, Online & Chicago, IL, November, 2021.
Mixed representations of memory and visual information for flexible navigation decisions.

Kira S., Safaai H., Morcos A.S., Pica G., Panzeri S., Harvey C.D.
COSYNE, Online, February, 2021.
Mixed representations in a visual-parietal-retrosplenial network for flexible navigation decisions.

Kira S., Safaai H., Morcos A.S., Pica G., Panzeri S., Harvey C.D.
Society for Neuroscience Global Connectome, Online, January, 2021.
Mixed representations in a visual-parietal-retrosplenial network for flexible navigation decisions.

Kira S., Safaai H., Morcos A.S., Pica G., Panzeri S., Harvey C.D.
COSYNE, Denver, CO, February, 2020.
Mixed representations in retrosplenial cortex for flexible navigation decisions in mice.

Kira S., Pica G., Panzeri S., Harvey C.D.
Society for Neuroscience Annual Meeting, Chicago, IL, October, 2019.
Neural mechanisms for flexible navigation-based decisions in mice.

Publications
Kira S., Safaai H., Morcos A.S., Panzeri S., Harvey C.D.

A distributed and efficient population code of mixed selectivity neurons for flexible navigation
decisions. (Under Review)
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