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the stimulus groups monkey, human and shape. The four fine
categories were classifications within the facial stimuli: F1, monkey
identity; F2, monkey expression; F3, human identity; and F4,
human expression. For each category, we calculated the time
course of the transmitted information (Ic) from the number of
spike discharges using a moving time window of 50 ms, and
evaluated significance of information with the x2 test13 (see
Methods).

Figure 2a shows the results of the information analysis for the
responses of the neuron in Fig. 1. The neuron coded ‘significant’
information about all five categories tested. The earliest information
was global (G). Its transmission rate increased rapidly, correspond-
ing to the initial part of the averaged response (beige histogram),
and then decreased. Information regarding F2 (monkey expression)

and F3 (human identity) peaked after the global peak. Once F2
peaked, it declined slowly and lasted during the sustained dis-
charges, whereas global and F3 information fell rapidly from their
peaks before levelling off. F1 (monkey identity) and F4 (human
expression) were encoded at a much lower level than the others. The
response latency of this neuron was 53 ms, and the latencies for the
information about each category were as follows: G, 45; F1, 157; F2,
93; F3, 125; and F4, 125 ms. Thus, the earliest transient discharge
conveyed global information, and the later sustained discharge
encoded one category of the fine information best14.

Of the 86 face-responsive neurons, 11 neurons (13%) did not
encode significant information in any category, 43 (50%) coded
either global or fine category information, and 32 (37%) coded both
categories. To clarify how single neurons encoded both global and
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Figure 1 Responses of a face-responsive neuron. a, Areas of brain examined.

AP0 represents the position of the external auditory meatus; A14, A19, A22 and

A24 represent anterior 14,19, 22 and 24mm, respectively. AMTS, anterior middle

temporal sulcus; STS, superior temporal sulcus. b–d, Response diagrams of a

single neuron for monkey, human and shape stimuli, respectively. Each diagram

consists of a stimulus image, a raster plot of the response and a spike-density

plot, in the first, second and third rows, respectively. The expressionsof 4monkey

models were neutral (A), pout-lips (B), full open-mouthed (C) and mid open-

mouthed (D). Those of 3 human models were neutral (A), happy (B), surprised (C)

and angry (D). The colours of circles and rectangles were red (A), blue (B), green

(C) and pink (D). For the spike-density plot, spikes per ms over all trials were

summed and smoothed with a gaussian filter (s:d: ¼ 10ms). The vertical line in

eachplot indicates the timeof stimulus onset, and the dashed part in the abscissa

indicates the duration of stimulus presentation.
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FIG. 2. Place fields for all place units except 21342 and those from animal 217. 

distributed around the maze. The concentration of fields from the other 
animals in arm B may have reflected the fact that many of the rats spent 
their “free time” in this arm. The fact that the initial search for units 
was conducted there might also have introduced a bias towards units 
active in that area. In any case, it was clear that the majority of fields 
were not located in those places which contained the rewards or other 

FIG. 3. Place fields for place units from animal 217. 
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(Blakemore & Cooper 1970)�

RECEPTIVE FIELDS IN CAT STRIATE CORTEX 579
found by changing the size, shape and orientation of the stimulus until a clear
response was evoked. Often when a region with excitatory or inhibitory
responses was established the neighbouring opposing areas in the receptive
field could only be demonstrated indirectly. Such an indirect method is
illustrated in Fig. 3B, where two flanking areas are indicated by using a short
slit in various positions like the hand of a clock, always including the very
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Fig. 3. Same unit as in Fig. 2. A, responses to shinling a rectangular light spot, 1° x 8° ; centre of
slit superimposed on centre of receptive field; successive stimuli rotated clockwise, as shown
to left of figure. B, responses to a 1° x 5° slit oriented in various directions, with one end
always covering the centre ofthe receptive field: note that this central region evoked responses
when stimulated alone (Fig. 2a). Stimulus and background intensities as in Fig. 1; stimulus
duration 1 sec.

centre of the field. The findings thus agree qualitatively with those obtained
with a small spot (Fig. 2a).

Receptive fields having a central area and opposing flanks represented a
common pattern, but several variations were seen. Some fields had long narrow
central regions with extensive flanking areas (Figs. 1-3): others had a large
central area and concentrated slit-shaped flanks (Figs. 6, 9, 10). In many
fields the two flanking regions were asymmetrical, differing in size and shape;
in these a given spot gave unequal responses in symmetrically corresponding

37 PHYSIO. CXL,VIIT) by guest on October 20, 2012jp.physoc.orgDownloaded from J Physiol (
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(Rosenblatt 1962) 
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Figure 2. The Correlation between the average mating learning performance and the
average fitness in the final 20 generations in all experiments. The learning performance was
estimated as the number of time steps the mating behavior was selected divided with number of mating
events. The seven types of markers indicate the number of energy sources in the environment for each
simulation.

(a) (b)

Figure 3. Example trajectories of the learned behaviors for the roamer strategy and the
stayer strategy. (a) The roamer ignores the tail-lamp of the mating partner and executes the learned
foraging behavior to capture the energy source. (b) The stayer executes the learned waiting behavior
and adjusts its position according to the trajectory of the mating partner.
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Figure 4. Difference in genotype, phenotype, and behavior between the roamer (green)
and stayer (red) subpopulations for all individuals (1600) in the final 20 generations. (a)
The distribution of values of the bias weights (x1) and the face distance weights (x5). (b) The
histogram of average waiting threshold values, Ē

m

. (c) The mean percentages of the lifetimes, with
standard deviation, the individuals spent executing the three basic behaviors.
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V(s) = E[ r(t) + γr(t+1) + γ2r(t+2)…| s(t)=s] 
Q(s,a) = E[ r(t) + γr(t+1) + γ2r(t+2)…| s(t)=s, a(t)=a] 

 �5 Ɓ 
 greedy:  a = argmax Q(s,a) 
 Boltzmann: P(a|s) ∝ exp[ β Q(s,a)] 

 ÎŴ5Ő¿: TD Ƈı
δ(t) = r(t) + γV(s(t+1)) - V(s(t)) 
ΔV(s(t)) = α δ(t) 
ΔQ(s(t),a(t)) = α δ(t) 

これらのステップを実現する回路機構は?

これらのパラメタの制御機構は?
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δ(t) = r(t) + γV(s(t+1)) – V(s(t)) �

(Schultz et al. 1997) 
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(Ito & Doya, 2015) 
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from 260 neurons in DLS, 178 neurons in DMS, and 179 neurons
in VS from seven rats (Fig. 3A) (see Materials and Methods).
Among these, 190, 105, and 119 neurons from DLS, DMS, and
VS, respectively, were classified as PANs (putative medial spiny
projection neurons) based on statistics of interspike intervals
(Schmitzer-Torbert and Redish, 2004) and waveforms (see Ma-
terials and Methods). Only data from these PANs were used for
the following analyses.

Intervals of time between task events (the commencement of
center hole poking, the onset of cue tone, the offset of cue tone,

the termination of center hole poking, the start of L/R hole pok-
ing, and the end of L/R hole poking) varied across trials (Fig. 3B).
To develop an overall neuronal activity profile despite this timing
variability, we created event-aligned spike histograms (EASHs)
(Fig. 3C). An EASH is derived by linearly scaling time intervals
between task events in each trial to the average interval across all
trials (see Materials and Methods). The peak at the start of L/R
poking is clearer in the EASH than in the PETH aligned by the
timing of center hole entry (Fig. 3B,C). We defined the intervals
between task events as trial Phases 1 through 7 (Fig. 3C). DLS,

Figure 3. Representative activity patterns of phasic active neurons in the striatum. A, Tracks of accepted electrode bundles for all rats are indicated by rectangles. Neurons recorded from blue,
green, or red rectangles were classified as DLS, DMS, and VS neurons, respectively. Each diagram represents a coronal section referenced to the bregma (Paxinos and Watson, 1998). B, A raster
showing spikes of a DLS neuron and corresponding events in free-choice and forced-choice trials, which are aligned with the entry time into the center hole. Bottom, PETH with 10 ms bins for this
neuron. C, A corrected raster plot and an event-aligned spike histogram (EASH) with 10 ms bins, derived by linearly scaling time intervals between task events in each trial to the average intervals
across all trials. Numbers of spikes between events are preserved. D–I, EASHs for representative neurons from DLS (D, E), DMS (F, G), and VS (H, I). Top, Four different blue and red lines indicate the
EASHs from four different pairs of selected actions and reward outcomes. Bottom, Purple and orange lines indicate EASHs for fixed-choice blocks and free-choice blocks, respectively. Black lines
indicate averages of EASHs for all trials. All EASHs (10 ms bins) are smoothed by Gaussian kernel with 30 ms SD. D, Same neuron shown in B and C.

Ito and Doya • Striatal Representation in Action Selection J. Neurosci., February 25, 2015 • 35(8):3499 –3514 • 3505
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 posterior parietal cortex (PPC) 

 posterior medial area (PM) 

Akihiro Funamizu, Bernd Kuhn, Kenji Doya 

Investigation of action-dependent state prediction in 
the mouse parietal cortex with two-photon microscopy 

OIST Graduate University 

Investigate the neural correlates of model-based decision 
making in posterior parietal cortex (PPC) in mouse 

Two-photon microscopy: 

- Calcium imaging was conducted with a 
behaving mouse during the task 

- Adeno-associated virus (AAV) delivering the 
gene of GCamp6f was injected into PPC 

Objective 

Virtual sound navigation task: 
- Mouse estimates the distance between him 
and a sound source based on an internal model 
of locomotion 

- Mouse was head restrained under the two-photon microscope 

Speaker 

Spout 

- Locomotion of mouse was captured by an USB mouse 

Two-photon microscopy 
- Sampling rate:  
   30.9 Hz 
- 400 x 400 Pm  
   field of view 
- 512 x 512 pixels 

AAV injection: 
1.5 – 2.5 mm 
posterior,  
1.4 mm right of 
bregma 

Virtual sound navigation task 

Sound: Harmonic sound  
(2,4,8,16,32 kHz, 100 dB SPL from 25 cm, 
every 80 ms) 
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Conclusions 

Virtual Real 

- The virtual position of mouse was updated 
by the mouse’s own locomotion 

- When a mouse passed a sound source and licked a spout, he got a reward 

- In a virtual sound navigation task, mice increased the lickings even when the sound was omitted, suggesting 
that they updated the prediction of sound source position without auditory inputs 

The cortico-cortical circuit from V2 to parietal cortex not only reduces the 
overall uncertainty of state prediction, but also improves the action-dependent  
model-based prediction 

- The sound-generating speakers and sound 
intensity depended on the virtual position of 
mouse 

Reward: Two drops of water  
(4 Pl: 2 x 2 Pl) 
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- Neural 
activities of 
parietal and 
V2 cortices in 
layer 2, 3 and 
5 were 
recorded  

Licking behavior 
- The licking increased even 
when the sound was omitted 
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y(t) = b0 + b1exp{-(x(t)-P)2/2V2}+6bnVariables(t) 
- y(t):  Calcium fluorescence at frame (t) 
- b:      Regression coefficient 
- P, V: Free parameters 

- x(t): 

Significant variables were 
detected with BIC  
(two-sided t-test, p < 0.01) 
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Sound intensity 
Before or after 
first lick 

- Variables: 

Regression analysis 

(One of four variables were applied) 
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speed 
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intensity 
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after first lick 
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Parietal V2 Parietal V2 Parietal V2 Parietal V2 

- Neurons mainly encoded 
the time from trial start and 
the distance to sound source 
- Locomotion speed was 
encoded in the parietal cortex 

Regression + Anova 
Neurons encoding the distance or time to sound source were extracted 
(Example: Parietal cortex, layer2) 
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- Parietal neurons tended to increase the 
activities in the intermittent conditions, 
while V2 neurons had the opposite tendency - Neurons in the parietal and secondary visual (V2) cortices mainly represented the time from trial start 

and the distance to sound source 
- For encoding the sound-source distance, neurons in the parietal cortex tended to increase the activities during the 
intermittent conditions. Also, they represented the locomotion speed which was important for the action-dependent 
state prediction 
- Bayesian decoding showed that, from V2 to parietal cortex, (i) the prediction accuracy in the intermittent1 
condition improved and (ii) the prediction uncertainty significantly reduced 

Distance decoding:  
Bayesian method 
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- At the zero to sound source, V2 cortex had the 
significantly worse prediction of sound-source 
distance in the intermittent1 and 2 conditions 

MAP: Task conditions 
p-value: ANOVA 
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- Even at the no-sound periods in the intermittent 
conditions, the neurons successfully decoded the 
distance to sound source 

- The prediction in intermittent1 condition 
improved in the parietal cortex 

: No-sounded distance in intermittent2 

MAP: Parietal vs. V2 

Uncertainty: Parietal vs. V2 

p-value: ANOVA 

- The prediction accuracy was improved in 
the parietal cortex compared to V2 

The standard deviations in decoding were compared 
between the parietal and V2 cortices  (*: p < 0.01) 

- x was discretized for every 4.19 cm  

- Training data: Continuous condition 

- n was normalized and discretized 
to 3 bins: [-inf, -1.96, 1.96, inf] 

Recorded from 8 mice: 

Parietal cortex 
layer 2: 8 sites (n = 4155) 
  519±16 per site 
layer 3: 9 sites (n = 4530) 
  500±19 per site 
layer 5: 8 sites (n = 2895) 
  361±23 per site  

V2 cortex 
layer 2: 9 sites (n = 4577) 
  509±19 per site 
layer 3: 8 sites (n = 3832) 
  479±21 per site 
layer 5: 8 sites (n = 2693) 
  336±23 per site  
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- The neurons mainly encoded the start of trial and 
reward presentation 
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to reach sound source 
- Representative neuron encoded the distance to sound source, rather than the time 

Two-photon microscopy 

2 3 5 

Detect correlations between a neuronal activity and variables 

Parietal cortex 
V2 cortex 

: No-sounded distance 
p-value: ANOVA 

(MAP: Maximum 
a posteriori) 
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Akihiro Funamizu, Bernd Kuhn, Kenji Doya 

Investigation of action-dependent state prediction in 
the mouse parietal cortex with two-photon microscopy 

OIST Graduate University 

Investigate the neural correlates of model-based decision 
making in posterior parietal cortex (PPC) in mouse 

Two-photon microscopy: 

- Calcium imaging was conducted with a 
behaving mouse during the task 

- Adeno-associated virus (AAV) delivering the 
gene of GCamp6f was injected into PPC 

Objective 

Virtual sound navigation task: 
- Mouse estimates the distance between him 
and a sound source based on an internal model 
of locomotion 

- Mouse was head restrained under the two-photon microscope 

Speaker 

Spout 

- Locomotion of mouse was captured by an USB mouse 

Two-photon microscopy 
- Sampling rate:  
   30.9 Hz 
- 400 x 400 Pm  
   field of view 
- 512 x 512 pixels 

AAV injection: 
1.5 – 2.5 mm 
posterior,  
1.4 mm right of 
bregma 

Virtual sound navigation task 

Sound: Harmonic sound  
(2,4,8,16,32 kHz, 100 dB SPL from 25 cm, 
every 80 ms) 
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Conclusions 

Virtual Real 

- The virtual position of mouse was updated 
by the mouse’s own locomotion 

- When a mouse passed a sound source and licked a spout, he got a reward 

- In a virtual sound navigation task, mice increased the lickings even when the sound was omitted, suggesting 
that they updated the prediction of sound source position without auditory inputs 

The cortico-cortical circuit from V2 to parietal cortex not only reduces the 
overall uncertainty of state prediction, but also improves the action-dependent  
model-based prediction 

- The sound-generating speakers and sound 
intensity depended on the virtual position of 
mouse 

Reward: Two drops of water  
(4 Pl: 2 x 2 Pl) 
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- Neural 
activities of 
parietal and 
V2 cortices in 
layer 2, 3 and 
5 were 
recorded  

Licking behavior 
- The licking increased even 
when the sound was omitted 
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- y(t):  Calcium fluorescence at frame (t) 
- b:      Regression coefficient 
- P, V: Free parameters 

- x(t): 

Significant variables were 
detected with BIC  
(two-sided t-test, p < 0.01) 

Licking frequency 
Locomotion speed 
Sound intensity 
Before or after 
first lick 

- Variables: 

Regression analysis 

(One of four variables were applied) 
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- Neurons mainly encoded 
the time from trial start and 
the distance to sound source 
- Locomotion speed was 
encoded in the parietal cortex 

Regression + Anova 
Neurons encoding the distance or time to sound source were extracted 
(Example: Parietal cortex, layer2) 
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- Parietal neurons tended to increase the 
activities in the intermittent conditions, 
while V2 neurons had the opposite tendency - Neurons in the parietal and secondary visual (V2) cortices mainly represented the time from trial start 

and the distance to sound source 
- For encoding the sound-source distance, neurons in the parietal cortex tended to increase the activities during the 
intermittent conditions. Also, they represented the locomotion speed which was important for the action-dependent 
state prediction 
- Bayesian decoding showed that, from V2 to parietal cortex, (i) the prediction accuracy in the intermittent1 
condition improved and (ii) the prediction uncertainty significantly reduced 
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Bayesian method 
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- At the zero to sound source, V2 cortex had the 
significantly worse prediction of sound-source 
distance in the intermittent1 and 2 conditions 

MAP: Task conditions 
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- Even at the no-sound periods in the intermittent 
conditions, the neurons successfully decoded the 
distance to sound source 

- The prediction in intermittent1 condition 
improved in the parietal cortex 

: No-sounded distance in intermittent2 

MAP: Parietal vs. V2 

Uncertainty: Parietal vs. V2 

p-value: ANOVA 

- The prediction accuracy was improved in 
the parietal cortex compared to V2 

The standard deviations in decoding were compared 
between the parietal and V2 cortices  (*: p < 0.01) 

- x was discretized for every 4.19 cm  

- Training data: Continuous condition 

- n was normalized and discretized 
to 3 bins: [-inf, -1.96, 1.96, inf] 

Recorded from 8 mice: 

Parietal cortex 
layer 2: 8 sites (n = 4155) 
  519±16 per site 
layer 3: 9 sites (n = 4530) 
  500±19 per site 
layer 5: 8 sites (n = 2895) 
  361±23 per site  

V2 cortex 
layer 2: 9 sites (n = 4577) 
  509±19 per site 
layer 3: 8 sites (n = 3832) 
  479±21 per site 
layer 5: 8 sites (n = 2693) 
  336±23 per site  
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- The neurons mainly encoded the start of trial and 
reward presentation 
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Detect correlations between a neuronal activity and variables 
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Supplemental figure10 

Hypothetical cortical algorithm of model-based state prediction 
with Bayesian inference 

Probabilistic population code in PPC 
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Figure4 

Hypothetical cortical algorithm of model-based state prediction 
with Bayesian inference 
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２．革新脳の達成目標

A. 霊長類の脳構造・機能マップの作成

マクロスコピック

メゾスコピック

ミクロスコピック

標準化された
脳テンプレートを
統一して使用し、
異なる階層の
データを統合

①霊長類脳における神経結合の構造マップの作成

行動解析や
病態モデルにおいて
重要な回路に特化
してシナプスレベルの
網羅的解析を実施

10

２．革新脳の達成目標

A. 霊長類の脳構造・機能マップの作成

②霊長類脳における行動と対応付けされた
機能マップの作成

行動解析

脳機能画像データ

細胞活動の網羅的記録

マーモセットに適した
行動課題の選択と

課題関連
神経回路の抽出

行動解析において
重要な回路に特化
して細胞レベルの
活動を解析

12

①高解像度・広領域・深部観察・高時間分解能を達成する
神経回路構造・機能解析技術の開発

○可視化プローブの開発
○組織操作技術（透明化等）の開発
○広範囲観察のための顕微鏡技術の開発
○超高密度電極アレイの開発
○ヒト脳イメージングのための新規MRI技術の開発

２．革新脳の達成目標

Ｂ．神経回路マップ作成のための革新的技術開発
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２．革新脳の達成目標

A. 霊長類の脳構造・機能マップの作成

②霊長類脳における行動と対応付けされた
機能マップの作成

行動解析

脳機能画像データ

細胞活動の網羅的記録

マーモセットに適した
行動課題の選択と

課題関連
神経回路の抽出

行動解析において
重要な回路に特化
して細胞レベルの
活動を解析
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【萌芽的課題（4課題）】 

ポスト「京」で新たに取り組むチャレンジングな課題。調査研究・準備研

究フェーズを通じて，その具体化を検討・精査の上，調査研究・準備研究フ

ェーズ終了時に，その後のアプリケーション開発・研究開発の実施について，

判断を行う。 

⑩ 基礎科学のフロンティア － 極限への挑戦 

極限を探究する基礎科学のフロンティアで，実験・観測や「京」を用い

た個別計算科学の成果にもかかわらず答えの出ていない難問に，ポスト

「京」のみがなし得る新しい科学の共創と学際連携で挑み，解決を目指す。 

⑪ 複数の社会経済現象の相互作用のモデル構築とその応用研究 

複雑かつ急速に変化する現代社会で生じる様々な問題に政策・施策が俊

敏に対応するために，交通や経済等，社会活動の個々の要素が互いに影響

し合う効果を取り入れて把握・分析・予測するシステムを研究開発する。 

⑫ 太陽系外惑星（第二の地球）の誕生と太陽系内惑星環境変動の解明 

宇宙，地球・惑星，気象，分子科学分野の計算科学と宇宙観測・実験が

連携する学際的な取組により，観測・実験と直接比較可能な大規模計算を

実現し，地球型惑星の起源，太陽系環境，星間分子科学を探究する。 

⑬ 思考を実現する神経回路機構の解明と人工知能への応用 

革新技術による脳科学の大量のデータを融合した大規模多階層モデル

を構築し，ポスト「京」での大規模シミュレーションにより思考を実現す

る脳の大規模神経回路を再現し，人工知能への応用をはかる。 

 

なお，これらの重点課題及び萌芽的課題に関し，「別添１ ポスト「京」で

重点的に取り組むべき社会的・科学的課題の概要」に記載の内容の詳細（サブ

課題），ポスト「京」利用の必要性，必要な計算資源等はあくまでも例示であ

り，実際に実施する研究開発内容（サブ課題），推進体制等については，今後

の公募により決定する。 

また，重点課題や萌芽的課題に選定されなかった課題については，重点課題

枠以外のポスト「京」の計算資源（ポスト「京」の計算資源配分は「第 4章 ポ

スト「京」の計算資源配分」を参照）を利用して研究開発を推進することや，

フラッグシップシステムを支える特徴あるシステム，全国共同利用・共同研究

を進めている大学情報基盤センターのシステム等のポスト「京」以外の計算資

源を利用して研究開発を推進することにより，我が国の計算科学技術インフラ

全体を有効活用し，総体として効率的に成果を創出していくことを想定してい

る。 
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ドーパミン: 報酬予測誤差 δ
アセチルコリン: 学習速度 α
ノルアドレナリン: 探索の絞り β�
セロトニン: 予測の時間スケール γ



ŘŒ�
 ¸£¬ŧteUX 
 ��łÒ 
 Stefan Elfwing 
 ĸxƞ�ATR��

 �ãĻ�ĒĂ� 
 ŕôë 
 Ƨ¾Á��Ň±w� 
 ÇØƪ�Ň±w� 
 {�űƅ�´ÊÉ�Īw� 

 Ť�jhms�jov 
 ŉÅƌw 
 Bernd Kuhn 
 Alan Fermin�Ň±w� 
 Ĳ�ƕŬ 
 ĲxƠ}ĥ 

 ntX[v 
 ąþ�Ŭ 
 ąþƛª� 
 Ƭ�ĬŻ 
 �zơà�Ƌƫw� 
 �zƌƎ�ÕĞÿw� 

  fMRI 
 ĿÅø 
 Ů�ſƗ 
 �Ƅ»y�ä¾w� 
 �zƝŋ�ATR� 
 Nicolas Schweighofer (USC) 
 ±yĴÙ�ATR� 

�±ēĜĚęĩ#ÒŊ=¼î¡−$ 
Łķ±ęĩµŐĮÅo~Vzt 



OIST Neural Computation Unit �


