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ABSTRACT OF THE THESIS 

 

 

Perturbation of the Parietal Motor Network in a Sensorimotor Discrimination Task  

 

by 
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Master of Science in Biology 
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Professor Takaki Komiyama, Chair 

Professor Roberto Malinow, Co-Chair 

 

The core function of the brain is to make meaningful decisions based on 

environmental stimuli. While the basic response properties of sensory regions have 

largely been agreed upon in recent times, a driving force of neuroscience research is 

how sensory information is integrated with biases, motivations, and assessments of 

internal state, and then transformed into robust choices and movements.  

The primary motor cortex (M1) has long been known as the main controller of 

movement for some time, but the exact role of M1 and how it communicates with 
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movement preparation-associated areas, like the secondary motor cortex (M2) and 

posterior parietal cortex (PPC), are still being elucidated. Together, these three areas 

form the parietal motor network, and their study is essential to understanding the 

sensorimotor transformation. 

In the first experiment, mice were trained in a novel two-alternative forced-

choice visual discrimination task, the requirement of these areas was probed through 

optogenetic inactivation. M1 inactivation caused animals to default choice to their 

more stereotyped direction. M2 inactivation caused similar deficits in discrimination, 

and also impaired hold performance. PPC was found to be non-essential for the task. 

 PPC is known to be involved in aspects of decision-making, motor 

coordination, and analysis of value. In the second experiment, mice trained to 

perform a visually-guided memory task developed a reward-choice history-dependent 

bias revealed through mathematical modeling. Optogenetic perturbation of PPC 

activity during the pre-stimulus, but not during the post-stimulus period, altered the 

internal bias. As a result, the model’s predictive capability was significantly lowered in 

inactivation trials. 
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Chapter 1: Inactivating the Parietal Motor Network in a Visual 

Discrimination Task 

 

Introduction 

The Sensorimotor Transformation 

The ability to act on the world is essential to survival for all forms of life on 

Earth. Sensory stimuli from our surroundings flood our senses every single day, and 

we use this information to make meaningful actions and interact with the world. But 

how does one go, for example, from seeing a traffic light turn green to pushing the 

gas pedal?  The integration of incoming sensory information from the environment 

with one’s prior knowledge and motivations, and the subsequent use of this 

information to guide actions and decisions is a fundamental task of the nervous 

system1–5. Neural activity, and thus information, flows across the brain from sensory 

regions to motor regions during movement preparation and execution6–8, in a time-

dependent hierarchical manner through many individual cortical areas9. Which 

cortical areas are directly involved, and the exact mechanisms by which sensory 

information is converted to motor plans, however, are still being elucidated today. 

The Parietal Motor Network 

The primary motor cortex (M1) has long been known to be the main 

movement output center of the brain since its discovery10 and its subsequent 

subdivision based on somatotopy11. The precise mechanisms by which M1 activity is 

commands movement are still unknown, and are the subject of much debate in the 

field today. Activity in M1 during movement has been shown to reflect many different 
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components of movement such as speed12, movement direction13, and control of the 

muscles involved14. However, both M1 and the premotor cortex (M2) have shown 

preparatory activity in the absence of movement which cancels out population level15, 

indicating that both motor regions process information that is distinct from movement 

output itself, and are more than simply output areas. Rather than encoding a 

combination of kinematic parameters, recent theories suggest that a more accurate 

view is that M1 integrates information from multiple different areas to form a motor 

plan at the population level16,17. One of these areas is M2, the secondary motor 

cortex. 

The secondary motor cortex has long been considered essential in goal-

directed movement18, showing strong modulation of activity prior to and during 

movement19,20. In mice, M2 is strongly reciprocally connected to M1 and heavily 

influences M1 activity21,22, implying a very strong role of M2 in motor planning. 

However, the nature of this interaction in mice is still not yet fully described. 

The posterior parietal cortex (PPC) is another area that shows very strong 

modulation to movement preparation and while an animal keeps a decision in mind23, 

and projects strongly to M223,24. In monkeys, PPC inactivation has been shown to 

cause impairment of hand-eye coordination25,26, specifically impairing reaches but not 

saccades, implying PPC as being essential in the sensorimotor transformation. 

Together, these three areas form the parietal motor network, and are the three areas 

of interest in this study. 

How does information flow between these areas during a sensorimotor task in 

mice? In monkeys, pharmacological inactivation of M1 has been shown to block 
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electrically-evoked movements from M2 and PPC, while inactivation of PMC blocks 

electrically-evoked movements from PPC27, implying an connectivity hierarchy, and 

information flow, of PPC to M2, and M2 to M1. Taking this into consideration, 

inactivation of further upstream areas like the PPC may likely have a smaller 

behavioral effect than inactivation of downstream areas, like M1.  

The Mouse as a model 

The mouse brain shares many cortical similarities to humans and other higher 

mammals, but its lissencephalic structure and lower modularity allows for access to 

large parts of the dorsal cortex for easier study28,29. Well-developed transgenic lines 

established through the use of the Cre-recombinase30 allow for neuronal cell-type 

specific targeting of optogenetic tools such as Channelrhodopsin2 to be transduced 

into all neurons or specific neuronal subtypes, such as parvalbumin(+) GABAergic 

interneurons31–34. This allows for inactivation of cortical with high temporal resolution 

that cannot be achieved through physical lesion or pharmacological inactivation (e.g. 

via muscimol35), allowing us to assess the requirement of M1, M2, or PPC in a novel 

sensorimotor discrimination task while avoiding potential cortical compensation36 from 

other areas.  

Results 

A Novel Visual Discrimination Task 

We developed a two-alternative forced-choice1 non-memory visual-

discrimination task for head-fixed mice using a joystick setup (Figure 1.1A and S1A). 

In each trial, mice were cued by drifting gratings either forward or downwards for 2 
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seconds followed by an auditory go cue, after which they were required to press in 

the corresponding direction of the stimulus to receive reward. The stimulus was 

presented throughout the response period of the task, and any movement out of the 

initial hold zone during the visual cue caused a trial abortion. Mice performed one 

session per day until. After approximately 2 months of training (Figure S1B), animals 

performed the task proficiently (Figure 1.1B). Many animals developed a constant 

target preference within each session, quantified as a preference index (Methods), 

with no trend towards either target across animals (p=0.84, t-test) (Figure 1.1C). 

Movements made to an animal’s preferred target were more stereotyped (Figure 

1.1D),  in terms of the ballistic angle, the angle at the point of maximum joystick 

velocity and off target movement, the path distance of movement towards the 

opposite target (Figure 1.1E).  

M1 Inactivation Exacerbates Constant Target Preference 

To probe the role of M1 in the task, we transduced Channelrhodopsin-2 

(ChR2) into PV neurons in M1 via Cre-dependent AAV (Figure 2A) and trained these 

mice (N=10) in the task. Once performance reached sufficient levels (Methods), we 

began inactivation experiments, applying blue light bilaterally to M1 through thinned-

skull windows in approximately 15% of trials per session (Methods), alternating 

control and inactivation sessions daily (Figure 1.2B). Surprisingly, only 2 of 10 

animals were significantly immobilized by inactivation compared to control days 

(p<0.01, Wilcoxon one-sided rank sum test), while overall animals were still able to 

perform the task during inactivation (Figure 1.2B). Hold Performance was not 

significantly affected across animals (Figure 1.2C). Discrimination performance, 

however, was significantly decreased in inactivation sessions compared to control 
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(Figure 1.2D), due to a large increase in the constant target preference (Figure 1.2F). 

These inactivated movements were in the more stereotyped target direction (Figure 

1.2G).  

M2 Inactivation Impairs Withholding and Exacerbates Target Preference 

Similarly to M1 animals, we transduced ChR2 into PV neurons in the 

secondary motor cortex (Figure 1.3A) of 8 mice, trained them in the task, and 

performed inactivation sessions once performance reached sufficient levels. One 

animal was significantly immobilized by the light, though overall animals were not 

(Figure 1.3B). Hold performance significantly decreased across animals (p<0.05, 

Wilcoxon one-sided signed rank test) (Figure 1.3B). Discrimination performance was 

also significantly decreased (p<0.01, Wilcoxon one-sided signed rank test), along with 

the preference index (p<0.01, Wilcoxon one-sided signed-rank test).  

PPC is not required for the Visually-Guided Task 

To probe the role of PPC, we then transduced ChR2 in PPC (Figure 1.4A) in 

another set of PV-Cre mice (N=5), trained them in the task, and performed 

inactivation sessions. Animals were not immobilized and were able to perform the 

task (Figure 1.4B). Unlike M1 inactivation, however, there were no significant 

changes in hold performance (Figure 1.4C), discrimination performance (Figure 

1.4D), or the preference index (Figure 1.4E) within or across animals, indicating PPC 

was not necessary for task performance. 



6 
 

 
 

Discussion 

 Information travels across the cortex between individual modules in the brain, 

and is transformed from sensory information to robust, accurate movements. The 

primary motor cortex (M1), secondary motor cortex (M2), and posterior parietal cortex 

(PPC), are all areas that have been shown to have strong modulation of activity in 

preparation of and during movement, making these areas of strong interest. In this 

study, we used cutting-edge genetic technologies in combination with a complex 

behavior task to test the requirement of each of these cortical areas via acute 

optogenetic silencing, allowing for within-session comparison of behaviors. 

The Requirement of M1 for Movement 

The exact role of M1 in motor skill execution has been a long-standing 

question in neuroscience. M1 is known to be essential for making skilled 

movements16, finding evidence in lesion experiments in which animals lose the ability 

to grasp37. M1 seems to also be required for motor skill learning, as lesioned animals 

are incapable of learning new contingencies38,39. Because motor learning is defined 

by stereotypy of movement38,40, M1 must be required for development of stereotypy of 

movement. In this study, training in our task took several months to reach acceptable 

discrimination levels, and animals typically developed more stereotyped movements 

to one of two targets. Optogenetic inactivation of M1 did not cause immobilization 

across mice, as seen in previous studies41, but rather caused an increase in the 

movements an animal made to its more stereotyped target direction. M1 was either 

not, or less, required for the performance of these movements, complementing the 

results of physical lesion studies39. It could be that lower brain areas in charge of 
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motor control, such as the striatum or other parts of the basal ganglia, were taking 

control in commanding this movement in reaction to a loss of feedforward activity 

from acute M1 inhibition. It is important to note that our task was a lever-press task 

and does not necessarily require the animal to grip and maneuver the lever with 

precision. Rather, the animal only needs to impart force in its choice direction, which 

only requires large muscles to move and not fine motor control. If the task had 

required grasping37,41, licking7,42,43, or other motor skill, we may have seen 

immobilization instead.  

The Role of M2 in Mice 

M2 inactivation in our task produced very similar results to M1 inactivation, but 

also impaired hold performance in our mice. This result has been seen in rat premotor 

cortex pharmacological inactivation, which led to impairment of temporal preparation 

and causing premature responding in reaction time tasks44,45. In rats46,47 and 

monkeys15,48,49, premotor areas show strong involvement in perceptual decision-

making. It is likely that mouse M2 plays a similar but potentially simpler role in 

coordinating the temporal specificity of movements.  

The strong increase in preference index coupled with a decrease in 

discrimination analogous to M1 inactivation is interesting, in the least. Stereotypy 

analysis of the movements was not done, but would have revealed whether the effect 

was due to subcortical control, or due to M2 activity modulating M1 and to encode 

choice. The latter phenomenon has been seen in monkeys, where premotor cortical 

activity tuned to a selected target while primary motor cortical activity to the opposite 

target was surpressed49. This would negate the previous claim that mouse M2 is a 

simple region, rather supporting that a complex combination of choice, temporal 
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specificity, and potentially other aspects of motor control are processed in mouse M2. 

This is supported in a rat study, which showed M2 activity integrating reward 

responses without interfering with motor output50. 

The discrimination deficit caused by inactivation should be interpreted with 

caution. As with all optogenetic or pharmacological lesion studies, it could be that a 

decrease in performance is not necessarily caused by the region directly involved 

being inhibited, but rather by a lack of feedback activity to connected areas51. 

Because mouse M1 and M2 run very close to each other anatomically52,53, and are 

very strongly reciprocally connected21,22, it could be the sudden loss of feedforward 

activity from M2 to M1 causes a strong perturbation in M1 activity, leading to 

simultaneous perturbation of both areas. In fact, one of the eight animals used in the 

inactivation experiments was significantly immobilized in the task, a phenotype 

atypical to premotor cortical inactivation, supporting the prior claim. However, this 

could also be a result of an off target inactivation, an unlikely, but possible concern.  

PPC is Nonessential for Task Performance 

It seems PPC is dispensable during the entire active phase of our task. No 

behavioral effect from PPC inhibition has been seen previously in whisker-detection 

task7, auditory accumulation of evidence54, or visually-guided maze task 23, but 

visually-guided tasks with memory period have shown to require PPC via 

optogenetic42 and pharmacological23 inactivation. Considering the primary visual 

cortex in mice does not directly project to the forelimb area of M1, only indirectly 

through PPC55, it seems strange that PPC inactivation does not cause a significant 

deficit in visual discrimination, though potentially increasing the sample size may 

make this difference statistically significant, but small nonetheless. With previous 
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studies showing PPC deficits most often in tasks with memory periods, it would be 

worthwhile to test if the addition of a memory period changes the requirement of PPC 

for this task. Because PPC is known to be heavily involved in decision making1,2, it 

could be that inhibition of PPC produces a more subtle change undetectable when 

looking solely at performance. PPC has been also shown to be essential to hand-eye 

coordination in monkeys25,56,57, as such it would be interesting to analyze potential 

deficits of PPC inhibition in a more complex behavior, such as a grasp task41 with 

mice. 

Although the results of these perturbations offer some insight into the roles of 

the mouse parietal motor network, there are obvious drawbacks to optogenetic 

experiments such as this. As noted earlier, an effect caused by the optogenetic 

inactivation of a cortical area alone does not necessarily causally link that area to the 

aspect of deficit, as inactivation can cause off-target effects to projection areas51.  

A lack of quantification of the extent of optogenetic inhibition through the 

thinned-skull preparation adds unwelcome uncertainty to the specificity of 

inactivation. A recent study using a craniotomy and glass window in VGAT-ChR2 

mice found reduction of activity-dependent marker c-Fos only a few hundred microns 

from the window edge42, which would likely be lower in our thinned-skull preparation 

due to the lower transparency of the skull compared to glass, giving us some 

confidence in the spatial range of inactivation. It is more likely that we were 

inactivating a smaller range than intended rather than larger. 

Overall, these experiments add much to the growing literature elucidating the 

identities and exact roles of the cortical areas involved in the sensorimotor 

transformation. Combined with incredible techniques such as in-vivo two-photon 
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calcium imaging58,59 to image hundreds of neurons in real-time, the secrets of the 

brain are more available than ever before. 
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Figure 1.1. Visual Discrimination Task.  

(A) Top: task schematic. Middle: task trial structure. Bottom: stimulus-action 
contingency. 
 

(B) Withholding (0.846, median) and Discrimination (0.812, median) performance 
across all mice (n=23 animals, across 245 sessions). 
 

(C) Forward preference index for each session across all mice (0.48 ± 0.18, mean 
± std.). There is no target preference across animals (t-test for mean different 
from 0.5, p=0.84). 
 

(D) Top: example traces to both targets from one session. Animals developed 
more stereotyped movements to one direction. Bottom: ballistic angle and off-
target movement schematic. 
 

(E) Top: Difference in ballistic angle variability vs. preference index. Preferred 
target movements have lower ballistic angle variability (Pearson’s correlation 
= -0.39, p<0.005) Bottom: Difference in off-target movement vs. preference 
index. Preferred target movements have less off-target movement (Pearson’s 
correlation = -0.51, p<0.001; colors, animals; points, individual sessions). 
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Figure 1.2. Inactivation of the Primary Motor Cortex. 

(A) Left: transduction of Channelrhodopsin2-eYFP into the primary motor cortex 
(Image adapted from mouse brain atlas53). Center: ChR2-eYFP expression 
picture in M1 (scale bar = 500 µm) Right: colocalization of PV and ChR2 
(scale bar = 100µm).  
 

(B) Control vs. Inactivation session LED schematic. 
 

(C) Change in the proportion of non-moving trials between light-off and light-on 
trials between control and inactivation sessions. 2 animals were individually 
immobilized across sessions (p<0.01, Wilcoxon one-sided rank-sum test), but 
animals were not overall (p=0.19, Wilcoxon one-sided signed rank test; 
individual lines, animals; black, mean ± s.e.m.). 
 

(D) Difference in hold performance between light-off and light-on trials across 
control and inactivation sessions (p=0.09, Wilcoxon one-sided signed rank 
test; individual lines, animals; black, mean ± s.e.m.). 
 

(E) Difference in discrimination performance between light-off and light-on trials 
across control and inactivation sessions (-0.01 ± 0.01 vs. -0.21 ± 0.03, mean ± 
s.e.m.; p < 0.005, Wilcoxon one-sided signed rank test; individual lines, 
animals; black, mean ± s.e.m.). 
 

(F) Change in constant target preference index between light-on and light-off trials 
across control and inactivation sessions (0.26 ± 0.02 vs. 0.07 ± 0.01, 
inactivation vs. control, mean ± s.e.m; p<0.001, Wilcoxon one-sided signed 
rank test; individual lines, animals; black, mean ± s.e.m.). 
 

(G) Left: Difference in ballistic angle variability vs. inactivation preference index. 
Target movements during inactivation have lower ballistic angle variability 
(Pearson’s correlation = -0.45, p<0.005) Right: Difference in off-target 
movement vs. inactivation preference index. Target movements during 
inactivation have less off-target movement (Pearson’s correlation = -0.57, 
p<0.001; colors, animals; points, individual sessions).
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Figure 1.3. Inactivation of the Secondary Motor Cortex. 

(A) Left: transduction of Channelrhodopsin2-eYFP into the secondary motor 
cortex. (Image adapted from mouse brain atlas53) Right: ChR2-eYFP 
expression image in M2 (scale bar=500 µm). 
 

(B) Change in the proportion of non-moving trials between light-off and light-on 
trials between control and inactivation sessions. One animal was significantly 
immobilized (p < 0.05, Wilcoxon one-sided rank-sum test). Animals were not 
immobilized overall (p=0.45, Wilcoxon one-sided signed rank test; individual 
lines, animals; black, mean ± s.e.m.). 
 

(C) Difference in hold performance between light-off and light-on trials across 
control and inactivation sessions. (-0.02 ± 0.01 vs. -0.22 ± 0.02; p<0.05, 
Wilcoxon one-sided signed rank test; individual lines, animals; black, mean ± 
s.e.m.). 
 

(D) Difference in discrimination performance between light-off and light-on trials 
across control and inactivation sessions (-0.01 ± 0.01 vs. -0.21 ± 0.03, mean ± 
s.e.m.; p < 0.005, Wilcoxon one-sided signed rank test; individual lines, 
animals; black, mean ± s.e.m.). 
 

(E) Change in constant target preference index between light-on and light-off trials 
across control and inactivation sessions (0.26 ± 0.02 vs. 0.07 ± 0.01, 
inactivation vs. control, mean ± s.e.m; p<0.001, Wilcoxon one-sided signed 
rank test; individual lines, animals; black, mean ± s.e.m.). 
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Figure 1.4. Inactivation of the Posterior Parietal Cortex. 

(A) Left: transduction of Channelrhodopsin2-eYFP into the posterior parietal 
cortex. (Image adapted from mouse brain atlas53) Right: ChR2-eYFP 
expression image in PPC (scale bar = 500 µm). 
 

(B) Change in the proportion of non-moving trials between light-off and light-on 
trials between control and inactivation sessions. Animals were not immobilized 
overall (p=0.81, Wilcoxon one-sided signed rank test; individual lines, animals; 
black, mean ± s.e.m.). 
 

(C) Difference in hold performance between light-off and light-on trials across 
control and inactivation sessions. (p=0.24, Wilcoxon one-sided signed rank 
test; individual lines, animals; black, mean ± s.e.m.). 
 

(D) Difference in discrimination performance between light-off and light-on trials 
across control and inactivation sessions (p=0.08, Wilcoxon one-sided signed 
rank test; individual lines, animals; black, mean ± s.e.m.). 
 

(E) Change in constant target preference index between light-on and light-off trials 
across control and inactivation sessions (p=0.12, Wilcoxon one-sided signed 
rank test)
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Chapter 2: Perturbation of PPC alters History-Dependency of 
Choice 

Introduction 

Decision Making 

As humans, nearly every decision that we make in our adult lives is subject to 

some sort of bias, that we may or may not even be aware of 60. These biases are 

based on the choices that we make, which in turn affect future choices we intend to 

make61, and are often subject to change in real-time 46,62,63. How are these biases 

created and maintained within the brain? Areas like the prefrontal cortex48,62,64, 

premotor cortex12,24,65, and the parietal cortex66–69 have shown modulation to choice 

history and reward history in decision-making tasks. This study focuses on the 

posterior parietal cortex, and its role in the computation of bias in sensorimotor 

decision-making. 

The Posterior Parietal Cortex 

The posterior parietal cortex is known to be heavily involved in decision-

making in the sensorimotor pathway1,2, and activity has been shown to correlate with 

the subjective desirability of action70. Considering neurons even within PPC have very 

diverse activity profiles that depend heavily on their individual connectivity23,71, and 

that PPC activity is known to dynamically change during the decision-making 

process72, it is possible that PPC serves as a center for the generation of an internal 

bias from an analysis of reward and previous choices, and then subsequently 

communicates this information to its many projections. But when does this happen 

during the decision-making process? How much sensory information is considered? 
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While activity in the PPC has been shown to be non-essential in the 

performance of sensory-guided tasks7,54, pharmacological inactivation of PPC in mice 

has been shown to reduce performance of a visually-guided maze task only when a 

memory period was included, and not when the visual cue was presented throughout 

the trial23. As such, we developed a novel two-alternative forced-choice1 visually-

guided memory discrimination task to study how PPC contributes to the processing of 

bias in the decision-making process. 

In this study, using a combination of mathematical modeling of behavior and 

well-developed optogenetic technologies31–34 in mice lines established through the 

use of the Cre-recombinase30, we establish a link between pre-stimulus PPC activity 

and an emergent choice-reward history dependent bias.  

Results 

Visually-guided Memory Task 

We trained mice in a novel sensorimotor memory task (Figure 2.1A and S1A). 

In this task, mice were cued by drifting gratings either forward or downwards for 1 

second, followed by a 2 second memory period during which the mice were required 

to actively withhold movement. At the end of this period, response was cued via an 

auditory go cue, after which they were required to press in the corresponding 

direction of the stimulus to receive reward. Any movement out of the initial hold zone 

during the visual cue or the memory period caused a trial abortion. Though mice 

discriminated significantly better than chance, based on an animal’s individual 

constant target preference in an individual session (Figure 2.1B, Methods), 

performance was significantly worse than in the non-memory discrimination task 
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(Figure 2.1C), suggesting that memory was the performance-limiting factor rather 

than visual discriminability.  

History-based action selection bias revealed by behavioral modeling 

The high choice variability of in the task was not due to a constant target 

preference, and could have been due to random choice or a much more systematic 

fluctuation of hidden internal biases, formed from the animal’s choice and reward 

history. To test the latter possibility, we built a logistic regression model of the 

behavior that predicts the target choice of each mouse for individual trials within a 

session as a function of the sensory stimulus direction of the current trial, the choice-

outcome history from previous trials, and a constant choice preference (Equation 1 

and Methods). The portion of the equation excluding the stimulus direction 

corresponds to the estimate of the internal bias in each trial. Regression was 

individually performed for each session to determine the weights and time constants 

of the history terms that best fit the animal’s choice. To avoid overfitting, model 

accuracy was computed via cross-validation in which the model was built using a 

fraction of the trials in a session (‘training set’) and evaluated for the accuracy on the 

remaining trials (‘test set’).  

log 
𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦{𝑐ℎ𝑜𝑖𝑐𝑒(𝑁)=𝑓𝑜𝑟𝑤𝑎𝑟𝑑}

1−𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦{𝑐ℎ𝑜𝑖𝑐𝑒(𝑁)=𝑓𝑜𝑟𝑤𝑎𝑟𝑑}
=  𝑤𝑠 ∙ 𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠(𝑁) + 𝑤𝑜 ∙ ∑ 𝑜𝑢𝑡𝑐𝑜𝑚𝑒(𝑘) ∙ 𝑒

−
𝑁−1−𝑘

𝜏𝑜𝑁−1
𝑘=1 +

𝑤𝑐 ∙ ∑ 𝑐ℎ𝑜𝑖𝑐𝑒(𝑘) ∙ 𝑒
−

𝑁−1−𝑘

𝜏𝑐𝑁−1
𝑘=1  + 𝑤𝑜𝑐 ∙ ∑ 𝑜𝑢𝑡𝑐𝑜𝑚𝑒(𝑘) ∙ 𝑐ℎ𝑜𝑖𝑐𝑒(𝑘) ∙ 𝑒

−
𝑁−1−𝑘

𝜏𝑜𝑐𝑁−1
𝑘=1 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡             (1) 

Strikingly, this model with choice-outcome history predicted the behavior 

significantly better than the stimulus alone (Figure 2.2A and 2.2B), indicating that the 

choice variability in this task was not random. Instead, a significant part of the 

variability arose from a systematic influence of choice-outcome history that biased the 
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decision on a trial-by-trial basis. Model accuracy was significantly worse when a 

model built for one session was applied to another session of the same mouse, and 

was even lower when a model from one animal was applied to another mouse, 

demonstrating an idiosyncratic nature of the strategies (Figure 2.2C). Taken together, 

the imperfect behavioral performance in conjunction with the behavioral model gives 

us an opportunity to estimate the hidden internal biases underlying decision variability 

in individual trials which are not directly measurable. 

Optogenetic perturbation of PPC ITI activity alters internal bias 

To test the involvement of PPC in the determination of this internal bias, we 

used optogenetics to perturb PPC activity during the task. We transduced ChR2 into 

PPC neurons in mice and bilaterally perturbed PPC activity via blue light during the 

inter-trial interval (ITI) of a small subset (~15%) of trials (Figure 2.3A). If PPC is 

indeed essential for the decision biases based on choice-outcome history, then PPC 

perturbation should alter the idiosyncratic relationship between history and choice. 

We tested this idea by building a behavioral model with a subset of the light-off, 

unperturbed trials as the training set, and testing the accuracy of choice prediction for 

the remaining unperturbed and perturbed trials respectively. Strikingly, the model built 

with unperturbed trials was significantly better at predicting the choice of other 

unperturbed trials than for perturbed trials (Figure 2.3B-D). This result shows that 

PPC perturbation altered the idiosyncratic relationship between choice-outcome 

history and the subsequent actions. This effect was not observed in control sessions 

of the same mice, in which the light was directed at the head bar instead of PPC, 

indicating that the effect was due to PPC perturbation and not due to non-specific 

effects of the light (Figure 2.3D). 
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In a separate set of experiments, we transduced ChR2 in PV-Cre mice to 

express ChR2 in PV inhibitory neurons in PPC. We performed analogous 

experiments with these mice in which PPC was inactivated bilaterally in ~15% of 

trials. Similarly to PPC activation described above, inactivation also altered the 

history-choice relationship specifically in inactivated trials, further supporting that PPC 

ITI activity is essential for the history-based action biases (Figure 2.3E). Intriguingly, 

however, the history-choice relationship was not altered when we inactivated PPC 

from the beginning of the visual stimulus until the end of the trial (Figure 2.3F and 

2.3G), indicating that stimulus, delay and movement responses in PPC are 

dispensable for the performance of this task.  

Discussion 

When making decisions, our choices are often strongly affected by personal 

biases based on the previous decisions we’ve made 61,63. In this study, the difficulty 

mice had in performing the memory task resulted in animals relying on a reward-

choice history-based bias that varied session to session to make decisions in the 

task, causing them to stray from optimal performance. Through robust mathematical 

modeling, and the use of advanced optogenetic tools in mice, we were able to show 

that the PPC plays a key role in mediating this bias.  

Emergence of History-dependent Bias 

Previous studies have shown when sensory evidence is difficult to parse, or in 

this case to remember, that animals increasingly rely on a reward-history based 

bias69,73,74 when making decisions. These biases can be modeled mathematically, 

showing trial to trial variability in choice may seem random, but in actuality is not2,74.  
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Here, our logistic model revealed the complex relationship between individual 

animals’ choice-reward history and its directional choices made in the task. 

Importantly, bias was also shown to be unique in every session, even within animals, 

indicating that it was actively created during performance of the task. In this way, the 

reward-choice bias reflective of the highly variable, situational nature of human 

decision-making63,64. 

The Function of the Posterior Parietal Cortex 

This study found the PPC to non-essential for the sensorimotor transformation 

occurring during the active portion of the memory task23,54,75, so bias information 

encoded in the PPC during the ITI must have been transferred to downstream areas 

before stimulus onset, and these areas not have required constitutive activity in PPC.  

Rather than being directly involved in movement planning, it seems that PPC is 

instead is important for mediating subjective decisions54,72 in this task. Activity in PPC 

has previously been shown to dynamically change as an animal is actively involved in 

decision-making, supporting the notion that this history-based bias is calculated in 

real-time72, and supported by our model. Neurons in the PPC are known be widely 

connected within the brain, with the connectivity of individual neurons greatly affecting 

their activity23,55,71. Therefore, the next step to take should be identification and 

analysis of the activity of the many areas PPC projects to. One of these areas is the 

prefrontal cortex, which has shown activity correlations with analysis of value3, 

previous choices49,65, and reward associations62, and is known to be actively involved 

in movement itself. It would be interesting to see how information from the PPC is 

integrated into activity in these regions prior to movement execution.  
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It is important to note that trial inactivation of PPC could have produced a 

more subtle change undetectable when looking choice and performance. PPC is 

known to be essential in hand-eye coordination25,56,57, so trial inactivation could have 

caused a subtle effect in fine motor skill that was not detectable in our task structure. 

To further probe the role of PPC, it would be interesting to determine the potential 

deficits caused by inactivation during a reach or grasp task rather than the decision-

making paradigm used here. 

A lack of quantification of the extent of optogenetic perturbation through the 

thinned-skull preparation unfortunately clouds certainty of spatial specificity. A recent 

study using a craniotomy and glass window in VGAT-ChR2 mice found reduction of 

activity-dependent marker c-Fos only a few hundred microns from the window edge42. 

In our study, this spread is more likely smaller due to the use of a thinned-skull 

preparation, giving us some confidence in the spatial extent of perturbation. 

Overall, this study was able to show that PPC activity during the ITI was 

responsible for the computation of a reward-choice history dependent bias that 

strongly affected mouse behavior in our task. Slowly, we are starting to reveal the 

neural bases for individuality and understanding the complex unconscious 

computations made by the brain during the decision-making process.  
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Figure 2.1. Visually-guided memory task.  

(A) Top: task schematic. Middle: task trial structure. Bottom: stimulus-action-
outcome rule.  
 

(B) Discrimination performance is significantly better than chance. (Black, mean ± 
s.e.m. across mice; colors, individual mice. Wilcoxon one-sided signed rank 
test.) 
 

(C) Discrimination performance is significantly better in non-memory trials (visual 
stimulus stays on throughout the trial) when randomly interleaved with 
memory trials. (Black, mean ± s.e.m. across mice; colors, individual mice. 
Wilcoxon one-sided signed rank test.) 



28 
 

 
 

 

Figure 2.2. Choice-outcome history biases future decision, driving choice 
variability.  

(A) Top: example trial-by-trial sequence of an animal’s choice (black) with partial 
model fit using stimulus information only (cyan). Bottom: choice sequence 
from top plot (black) with full model fit using stimulus, trial history, and a 
constant (green).   
 

(B) Full model including both stimulus and history information predicts choice 
more accurately than partial model including only stimulus. (Black, mean ± 
s.e.m. across sessions; colors, individual sessions. Wilcoxon one-sided 
signed rank test.) 
 

(C) Choice prediction accuracy is highest when models are estimated from the 
current session than different sessions of the same animal, or different 
animals, indicating that history-dependent strategies vary across sessions and 
animals. Black, mean ± s.e.m. across sessions; colors, individual sessions. 
Wilcoxon one-sided signed rank test. 
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Figure 2.3. Perturbing pre-stimulus activity in PPC alters internal bias and 
decision performance. 

(A) Schematic of perturbation experiment. Control (blue light directed away from 
PPC) and perturbation (the light directed to PPC) sessions alternated day-to-
day (for 14-16 days). Continuous blue light was applied during the ITI in 
randomly selected trials (15%) in both control and perturbation sessions.  
 

(B) Choice sequence (black) and behavioral model fit (orange) in an example 
perturbation session. In this example, the mouse tended to alternate choice 
(i.e., the mouse most heavily weighted the previous choice history) in light-off 
trials, but this tendency was reduced in light-on trials.  
 

(C) The effect of PPC ITI activation on the model fit in 8 separate activation 
sessions in a single mouse. (Black, mean ± s.e.m. across sessions; colors, 
individual sessions. Wilcoxon one-sided signed rank test.) 
 

(D) Average model accuracy in light-off and light-on trials in activation versus 
control sessions. (Black, mean ± s.e.m. across mice; colors, individual mice. 
Wilcoxon one-sided signed rank test.)   
 

(E) The same as D, but for ITI inactivation.  
 

(F) In post-stimulus-onset inactivation sessions, blue light was applied from 
stimulus onset to the end of randomly selected trials (15%).  
 

(G) The same as D, but for post-stimulus-onset inactivation. 
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Methods 

Animals 

All experiments were performed in accordance with protocols approved by the 

UCSD Institutional Animal Care and Use Committee. PV-Cre [JAX 008069]76 mice 

were group housed in a room with a reversed light cycle (12h – 24h). Experiments 

were performed during the dark period. 

Surgery 

Adult mice (6 weeks or older, male and female) were anaesthetized with 2% 

isoflurane and given dexamethasone (anti-inflammatory, 2 mg/kg), baytril (antibiotic, 

10 mg/kg), and buprenorphine (analgesic, 0.1 mg/kg) subcutaneously at the 

beginning of surgery. The scalp was cleaned with betadine, then removed from 

between the ears to between the eyes. A head-fixation bar was glued to the skull 

using cyanoacrylate glue, and cemented in position using dental acrylic. A virus 

carrying Channelrhodopsin-2 (AAV2-1-CAG-ChR2 for activation, 

AAV1.EF1A.DIO.hChR2 for inactivation, undiluted; UPenn Vector Core) was injected 

bilaterally through an ~1 mm by ~1 mm thinned-skull window either in M1 (0.3 mm 

anterior, 1.5 mm bilateral from bregma)38,77, M2 (2.5 mm anterior, 0.8 mm bilateral 

from bregma)22,78, or PPC (2 mm posterior, 1.7 mm bilateral from bregma)23,42 either 

in the center of the window at both 200 μm and 600 μm (~100 μL each) in depth from 

the dura, or in 2-4 locations (~100 μL each) near the center of the window 250 μm in 

depth from the bottom of the window. The skull was then sealed with a layer of 

cyanoacrylate glue. 
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Perfusion and Histology 

Animals were anaesthetized with ketamine and perfused with 4% 

paraformaldehyde. The brain was removed and placed in 4% PFA for 24 hours, 

followed by at least 24 hours in 30% sucrose solution. Tissue was sectioned coronally 

at 30 µm. For all staining, sections were blocked in 3% normal goat serum, 0.3% 

bovine serum albumin, and 0.2% Triton X-100 in PBS for 1 hour at room temperature. 

They were then incubated in primary antibody solution for 24 hours at 4ºC (chicken 

Anti-GFP 1:1000, GFP-1020, Aves Labs, Inc.) for GFP staining. Sections were 

washed 3 times for 10 minutes each in PBS, then incubated for 2 hours in 0.3% 

bovine serum albumin, and 0.2% Triton X-100 in PBS secondary antibody solution 

(AlexaFluor488 goat Anti-chicken 1:1000, Invitrogen). Sections were washed again in 

PBS, then mounted and cover-slipped. Sections were imaged on either a Zeiss 

AxioZoom.V16 wide-field microscope or Zeiss Imager M2 with Apotome2 system.  

Behavioral Training 

Adult mice (6 weeks or older, male and female) were allowed to recover for at 

least 3 days after surgery, after which their daily water intake was restricted to 

approximately 1 mL/day. Behavioral training started after at least 3 days of water 

restriction.  

A custom behavioral apparatus in a Skinner box (40cm x 40cm x 40 cm) 

included a joystick (M11L061P; CHProducts), a visual stimulus presentation monitor 

(17”, placed ~15 cm from the right eye of the mouse), and a water port (Figure 1A). 

The joystick, with a dynamic range of 56˚ in each angular direction on a spherical 

surface, was positioned such that mice used their left paw to manipulate it (Fig. S1a). 
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The 2D angular position of the joystick was continuously monitored and recorded at 1 

kHz using a data acquisition card (USB6008; National Instruments) and a custom 

Matlab program. The task-sequence execution, stimulus selection, auditory cue 

presentation, reward dispensation, and task time recording were handled by an open 

source realtime Linux/Matlab software package BControl 

(http://brodywiki.princeton.edu/bcontrol/). The presentation of visual stimuli (100% 

contrast, full-field, square wave drifting gratings 0.04 cycles/degree and 3 cycles/sec) 

was implemented using an open source Matlab toolbox Psychtoolbox 

(http://psychtoolbox.org/).  

Head-fixed mice29 were trained in the behavioral apparatus, approximately 1 

hour per day over a period of 2-4 months. The task gradually evolved to become 

more complex through multiple steps (Fig. S1b). In the first step, the mice received a 

water reward if they moved the joystick to the correct target within a 30-second 

response period even if they hit the incorrect target first. As they learned reliably 

move the joystick in both directions for reward, we increased the target distance up to 

11.1˚ (~10 mm) and decreased the response time to 10 seconds until they could 

reach distant targets within 10 seconds in more than 80% of trials (step 2). In steps 1 

and 2, the joystick was mechanically immovable until the auditory go cue. Starting in 

step 3, to prevent mice from pushing or leaning onto the joystick before the go cue, 

we enabled the joystick from stimulus onset and rewarded mice only if they moved 

the joystick after the go cue and reached the correct target. Error trials in which mice 

responded before the go cue were aborted with a white noise sound. Step 3 of 

training continued until achieving withholding performance above 80%.  
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𝑊𝑖𝑡ℎ𝑜𝑙𝑑𝑖𝑛𝑔 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =
# 𝑜𝑓 𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑟𝑖𝑎𝑙𝑠 𝑎𝑓𝑡𝑒𝑟 𝑔𝑜 𝑐𝑢𝑒

# 𝑜𝑓 𝑎𝑙𝑙 𝑟𝑒𝑠𝑝𝑜𝑛𝑑𝑖𝑛𝑔 𝑡𝑟𝑖𝑎𝑙𝑠
 

In step 4, mice were trained to directly reach for the correct target after the go 

cue by aborting trials as soon as they hit the incorrect target or moved before the go 

cue. Step 4 continued until they achieved both discrimination and withholding 

performance above 80%.  

𝐷𝑖𝑠𝑐𝑟𝑖𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =
# 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠 ℎ𝑖𝑡𝑡𝑖𝑛𝑔 𝑡ℎ𝑒 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑡𝑎𝑟𝑔𝑒𝑡

# 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠 ℎ𝑖𝑡𝑡𝑖𝑛𝑔 𝑎𝑛𝑦 𝑡𝑎𝑟𝑔𝑒𝑡
 

Discrimination performance was computed for all trials that reached a target 

regardless of whether or not the trials were successfully withheld. Once performance 

reached these levels, the ITI length gradually increased up to 4 seconds (step 5). The 

task at this point is the non-memory visual discrimination task presented in Figure 1 

and used in the inactivation experiments described in Chapter 1 and Figures 1-4. 

In step 6, we turned off the visual stimulus simultaneously with the auditory go 

cue. In step 7, the stimulus period was shortened to 1.8 sec and a 0.2 sec memory 

period was introduced. In the final step, the stimulus period was gradually decreased 

down to 1 s and the memory period was gradually increased up to 2 s. As the 

memory period became longer, the discrimination performance deteriorated and 

rarely improved above 60% even after a long period of training, so we trained each 

mouse until their discrimination performance in the 2-sec memory task reached 60% 

on average.  

In discrimination tasks (from step 4 onward), the visual stimulus was randomly 

selected between forward or downward drifting gratings with the following exceptions: 

1) after three consecutive successful trials in one direction, the stimulus always 
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switched to the other, and 2) after error trials, the same stimulus was repeated. These 

exceptions were implemented to discourage the mice from developing a strong bias 

of choosing only one direction and settling at 50% discrimination accuracy. The visual 

stimulus was randomly selected between forward or downward drifting gratings with 

the following constraints: 1) after three consecutive rewarded trials in one direction, 

the stimulus always switched to the other direction, and 2) after error trials, the same 

stimulus was repeated. These constraints were implemented to discourage the mice 

from choosing only one direction and settling at 50% discrimination accuracy. Despite 

the deterministic stimulus after an error or a third consecutive reward in one direction, 

the mice performed only slightly better in those trials than random trials (Wilcoxon 

one-side signed rank, p<0.04; Figure S1C), indicating that mice did not fully utilize 

these hidden stimulus presentation rules to their advantage.  

Because of this pseudo-random rule in stimulus presentation, discrimination 

performance achieved by random choice would not be 50% if there was a constant 

target preference, so we estimated the constant target preference within a session 

and converted it to a probability to choose each choice using the following formulae:  

Probability of choice 1

=  
1

2
× (

# 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠𝑐ℎ𝑜𝑖𝑐𝑒 1 | 𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 1 

# 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 1

+
# 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠𝑐ℎ𝑜𝑖𝑐𝑒 1 | 𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 2

# 𝑜𝑓 𝑡𝑟𝑖𝑎𝑙𝑠𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 2

) 

Probability of choice 2 =  1 − Probability of choice 1 

Then, the chance level performance for the given session was computed by 

simulating random binary choice with the estimated probabilities under the same 

pseudo-random rules 1000 times (Figure 2.1B). The constant target preference index 

metric used in Chapter 1 is equivalent to the probability of choice 1 value. 
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A subset of mice performed randomly interleaved non-memory and memory 

trials (both with a 3-sec pre-movement period between the stimulus onset and the go 

cue; in non-memory trials, the stimulus stayed on until a target was reached) in some 

sessions during their training period. In those sessions, the discrimination accuracy 

was consistently lower in memory than non-memory trials, indicating that the memory 

load, rather than the sensory discriminability, impaired performance in the memory 

task (Fig. 2.1C).  

Perturbation Experiments 

Once a mouse reached the 80% discrimination criterion for the non-memory 

visual discrimination task, or 60% discrimination for the memory task, we conducted 

1-7 light acclimation sessions to minimize non-specific light effects on behaviors. In 

the acclimation sessions, bifurcated blue LED fibers (wave length: 470 nm, ~4.5mW, 

Doric) were placed ~1 mm above the head-fixation bar, away from the cortical region 

expressing Channelrhodopsin2, and lights were turned on in randomly selected 15% 

of trials. Most mice recovered their usual task performance within a day or two. 

Each perturbation experiment was performed across 10 or 16 daily sessions. 

Control and perturbation sessions alternated day-by-day for all but 5 mice doing 

memory task inactivation. These 5 mice (3 trial and 2 ITI inactivation) performed 

control and perturbation sessions sequentially in 7-day blocks. In control sessions, 

the LED lights were directed above the head-fixation bar, whereas they were placed 

directly above M1, M2, or PPC on both hemispheres in perturbation sessions. Except 

for this difference, all procedures were identical.  
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In both control and perturbation sessions, light trials were pseudo-randomly 

selected with a restriction that there should be at least 5 no-light trials between any 

two adjacent light trials, to avoid potential behavioral adaptation to cortical 

perturbation due to consecutive and/or frequent exposures. Under this restriction, 

light stimulation was applied to less than 15% of trials.  

Trial selection for Behavioral Model 

In behavioral model analyses, the response choice was predicted only for 

trials in which mice reached any of the two targets after the stimulus onset, ~248 trials 

(range: 137-344; 91%) per session. 

Behavioral model  

In our behavioral model, the choice on a given trial is predicted by a weighted 

sum of the current stimulus, the history of past trial outcome, choice, and their 

interaction, and a constant (Equation 1 and 2). Past trials were temporally discounted 

in an exponentially decaying manner (i.e. stronger effect from more recent trials) with 

time constants fit independently for each history variable. Stimulus, outcome, and 

choice were all binary variables with the value of 1 or -1. However, in trials in which 

mice did not reach a target, choice was zero and outcome was -1 (error).  

We repeated the following procedure for a fixed set of time constants (varying 

from 0.01 to 100 for each history variable), and selected the time constants and 

weights that produced the highest model accuracy as the best-fit regression 

parameters. For given time constants, we first found best weights using logistic 

regression on a training set (Equation 1), and then estimated the choice sequence in 

a designated test set using the best weights (Equation 2). The two-step process was 
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10-fold cross validated to avoid overfitting. That is, trials within a session were divided 

in 10 non-overlapping parts, and each part served as a test set once, while the other 

nine parts as a training set. The fit of the model (or simply, model accuracy) was 

measured as the fraction of test trials in which the estimated choice matched the 

actual choice. 

 

log 
𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦{𝑐ℎ𝑜𝑖𝑐𝑒(𝑛)=𝑓𝑜𝑟𝑤𝑎𝑟𝑑}

1−𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦{𝑐ℎ𝑜𝑖𝑐𝑒(𝑛)=𝑓𝑜𝑟𝑤𝑎𝑟𝑑}
=  𝑤𝑠 ∙ 𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠(𝑛) + 𝑤𝑟 ∙ ∑ 𝑟𝑒𝑤𝑎𝑟𝑑(𝑘) ∙ 𝑒

−
𝑛−1−𝑘

𝜏𝑟𝑛−1
𝑘=1 +

𝑤𝑐 ∙ ∑ 𝑐ℎ𝑜𝑖𝑐𝑒(𝑘) ∙ 𝑒
−

𝑛−1−𝑘

𝜏𝑐𝑛−1
𝑘=1  + 𝑤𝑟𝑐 ∙ ∑ 𝑟𝑒𝑤𝑎𝑟𝑑(𝑘) ∙ 𝑐ℎ𝑜𝑖𝑐𝑒(𝑘)𝑒

−
𝑛−1−𝑘

𝜏𝑟𝑐𝑛−1
𝑘=1 + 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡                          

(1) 

𝑐ℎ𝑜𝑖𝑐𝑒 (𝑛)̂ =
    1,   𝑖𝑓  𝑝 > 0.5  
−1,           𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒  

}   (2) 

 

In partial models, we used a subset of variables and performed the same 

regression procedure. For instance, when estimating the effect of perturbation on trial-

history dependency of choice, we used a partial model without the stimulus term and 

compared the partial model accuracy between light-on and light-off trials. 

To assess the statistical significance of history information in predicting future 

choices, we applied a likelihood ratio test between the full model and a partial model 

that contains only stimulus and constant terms. We used p<0.05 as a significance 

threshold. 
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Movement kinematics analysis 

Movement onset was defined as the first time at which the joystick velocity 

exceeded 22.2˚/s (~20 mm/s) continuously for 20 ms and the joystick moved at least 

1.3˚ (~1.1 mm) from the origin. The reaction time was measured as the time between 

the go cue and movement onset, and the movement time as the time between 

movement onset and the time when the joystick entered any target region. 

Statistical Analysis  

When testing the hypothesis that the median of one set of samples is less 

than the median of the other set acquired from the same animals, we used the non-

parametric Wilcoxon one-sided signed-rank test. For two sets of samples acquired 

from different animals, we used the non-parametric Wilcoxon one-sided rank-sum 

test.  
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Figure S1. Two-alternative forced-choice tasks using the joystick apparatus.  

(A) The two target areas in the joystick endpoint space.  

 

(B) 8-Step behavioral training procedure.  

 

(C) Discrimination performance in random stimulus versus deterministic stimulus 

trials. Each line represents the average across 20 sessions, colors are 

individual mice, and the black line is the mean ± s.e.m. across 14 mice. 

Wilcoxon one-sided signed rank test. 
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