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Abstract

Flexibly adjusting our behavioral strategies based on the environmental context is critical to
maximize rewards. Ventrolateral prefrontal cortex (vVIPFC) has been implicated in both learning
and decision-making for probabilistic rewards, although how context influences these processes
remains unclear. We collected functional neuroimaging data while rhesus macaques performed a
probabilistic learning task in two contexts: one with novel and another with familiar visual
stimuli. We found that activity in vIPFC encoded rewards irrespective of the context but encoded
behavioral strategies that depend on reward outcome (win-stay/lose-shift) preferentially in novel
contexts. Functional connectivity between vIPFC and anterior cingulate cortex varied with
behavioral strategy in novel learning blocks. By contrast, connectivity between vIPFC and
mediodorsal thalamus was highest when subjects repeated a prior choice. Furthermore,
pharmacological D2-receptor blockade altered behavioral strategies during learning and resting-
state VIPFC activity. Taken together, our results suggest that multiple vIPFC-linked circuits

contribute to adaptive decision-making in different contexts.

I ntroduction

In order to obtain the best possible outcome, organisms must flexibly adjust their behavior

depending on environmental context’. For example, you have probably already learned through
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trial and error which transportation method, whether it be taxi, bus, or subway is best to take to
get you to the airport in your hometown. However, you would need to reassess your strategy and
learn which option would be most reliable to take when faced with the same task in an unfamiliar
context like Tokyo or London. Such flexible adjustment of behavior depending on the context is
vital for optimal behavior in an uncertain world. Its failure can be catastrophic, such as in
gambling disorder, in which patients often lack cognitive flexibility and engage in risky
behaviors despite significant economic losses”®, or in schizophrenia, which is known to be
associated with inflexible decisions based on delusional beliefs®.

In non-human primates, the ventrolateral part of prefrontal cortex (VIPFC), especially Walker’s
area 12, is critical for this type of learning and decision-making in uncertain environments.
Specifically, fMRI and single neuron recording studies show that activity in vIPFC represents
outcome probability and integrates this information into subjective value computations’™.
Studies that have either lesioned or inactivated vIPFC have reported that this area causally
contributes to probabilistic learning and decision-making® *, but is not required when the
associations between stimuli and rewards are deterministic™. A recent study also highlighted that
dopaminergic projections to VIPFC and premotor cortex are critical for making choices in
stochastic environments'® again indicating that a properly functioning vIPFC is essential for

probabilistic decision-making.

In situations where people or animals have to adaptively determine the best course of action
based on probabilistic feedback, they often use ‘win-stay/lose-shift’ behavioral strategies. Put
simply, subjects pursue previously-rewarded choices and avoid previously-unrewarded choices™.
Correctly applying such strategies to guide behavior in a given context can increase the rate of
reward, and their use has been linked to the integrity of vIPFC" % *2. A role for vIPFC in the use
of such strategies, however, may run counter to the view that vIPFC is essential for learning from
probabiligtic feedback. One possibility is that the role of vIPFC in learning and decision-making
varies depending on the learning context, that is, whether the stimulus-reward associations are
known or must be learned. vIPFC may achieve this by differentialy interacting with other

cortical and subcortical areas, but the specific circuits are unclear'®*2,

To test the role of VIPFC in learning and the use of strategies to guide behavior in different
contexts, we first conducted a functional MRI experiment in awake macague monkeys, while
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83 they participated in a probabilistic learning task. During the task, subjects completed blocks of
84 trialsunder different learning contexts; either new stimulus-reward associations had to be learned
85 (novel context) or knowledge about previously-learned associations could be used to guide
86 choices (familiar context). In a second experiment, we examined the role of dopamine in
87 influencing behavior across learning contexts through systemic injection of selective dopamine
88  receptor antagonists. Finally, we then conducted anesthetized functional MRI under the same
89 pharmacological challenge and specifically looked at the effect of dopaminergic modulation on
90 VIPFC activity. Thus, this series of experiments allowed us to test how the role of vIPFC, and its
91 interactionswith cortical and subcortical areas, varies depending on the contextual modulation of
92 learning and strategy use. The data indicate that vIPFC-linked pathways make distinct

93  contributionsto decision-making under different learning contexts.

94

95 Results

96  Animalsexhibit context-dependent behavioral adaptation in a probabilistic learning task

97 Monkeys (N = 4) performed a probabilistic learning task for fluid rewards while they underwent

98 whole-brain functional neuroimaging (Fig. 1A-C). On each trial, subjects chose between two

99  visual stimuli presented on a monitor that were randomly selected from a larger pool of three
100  stimuli. Each stimulus was associated with either 0.9, 0.5, and 0.3 probability of receiving a
101  reward. Subjects completed trials in two different task contexts or blocks. In novel blocks, visual
102  stimuli that subjects had never seen before were presented, whereas in familiar blocks stimuli
103  that subjects had previously learned about were presented. Novel and familiar blocks were
104  pseudorandomly intermingled in each session and neural and behavioral data were collected and
105 analyzed in an event-related manner (Fig. 1D).

106  Subjects demonstrated distinct patterns of behavior across novel and familiar blocks. In novel
107 blocks, subjects performance gradually improved as animals learned which option was
108 associated with the highest probability of reward, whereas in familiar blocks performance was
109 consistently at a high level (Fig. 1E, F). We split each block into equal 25-trial bins and found
110 that performance in early trial bins was different between novel and familiar blocks, whereas
111  later bins were not (2-way repeated-measures ANOVA, interaction of block type by trial bin, p <
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112 0.01, Fu178 = 18.1). This indicates that the animals successfully learned new stimulus-reward
113  associations in novel blocks while they maintained high performance across familiar blocks.
114  Within both learning contexts (i.e., novel and familiar blocks) we found that correct performance
115 in later bins reflected the relative reward probability associated with stimuli available on each
116  tria (2-way repeated-measures ANOVA, main effect of stimulus pair, p < 0.01, Fp267 = 12.6)
117  (Fig. 1G, H). This meant that the macaques were not always choosing the available option with
118 the highest probability of reward but were distributing the frequency of their choices to match
119 therelative option value. The response time (RT) also reflected the relative reward probability at
120 each stimulus pair in both block types (2-way repeated-measures ANOVA, main effect of
121 stimulus pair, p = 0.016, Fz267) = 4.2) (Supplementary Fig. 1). Such a pattern of responding is
122 consistent with matching, a behavior whereby subjects distribute their responding to the
123  available options™ 2.

124  Given that subjects exhibited aspects of matching behavior, which takes into account the
125 outcome of the previous trial, we next looked at subjects use of reward delivery-based
126  behavioral strategies. Here we found that animals demonstrated distinct behavioral strategies
127  depending on the learning context. Overall, they tended to switch their choices more frequently
128 following a ‘loss’ (unrewarded) trial compared to a ‘win’ (rewarded) trial, manifesting a win-
129  stay/lose-shift (WSLYS) pattern (Fig. 11). This tendency was more pronounced in familiar blocks
130 than novel blocks (2-way repeated-measures ANOVA, interaction of outcome by block type,
131  Fuare = 47.8, p < 0.01), indicating that the monkeys were more likely to apply WSLS strategy
132 when learning was not required. Specifically, the proportion of WSLS trials was at chance in the
133  early phase of novel blocks, but gradually increased toward the end of blocks, while it was
134 maintained at a high level throughout familiar blocks (2-way repeated-measures ANOVA,
135 interaction of trial bin by block type, Fz3se) = 4.0, p < 0.01) (Fig. 1J). In addition, the proportion
136  of WSLS trials was positively correlated with choice performance in both novel and familiar
137  blocks (Pearson’s correlation, n = 55 and 42 for novel and familiar blocks, respectively, p < 0.01)
138 (Fig. 1K), suggesting that the use of these strategies based on the learning context was
139 advantageous for task performance. Taken together, these analyses show that the subjects
140 adaptively used behavioral strategies to improve their task performance across the different

141  learning contexts.
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144  Figure 1. Probabilistic learning task and behaviors. (A) Trial sequence in a probabilistic
145  learning task. On each trial, animals make a choice between two visual stimuli by eye movement
146  to earn juice reward. (B) Stimulus sets in novel and familiar blocks. Each stimulus is associated
147  with a reward probability of 0.9, 0.5, or 0.3. Different set of stimuli (Set A or B) are used by
148  subject in familiar blocks. (C) Awake-fMRI setup. Subjects are placed in the sphynx position in
149  the 3T MRI scanner in front of a display screen with an eye-tracking system, allowing them to
150 perform tasks during functional scans. (D) Analysis pipeline. Neural and behavioral data are
151  collected simultaneously and separately preprocessed offline for subsequent event-related
152  analyses. (E, F) Choice performance in novel blocks (E) and familiar blocks (F). Average and
153  SEM of choice performance (proportion of high-value option choice) of all monkeys (N = 4) are
154  plotted. Asterisk indicates significant interaction of trial bin by block type (**p < 0.01, 2-way
155  repeated-measures ANOVA). Dotted line indicates chance level. Green lines are individual
156  performance. (G, H) Performance for each stimulus pair in novel blocks (G) and familiar blocks
157  (H). Plots indicate performance in binned trials (left) where colors represent stimulus pair. Bar
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158  graph (right) indicates average performance for each stimulus pair in 4™ quartile. Asterisks
159 indicate significant main effect of stimulus pair (**p < 0.01, 2-way repeated-measures ANOVA).
160 Blue dotted line on the bar graph indicates the relative probability of a higher value option in
161 each pair. Symbols represent individual animals. (1) Proportion of switching choices. Bars
162 indicate average and SEM of switching probability for post-win trials and post-loss trials in
163 novel and familiar blocks, respectively. Symbols represent each animal. Asterisk indicates
164  dSignificant interaction of block type by reward outcome (**p < 0.01, 2-way repeated-measures
165 ANOVA). (J) Proportion of win-stay/lose-shift choices for novel (red) and familiar (blue) blocks
166 ineach quartile block (average and SEM). Asterisks indicate significant interaction of trial bin by
167 block type (**p < 0.01, 2-way repeated-measures ANOVA). (K) Correlation between the
168  proportion of WSLS and choice performance in nove (left) and familiar (right) blocks. Each dot
169  representsindividual blocks and linesindicate linear fitting of the data.

170
171  Whole-brain encoding of outcome and learning context

172 Our behavioral analysis demonstrated that subjects adjusted their behavioral strategies between
173  learning contexts, altering their decisions to stay or shift from previous choices depending upon
174  the outcome. Consequently, we next set out to determine the network of brain areas that
175 exhibited neural activity associated with the task. First, we analyzed whole brain functional
176  neuroimaging data collected from subjects while they performed the task (Fig. 1C, D), looking
177  for signals that were modulated either by learning context (Fig. 2A) or reward outcome (Fig. 2B).
178 These analyses revedled that bilateral lateral and ventral frontal areas as well as the ventral
179  temporal lobes were more active in the novel versus familiar blocks, while medial frontal areas
180 showed greater activity in the familiar blocks (Fig. 2A). By contrast, reward receipt was
181  associated with increased activity in ventrolateral frontal cortex as well as parts of sensorimotor
182  cortex and ventral striatum, and decreased activity in dorsolateral prefrontal cortex (Fig. 2B).

183  Next, we conducted a conjunction analysis looking for areas showing activations that varied
184  based on context and reward outcome. This analysis revealed clusters that encoded both context
185 and reward outcome, in a distinct network of areas including vIPFC, dorsal anterior cingulate
186  cortex (dACC), dorsolateral PFC, supplemental motor area (SMA), and inferior temporal cortex
187 (TE) (2-way ANOVA, main effect of block type or outcome, p < 0.05 with cluster-correction, Fig.
188 2C). We then projected the effect of the novel versus familiar comparison back onto the areas
189 that showed an interaction between the effects of context and reward outcome to visualize the
190 strength of context encoding (Fig. 2D). This analysis showed that the vIPFC and dACC, the
191  areas previously highlighted based on their potential rolein probabilistic learning™ %, are indeed
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192  associated with learning context and reward, and respond more strongly in the novel learning
193  context compared to the familiar context. Taken together, these whole-brain analyses suggest that
194  the activity in vIPFC varies based on the ongoing learning context and the preceding outcome. A
195 full table of statistically significant clusters for this analysis can be found in Supplementary
196 Tablel.

197
A B
Context (Novel > Familiar) Outcome (Reward > No reward)
: ‘LE'.--% @ @
w
- 3
E
L
o)
F = 3.0 and cluster size =14 voxels F = 3.0 and cluster size =14 voxels
Cc D
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E
E
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TE TE 2
198 P =005, cluster-comected F = 3.0 and cluster size =14 voxels

199 Figure 2. Whole-brain representations of learning context and outcome. (A) Whole-brain
200 representations of learning context. Coronal dlices (2.5 mm apart) are shown from anterior (top
201  left) to posterior (bottom right) planes. Thresholded F-stat maps (p < 0.05, cluster-corrected) are
202  superimposed on a standard anatomical template. Positive and negative F-stats (warmer and
203  cooler colors) indicate more activity in novel blocks and in familiar blocks, respectively. (B)
204  Whole-brain representations of reward outcome. Larger F-stats indicate more activity in
205 rewarded than no reward trials. Data are displayed in the same manner as (A). (C) Conjunction
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206 analysis result. Clusters highlighted (yellow) significantly encoded both learning context (novel
207  vs. familiar) and reward outcome (rewarded vs. no reward) at cluster-level correction (p < 0.05).
208 (D) F-stats map of context coding (novel vs. familiar; A) masked for the clusters identified in the
209  conjunction analysis (C). dIPFC: dorsolateral prefrontal cortex, dACC: dorsal anterior cingulate
210 cortex, pre-SMA: pre-supplementary motor area, VIPFC: ventrolateral prefrontal cortex, Alns:
211  anterior insula, TE: inferior temporal cortex.

212
213 VIPFC activity tracks outcome and behavioral strategy

214  Previous work has emphasized the critical role of neural activity in vIPFC in probabilistic
215  learning” ® 2. Here we found that across all subjects, activity in bilateral VIPFC consistently
216  varied with learning context (novel > familiar) and this effect was most clearly differentiated in
217  theright vIPFC (Fig. 2 and Supplementary Fig. 2). Consequently, we chose right vIPFC as a
218 region of interest (ROI) for further analyses (Fig. 3A). In each novel and familiar block, the
219 signa in VIPFC varied depending on the trial-by-trial outcome and whether subjects
220  subsequently stayed with their prior choice or shifted to a different option (Fig. 3B). The average
221 gignd in this area around reward delivery (0-4 s after outcome) was marginally and negeatively
222 correlated with task performance in novel blocks (Pearson’s correlation, n = 51, p = 0.056), while
223 there was no consistent relationship between performance and vIPFC activity in familiar blocks
224  (n=42, p=0.57) (Fig. 3C). Such a pattern of effects potentially indicates that activity in vIPFC
225 ishigher during explorative behavioral adaptation when the macagues are learning new stimulus-

226  reward associations.

227  To more formally assess this relationship, we compared activity in vIPFC between learning
228  contexts. A multiple-regression analysis was performed on the ROI time-series for each block
229 type. To investigate the effects of different factors on signalsin vIPFC, this analysis included the
230 following factors as regressors. reward outcome of the present trial, stay/shift decison in a
231 subsequent trial, and the interaction between these two, i.e. whether subjects were using a win-
232 stay/lose-shift (WSLS) strategy. This analysis revealed that vIPFC encoded whether reward was
233  ddivered or not in asimilar manner across both novel and familiar blocks (Fig. 3D, top panels).
234 By contrast, only activity within vIPFC during novel blocks was related to subjects’ decision to
235  stay or shift and their use of WSLS strategies (compare left and right side of Fig. 3D, middle

236 and bottom panels). Thus, when subjects are actively learning stimulus-reward associations in
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237  novd blocks, activity within vIPFC is driven by both reward delivery as well as the behavioral
238  strategy that the subjects are using.

239  To explore the time course of the differences in vIPFC signal between the novel and familiar
240  blocks, we conducted a multidimensional analysis of activity related to reward outcome and
241  whether subjects chose to stay or shift their behavior. To do this we projected the regression
242 coefficients (beta values) from these two variables from 4 seconds before to 8 seconds after the
243  outcome onto a 2-D space for each block type (Fig. 3E). We then measured the Euclidean
244  distance between the projected beta values from the novel and familiar blocks at each time point,
245 as a proxy of neural representationa difference between the two contexts, that were plotted
246  against thetimerelative to the outcome (Fig. 3F). This analysis revealed that the neural encoding
247  of reward outcome and decisions to stay or shift in vVIPFC in the two contexts most prominently
248  diverged around the timing of the outcome (permutation test, p < 0.05). This indicates that the
249  activity within vIPFC diverges at the timing when animals are adjusting their use of behavioral

250  strategies depending on the context.

10
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Figure 3. VIPFC signal encodes behavioral strategy during learning. (A) vIPFC ROI for
time-series analysis. The map of F-stats of context coding (novel vs. familiar) are shown on
coronal (left) and sagittal (right) planes of a standard anatomical template. A spherical ROI is
defined based on the peak coordinates of context coding in the right vIPFC cluster. (B) ROI time-
series around the outcome timing during novel (left) and familiar (right) blocks. Average and
SEM of ROI time-series are plotted for win-stay, win-shift, lose-stay, lose-shift trials,
respectively. (C) Correlation between vIPFC activity and choice performance in nove (left) and
familiar (right) blocks. Each dot indicates a block and the line indicates a linear fitting of the
scatter plot. (D) Regression analysis result. Beta coefficients for outcome coding (top), stay/shift
decison coding (middle), and the interaction of outcome by stay/shift decison (i.e.,, WSLS
behavioral strategy) coding (bottom) were computed using a sliding window analysis. The time-
course of the beta coefficients were plotted around the timing of outcome (vertical dotted line)
for each of novel (left) and familiar (right) blocks. Thick lines on the top of each panel indicate
significant encoding compared to zero (p < 0.05 at 3 consecutive bins, rank-sum test). (E, F)
Multidimensional analysis result. (E) Beta coefficients for outcome and stay/shift decision
coding are plotted at each time point of novel (warmer colors) and familiar (cooler colors) blocks,
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269  with the passage of time represented as a gradient of colors. The dotted line and squares indicate
270  thetiming of outcome, and downward arrow and upward arrow indicate the start and end of the
271 analysis window (from -4 to 8 seconds after the outcome), respectively. (F) The Euclidian
272  distance between novel and familiar blocks was computed at each time point and plotted against
273  the time. The shaded area indicates the 95% confidence interval of the shuffled data. The data
274  that exceeded the 95% CI are represented by thick lines.

275
276  VIPFC-ACC functional connectivity encoded behavioral strategy during learning

277  VIPFC isahub of the frontal attention network and the salience network'® *’. Therefore, we next
278  asked how functional networks centered on the vIPFC are associated with reward outcome and
279  learning context using a generalized psycho-physiological interaction (gPPI) analysis™. We first
280 mapped out voxels in the brain whose time-series showed interaction with the vIPFC seed time-
281  series and reward outcome or context. Based on this, we then identified significant clusters that
282  were modulated by the context that subjects were in (2-way ANOVA, main effect of block type,
283 p < 0.05 with cluster-correction) (Supplementary Fig. 3). This analysis showed that the
284  functional connections between vIPFC and ACC, mediodorsal thalamus (MD), dIPFC, and pre-
285 motor areas were modulated by the learning context. A full table of statistically significant

286 clustersisin Supplementary Table 2.

287 Among these, we first focused on the vIPFC-ACC functional connection (Fig. 4A), as both
288  VIPFC and ACC are implicated in adaptive behavior’® and are known to be anatomically and
289  functionally connected™®. Here we found that vIPFC-ACC functional connectivity (FC) varied
290  with the behavioral strategies used by the subjects after reward feedback (Fig. 4B). Specifically,
291  FC between vIPFC and ACC increased around the time of outcome (rank-sum test, p < 0.05 at 3
292  consecutive bins) when the animals received reward and repeated the same choice (i.e., win-stay)
293  or when the animals received no reward and subsequently changed their choice (i.e., lose-shift),
294  representing a WSLS pattern in novel blocks (Fig. 4B, left panels). By contrast, in familiar
295  blocks, the FC changes did not follow the WSLS pattern although some significant modulation
296 was observed mainly before outcome period (Fig. 4B, right panels). Threeeway ANOVA
297  confirmed these effects as there was a significant interaction of block type by stay/shift decision
298 and reward outcome, indicating that FC changes reflected WSLS pattern exclusively in novel
299  blocks (Supplementary Fig. 4; Fu3es) = 4.0, p = 0.046). This pattern of effects indicates that
300 such connectivity was related to task performance, and indeed the functional connectivity
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301 between vIPFC and ACC in loss trials was marginally and negatively correlated with task
302 performance in the novel context (Pearson’s correlation, , n = 51, r = -0.26, p = 0.056). No such
303 correlation was observed in the familiar blocks (n = 42, r = -0.061, p = 0.70) or for performance
304 and FC on win trials (p > 0.30) (Fig. 4C). A dliding-window regression analysis showed that the
305 FC between vIPFC and ACC was associated with the WSLS strategy around the time of outcome
306 in novel blocks (permutation test, p < 0.05), while they were anti-correlated around the reward
307 timing in the familiar context (Fig. 4D). This further suggests that the functional interaction
308  between vIPFC and ACC isrelated to the context-dependent use of behavioral strategies.
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309

310 Figure 4. vVIPFC-ACC functional connection encodes behavioral strategy during learning.
311  (A) VIPFC seed and ACC ROI for functional connectivity analysis. ACC ROI (sagittal plane on
312 the right) was defined based on generalized PPl analysis using right vIPFC seed. (B) FC time
313  course around the outcome timing. vVIPFC-ACC FC during novel (left) and familiar (right) blocks
314  were computed using sliding window analysis and visualized for win-stay and win-shift trials
315 (top) and lose-stay and lose-shift trials (bottom) separately. The plots are made around the
316  outcome timing (vertical dotted lines). The thick lines on the top of each panel indicate
317 dignificant FC compared to zero for color matched trials (p < 0.05 with rank-sum test at 3
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318 consecutive bins). (C) Correlation between vIPFC-ACC FC and choice performance. The
319 correlations were computed for win (rewarded) trials (top) and loss (unrewarded) trials (bottom),
320 andfor novel (left) and familiar (right) blocks separately. Each dot represents each block, and the
321 lines are linear fitted to the data. (D) Time course of WSLS coding around the outcome. WSLS
322  coding was computed as the interaction of outcome by stay/shift decision coding in a siding
323  window multiple-regression analysis. Shaded areas (yellow) indicate 95% confidence interval of
324 thedata, and the thick black linesindicate the significance of the data.

325
326  VIPFC-MD functional connectivity reflects decision to stay with a choice during learning

327  Previous studies have shown that the fronto-thalamo pathway plays a critical role in learning and
328  decision-making®?®. Consequently, we next focused on the functional connection between
329 VIPFC and MD (Fig. 5A). The functional connectivity between vIPFC and MD specifically
330 increased in trials that were followed by the repetition of the previous choice (i.e., stay decision)
331 regardless of whether reward was delivered or not in novel blocks (Fig. 5B, left panels). This
332  pattern was less pronounced in familiar blocks (Fig. 5B, right panels and Supplementary Fig.
333 5; three-way ANOVA, interaction of block type by stay/shift decision, F3ss) = 4.4, p = 0.036).
334 Interestingly, the choice signal was not correlated to task performancein either block (Fig. 5C; p
335 >0.44), and behaviora strategy coding was primarily observed in familiar blocks (Fig. 5D). This
336  result suggests that this functional connection between vIPFC and MD encodes execution of the

337 decison to stay or switch per sethat is not directly linked to the correct performance.

338 We additionally looked at other vIPFC functional connections that showed significant novel vs
339 familiar coding in the gPPI analysis (Supplementary Fig. 3). The functional connection between
340 VIPFC and supplementary motor area (SMA) increased in the ‘stay’ trials during novel blocksin
341 apattern similar to that was observed with vIPFC-MD FC, although the interaction of block type
342 by stay/shift decision was not significant (p = 0.30). The functional connection between vIPFC
343 and dIPFC also showed changes depending on stay/shift decision in both block types, but again
344 there was no significant interaction of block type by decison (p = 0.51). A lack of clear
345 relationship between connectivity in these pathways and the learning context suggests that they

346  might be more associated with different aspects of the learning context such as attention.

347
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Figure 5. vIPFC-MD functional connection encodes decision to stay during learning. (A)
VIPFC seed and MD thalamus ROI for functional connectivity analysis. (B) FC time course
around the outcome timing. vVIPFC-MD FC during novel (left) and familiar (right) blocks were
computed for win-stay, win-shift, lose-stay, and lose-shift trials separately. The thick lines on the
top of each panel indicate significant FC compared to zero for color matched trials (p < 0.05 with
rank-sum test at 3 consecutive bins). (C) Correlation between vIPFC-MD FC and choice
performance, for win trials (top) and loss trials (bottom) separately. Dots and lines indicate
blocks and linear fitted line, respectively. (D) Time course of WSLS coding around the outcome.
Shaded areas (yellow) indicate 95% confidence interval of the data, and the thick black line
indicate the significance of the data.

Pharmacol ogical manipulation of dopamine receptors affects vIPFC-mediated behavior

The prior analyses indicate that the WSLS strategy is crucial for adaptive behavior depending on
the learning context, and thisis in line with previous work showing that vIPFC plays a central
role in probabilistic learning and decision-making™ *. The release of dopaminein frontal cortex
has been implicated in a variety of cognitive functions relevant to probabilistic learning, such as

attention and working memory® #’. Therefore, it is possible that the changes in VIPFC activity
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366 that were associated with behavioral strategy are mediated by the action of dopamine through

367  cortical or subcortical dopamine receptors.

368 To address this, we conducted a pharmacological experiment with selective dopamine receptor
369  antagonists SCH-23390 (D1 antagonist) and haloperidol (D2 antagonist) and assessed their
370 effects on the performance of monkeys in the probabilistic learning task. The subject cohort in
371  this experiment (N = 4) partially overlapped with the one used in our awake fMRI experiment
372 (seeTable 1), and the effects of the drugs on the proportion of correct choice and reaction times
373 were analyzed in our previous paper in relation to resting-state functional connectivity®. Here,
374 we gpecifically focused on the effects of systemically administered dopaminergic drugs on
375 WSLS behaviors. D2 antagonist haloperidol, but not D1 antagonist SCH-23390 or saline,
376 increased the proportion of WSLS responses preferentially in novel blocks (Fig. 6A, B). A two-
377 way repeated-measures ANOVA demonstrated a significant main effect of drug dose in novel
378  blocks but not in familiar blocks after haloperidol administration (novel: F 440 = 3.9, p = 0.021;
379  familiar: Fp a0 = 0.072, p = 0.93), while there was no significant effect following SCH-23390
380 administration in either block type (p > 0.46). This result suggests that dopamine D2 receptors
381 play akey rolein modulating behavioral strategy during learning.

382  Finaly, to probe whether dopamine receptor-mediated manipulation of behavioral strategies also
383 influences neural activity in vIPFC, we performed a resting-state fMRI experiment with the same
384  dopamine antagonists (N = 7, see Table 1). In our previous study using the same dataset we
385 reported that the D1 and D2 receptor manipulation induced brain-wide functional connectivity
386 changes, most notably in the cortico-cortical and fronto-striatal FCs?®. Here, we specifically
387 focused on neural activity in the vIPFC region by analyzing regional homogeneity (ReHo). We
388  chose this analysis approach as ReHo is sensitive to local changes in neural activity®™ . The
389 dopaminergic drugs induced different patterns of activity changes (ReHo signal) in bilateral
390 VIPFC during resting-state neuroimaging (Fig. 6C). D2 receptor antagonist haloperidol, but not
391 D1 receptor antagonist SCH-23390 or saline, increased vIPFC activity (1-way repeated-measures
392 ANOVA, main effect of drug, Fpoe) = 3.4, p = 0.036) (Fig. 6D). While these data with
393  dopaminergic manipulation were not acquired in the context of task performance, our results
394 suggest that the WSLS strategy that is associated with vIPFC activity is dependent on the
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Figure 6. D2 receptor blocker enhanced vIPFC activity and promoted adaptive behavior.
(A) The effect of D1 receptor antagonism on WSLS behavior. The proportion of WSLS trialsin
quartile blocks (average and SEM) are plotted for each dose of SCH-23390 (0, 10, 30, 50 ug/kg)
for nove (left) and familiar (right) blocks, respectively. (B) The effect of D2 receptor antagonism
(haloperidol: 0, 5, 10 ug/kg) on WSLS behavior. Plotted in same manner as (A). Asterisk
indicates main effect of drug dose (*p < 0.05, 2-way ANOVA). (C) Regional homogeneity
(ReHo) analysis of resting-state fMRI with pharmacological dopamine receptor manipulation.
The clusters with significant ReHo values (p < 0.05, cluster-corrected) are superimposed on a
coronal image from a standard anatomical template. (D) The effect of dopamine receptor
antagonists on ReHo value. Bar graph indicates average and SEM of ReHo value of the voxelsin
the vIPFC ROI for each drug condition with individual data points superimposed (*p < 0.05, 1-
way ANOVA).
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412 We examined the brain-wide mechanisms underlying decision-making in different learning
413  contexts in macagues. In a probabilistic learning task animals' behavior was influenced by the
414 learning context and by the preceding reward outcome. Specifically, animals used win-stay/lose-
415  shift strategies to different degrees depending on whether they were learning new stimulus
416 reward associations or exploiting known associations. When we analyzed the brain-wide neural
417  activity, vIPFC stood out as a key region where both behavioral strategies and reward outcomes
418  were encoded. Specifically, vIPFC encoded behavioral strategies during novel learning contexts.
419  Functional connectivity in the pathways between vIPFC-ACC and vIPFC-MD was related to
420 distinct aspects of the animals' decisions that were dependent on the learning context.
421  Pharmacological experiments further revealed that the manipulation of dopamine D2 receptors
422  influenced monkeys behavioral strategy during learning as well as vIPFC neural activity at rest.
423  Taken together, our results suggest a critical role of vIPFC and its associated neural networksin

424  adaptive behavior during probabiligtic learning.

425 The vIPFC has long been implicated in higher-cognitive function, however, the precise role of
426 thisareain learning and decision-making has only recently come into focus. Early lesion studies
427  highlighted that damage to this area leads to a deficit in the implementation of high-order
428  decision-making strategy in non-human primates, especially lose-shift strategies™ - *. More
429  recent studies using chronic or transient lesions have demonstrated a causal link between the
430 function of this region with associative learning processes in probabilistic settings where the
431  history of reinforcement has to be used” ® *® *2. This prior work did not, however, directly
432  compare the role of VIPFC across multiple learning contexts. To address this question, we
433  designed a paradigm where subjects made choices between novel or familiar stimuli in separate
434  blocks of trials and analyzed the pattern of choices as well as whole-brain neural activity across
435  different learning contexts. Our behavioral analysis showed that the animals employed distinct
436  behaviora strategies depending on the context that they were in. In the blocks of familiar trials,
437 WSLS dtrategies based on monitoring of the preceding reward outcome and altering behavior

438  accordingly were more prominent'® %

, Whereas in the novel context the use of WSLS gradually
439 increased as learning progressed. By comparing whole-brain fMRI signa between novel and
440 familiar contexts, we found that vIPFC activity encoded reward outcome in both contexts within
441 a similar time course, while the same area encoded behavioral strategy preferentially in novel

442  contexts. This apparent disconnect between behavior and neural activity within vIPFC is notable
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443  and may relate to the fact that the vIPFC is contributing to both the learning of stimulus-reward

444  associations and behavioral strategiesin the novel context.

445  Notably, our VIPFC cluster that co-encoded reward outcome and ongoing learning context was
446 mainly localized to the ventral surface of the frontal cortex, within the areas 120/l but also
447  extending into the anterior part of agranular insular cortex® (Fig. 2). The location of these
448  activations was similar to the areas previously reported in neuroimaging studies using associative
449  learning tasksin macagques” '°. This notion is also consistent with recent neural recording studies
450  that showed a substantial reward probability or uncertainty coding in the ventral frontal cortex® ™
451 ' and a recent analysis of functional interactions showing a specific role for inputs from
452  agranular insula to area 120 during feedback processing®. Taken together, our study reveals a
453 new role for these parts of the ventral frontal cortex in adjusting behavior in uncertain

454  environments.

455  Beyond the VIPFC itsdlf, we found that activity in this part of frontal cortex varied with other
456  parts of the brain during the different learning contexts. The FC between vIPFC and ACC tended
457  to encode WSLS behavior when outcomes were delivered in the novel but not familiar blocks of
458 trials. Further, the greatest difference between the connectivity in this pathway between novel
459  and familiar blocks occurred when monkeys decided to switch to a different option after they
460 failed to recelve areward (Fig. 4B). Notably, the activity in this pathway was marginally related
461  to better performance, indicating that dynamic interaction between vIPFC and ACC to guide
462  lose-shift strategiesis potentially related to better behavioral performance. A specific role for this
463 pathway in changing behaviors after failing to receive a reward agrees with reports that
464  aspiration lesions of VIPFC result in a failure to use lose-shift strategies when learning novel
465  associations®. Further, a number of prior investigations have highlighted a role for ACC in
466  driving animals to switch to alternative options that are thought to be of higher value?™ *. Our
467  data suggests that interaction between vIPFC and ACC is essential for guiding choices when the
468 value of the perceived best option drops to a point where it is below the opportunity cost of
469  changing behaviors.

470 In contrast to the role of VIPFC-ACC interactions, FC between vIPFC and MD thalamus
471  increased when the subject decided to repeat their choice of a particular stimulus (‘stay’) even
472  when the preceding trial wasn't rewarded in the novel context. Such a pattern suggests that this
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473  connection encodes choice per se rather than a strategy to facilitate learning performance. MD

474  has been implicated in probabilistic learning® 2* %

, and prior reports from lesion studies in
475  macagues have highlighted that MD is essential for promoting decision to stay with a particular
476  course of action during learning®. Thus, our finding that there was higher functional connectivity
477  between VIPFC and MD on stay trials appears to indicate that such lesion effects are in part

478  caused by disconnecting this area from vIPFC.

479  Our results highlight a set of circuits centered on vIPFC that coordinate the flexible adjustment
480  of behaviorsin different learning contexts. It is reasonable to ask how and where the information
481  regarding outcome and learning context converge and transform into a behavioral strategy that
482 leads to a decision; addressing this question will require additional experiments using paired
483  neurophysiology recordings and/or causal interrogation of specific neura circuits using viral

484  techniques®.

485  We found that systemic administration of D2 antagonist haloperidol increased the use of WSLS
486  strategy exclusively in novel blocks, while D1 antagonist SCH-23390 did not (Fig. 6). Such a
487  pattern of effects suggests a direct link between dopamine function via D2 receptors and the
488 learning context-dependent behavioral strategy. Thisnotion isin line with previous literature that
489 has emphasized the role of dopamine in a wide variety of frontal-related cognitive functions,

490  such as working memory, motivation, attention, and learning® *" %

. Specifically, a recent study
491 demonstrated a critical role for the meso-vIPFC dopaminergic pathway in probabilistic decision-
492  making", suggesting that dopaminergic inputs modulate vIPFC-centered functional circuits. Our
493  resting-state fMRI data analysis revealed that the administration of haloperidol, but not SCH-
494 23390, enhanced regiona activity specificaly within vIPFC. Thus, both dopaminergic
495 modulation via D2 receptors and probabilistic learning/use of behavioral strategies appear to
496  generaly activate vIPFC. Taken together, our series of experiments reveal that a network of areas
497  centered on VIPFC and including dopaminergic mechanisms underlie the flexible adjustment of

498 behavioral strategy depending on the learning context.

499 A number of psychiatric conditions are characterized by maladaptive behaviors in uncertain
500 reward environments. Previous studies showed that the ability to associate stimuli to
501 probabilistic reward outcome or flexibly adapt risk tolerance in probabilistic paradigms was

13, 40, 41

502 impaired in human or non-human primate subjects with damage to prefrontal cortex or
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503 patients with gambling disorders™ ***. Interestingly, a recent study showed that lesions of MD
504 thalamus, the area we found to interact with vIPFC during decisions to stay, are associated with
505 aberrant switching choices akin to the behavioral patterns of human subjects with parancia®.
506 This potentially implicates dysfunction within this pathway as contributing to delusional beliefs
507 indisorderslike schizophrenia. It is aso noteworthy that dopamine function, particularly through
508 D2 receptors, has been implicated in schizophrenia, the behavioral pattern of which is also
509 characterized by impairment in flexible decision making based on probabilistic associations™ ® *
510 “°. Indeed, current theory posits that aberrant interactions between the salience and fronto-
511  parietal networks, which include VIPFC as a main hub™, potentially underlie the biases in
512  decision making that are observed in schizophrenia®” *. Thus, the present study provides a new
513 insght regarding the neural mechanisms underlying the flexible adjustment of behavioral
514  strategy depending on the learning context that is potentially relevant to psychiatric disorders

515  with impaired cognitive flexibility.
516

517 Methods

518  Subjects

519  Eight rhesus macaques (Macaca mulatta, 7-8 years old, 5 females) served as subjects. A subset
520 of four monkeys (monkeys Ee, Ge, Me, ) underwent awake-fMRI scans. Another subset of
521  seven monkeys (monkeys Bu, Cy, Ee, Me, Pi, St, Wo) underwent pharmacological experiments
522  with dopaminergic drugs. The experiments performed for each subject are summarized in Table
523 1. All procedures were reviewed and approved by the Icahn School of Medicine Animal Careand
524  Use Committee.

525  Surgery

526  Prior to training, an MRI compatible head-fixation device (Rogue research, Cambridge, MA)
527 was surgically implanted using dental acrylic (Lang Dental, Wheeling, IL) and ceramic screws
528 (Thomas Research Products, Elgin, IL) in the animals that underwent behavioral testing
529 (monkeys Ee, Ge, Me, Fi, St). Briefly, following induction with ketamine (5 m/kg) and
530 dexmedetomidine (0.0125 mg/kg), the animals were maintained on isoflurane (2-3%), and 8-10

531 screws were implanted into the cranium and the head fixation device was bonded to the screws
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532 using dental acrylic. The animals were treated for discomfort and monitored by the researchers
533  and veterinary staff till fully recovered. The position of implant was determined based on a pre-
534  acquired T1-weighted MR image.

535  Probabilistic learning task

536 We used a reward-based probabilistic learning task that we recently developed for macaque
537  monkeys™. The task was controlled by NIMH MonkeyLogic software® running on MATLAB
538 2019a(MathWorks, Natick, MA) and presented on a monitor in front of the monkey. In thistask,
539 animals were required to choose between two visual stimuli usng a directed saccadic eye
540 movement. A trial began with the appearance of a fixation spot (white cross) at the center of the
541  screen, which the monkey had to maintain fixation on for 1-1.5 sec to initiate atrial. The fixation
542  gpot was then extinguished and two stimuli were simultaneously presented to the right and left
543  on the screen. The two stimuli presented on each trial were randomly chosen from a larger pool
544  of threevisua stimuli that were associated with different reward probabilities (0.9, 0.5, and 0.3).
545 Each tria fell into one of three categories based on the reward probabilities of the options
546  presented: High-Low (0.9-0.3), High-Mid (0.9-0.5), and Mid-Low (0.5-0.3). Stimuli were either
547 nove at the beginning of each block of 100 completed trials (novel block), or subjects had
548 previously learned the probability of receiving a reward associated with each image, making
549  them highly familiar (familiar block). Once stimuli were presented, subjects were required to
550 move their gaze toward either the right or left stimulus option (‘response’) within 2 seconds.
551  Following aresponse, the chosen stimulus remained on screen for 0.3 sec, and then was removed
552 and a reward (1 drop of apple juice) was provided in accordance with the probability of the
553  chosen option. Subsequently an inter-trial interval (ITI, 3-3.5 sec) followed. A trial with a
554  fixation break during the fixation period or with no response within the response window was
555  aborted; al stimuli were extinguished immediately and ITI started. The same trial was repeated
556  following an aborted trial.

557 Theanimals were trained in amock MRI scanner for 3-6 months in advance of experiments. On
558 an experimental day, the animals performed 2-6 blocks, in which novel and familiar blocks (i.e.
559 learning context) were pseudorandomly interleaved. In awake-fMRI sessions, animals performed
560 thetask in the MRI scanner during functional scans (see Awake fMRI data acquisition section) .

561 In pharmacology sessions, animals performed the task in the mock scanner. The injection of
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562 saline, SCH-23390, or haloperidol solution (i.m.) was performed 15 minutes prior to the task
563 start, and the order of drug treatment was randomized. The injections were at least a day apart
564  (SCH-23390) or a week apart (haloperidol) to avoid potential prolonged effects of the drug, in

565  accordance with known pharmacokinetics of the drugs in macague monkeys™.
566  Awake fMRI data acquisition

567 Animalssat in sphynx position in a custom-built MRI-compatible primate chair (Rogue Research,
568 Cambridge, MA) to perform a behavioral task in the MRI scanner (Siemens Skyra 3T). First the
569 animals received an intravenous injection of a contrast agent, monocrystalline iron oxide
570 nanoparticle or MION (BIOPAL, Worcester, MA), at a concentration of 10 mg/kg 30 minutes
571  prior to the scan™ *%. After head fixation, a custom-built 4-channel coil was placed around the
572 head. Eye movement was monitored via infra-red camera and tracked using Eyelink 1000
573  software (SR Research, Ottawa, Canada). Juice reward was provided through pressurized tubing.
574 A session started with a set of setup scans which included shimming based on the acquired
575 fiedddmap. Following a 3D Tl-weighted MPRAGE image (0.5 mm isotropic, TR/TI/TE
576  2500/1200/2.81 ms, flip angle 8°), 2-6 runs of echo planar image (EPI) functional scans (1.6 mm
577 isotropic, TR/TE 2120/16 ms, flip angle 45°, 300-500 volumes per each run) were obtained, with
578 each functional scan occurring in conjunction with a separate block of behavioral testing. Overall,
579 animals each completed 4 to 7 scanning sessions, for a total of 23 scanning sessions (55 novel
580 and 42 familiar blocks).

581 Resting-state fMRI data acquisition

582 The scans were performed under the same protocol we previously developed for macaque
583  monkeys™ > **. In brief, following sedation with ketamine (5mg/kg) and dexmedetomidine
584  (0.0125mg/kg) the animals were intubated. They were then administered MION (10 mg/kg, i.v.),
585 and three EPI functional scans (300 volumes per each run) were obtained, along with a T1-
586  weighted structural scan (pre-injection scans). Following drug i.v. injection (saline, SCH-23390,
587  or haloperidol) and 15 minutes waiting period, another set of three functional scans was acquired
588  (post-injection scans). Low-level isoflurane (0.7-0.9%) was used to maintain sedation through a
589 session so that neural activity was preserved while minimizing motion artifacts. The doses of
590 drugsused in the scans (50 png/kg and 10 pug/kg for SCH and haloperidol, respectively) were pre-
591 determined based on a prior PET study to achieve up to 70-80% occupancy of the DA receptors
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592 in macagues”. Vital signs (end-tidal CO., body temperature, blood pressure, capnograph) were
593  continuously monitored and maintained as steadily as possible throughout an experimental

594  session.
595 Drugs

596 SCH-23390 hydrochloride (Tocris Bioscience, Minneapolis, MN) and haloperidol (Sigma
597  Aldrich, . Louis, MO) were used as D1 and D2 receptor selective antagonists, respectively™.
598 Both SCH and haloperidol were dissolved and diluted in 0.9% saline to achieve target dose of 1
599 ml solution. 0.9% saline (1 ml) was also used as a control solution. The solution was prepared

600 fresh on every experimental day.
601 Behavioral data analyses

602  All behavioral data was analyzed using MATLAB 2022b. Choice performance was defined as
603 the proportion of trialsin a block (100 trials) in which monkeys chose an option associated with
604  higher reward probability in the stimulus pair presented. Reaction time (RT) was defined as the
605 duration from the timing of visual stimuli presentation to the timing of response initiation.
606 Choice performance was computed for bins of 10 trials at each block and averaged for each
607 subject, then finally averaged across subjects for each context, novel and familiar. We also
608 computed choice performance for each quartile and performed a two-way repeated-measures
609 ANOVA (tria bin: 1-4, block type: novel or familiar) for each block type. We reasoned that a
610 sSignificant interaction of trial bin by block type (p < 0.05) indicates the improvement of
611  performance through successful learning in novel blocks. Choice performance and RT on each
612  stimulus pair were assessed by two-way repeated-measures ANOVA (stimulus pair: 0.9-0.3, 0.9-
613 0.5, 0.5-0.3, block type: novel or familiar).

614  Switching trials were defined as trials in which the monkeys chose a different stimulus although
615 the previously-chosen stimulus was available in the current trial, as opposed to stay trials in
616  which the monkeys chose the same stimulus sequentially. Thus the proportion of switching trials
617  waslimited to those trials in which the previously-chosen stimulus was available. The proportion
618 of switching trials regarding previous outcome and block type was assessed using two-way
619  repeated-measures ANOVA (outcome: reward or no-reward, block type: novel or familiar). We
620 interpreted a significant interaction of outcome by block type (p < 0.05) to indicate that the
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621  proportion of win-stay/lose-shift (WSLYS) trials was varied depending on the learning context.
622 We also performed a two-way repeated-measures ANOVA (trial bin: 1-4, block type: novel or
623  familiar) on the proportion of WSLS choices to assess the impact of learning on WSLS strategy.
624  The direct relationship between WSLS choices and choice performance was assessed by
625 calculating the Pearson’s correlation coefficient. To do this with all subjects combined, the
626  proportion of WSLS choices and the choice performance on each block were z-transformed for

627  each session and each block type.

628 The effect of drug injection on the proportion of WSLS choices was assessed by two-way
629  repeated-measures ANOVA (trial bin: 1-4, dose: 0, 5, or 10 pg/kg of haloperidol, or 0O, 10, 30, or
630 50 pg/kg of SCH-23390) for each block type. The significant main effect of drug dose (p < 0.05)
631 indicates the impact of the drug on the proportion of WSL S trials in a specific learning context.

632 fMRI data analyses

633 Imaging data were analyzed using a customized AFNI processing pipeline for non-human
634 primates® and the standard NMT atlas. Following the preprocessing steps, whole-brain
635 analysis was performed. For awake-fMRI data, regression analysis was performed for each
636 session with the timing of the outcome as a regressor. One scanning session with only novel
637 blocks was excluded from this analysis, resulting in 22 sessions (51 novel and 42 familiar
638 blocks). The resulting correlation coefficients for each voxel were submitted to a two-way
639 ANOVA (outcome: reward or no reward, block type: novel or familiar) with subject and session
640 as random effects’®. Group-level statistics were computed by 3dClustSm using initial
641 thresholding at p < 0.05 in the ANOVA and a cluster size of 14 voxels that is corrected for
642 multiple comparisons at p < 0.05. Subsequent conjunction analyses specified the areas that

643  survived cluster-based correction in both outcome and block type (context) contrast.

644 A region of interest (ROI) was chosen based on the result of the conjunction analysis. The peak
645 voxd from right vIPFC and its adjacent voxels (faces touching) was used as the main ROI for
646  subsequent ROIl-based anayses. First, the time series was extracted from the ROl and z-
647 transformed for each block, and the timing of the signal was aligned to the timing of outcome.
648  Then, trials were divided based on outcome (reward or no reward) and subsequent decision (stay
649  or shift), and the averaged time series for each trial type with smoothing was computed to create
650 aperi-stimulus timing histogram for each task. A sliding-window multiple linear regression (500
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651  msec window, 100 msec step) concerning outcome and stay/shift decision was performed and the
652  resulting beta coefficients were plotted around the timing of outcome. Also, a correlation
653  between ROI value (0-4 sec from the timing of outcome) and normalized choice performance
654 was calculated. A multidimensional analysis was performed by plotting beta coefficients
655  (outcome and stay/shift decision coding) in 2-D space for each block type separately. Then, the
656 Euclidean distance between novel and familiar blocks across the timing of the trial was
657 computed and plotted against the trial time-course. The distance measure was compared to
658 shuffled data (95% ClI) that was computed by randomly assigning block types for each trial and
659 iterated 1,000 times.

660  Subsequently, functional connectivity (FC) analysis was performed using the right vIPFC seed
661 that was used in the main ROI analysis. We performed a generalized form of context-dependent
662  psychophysiological interactions (gPPI)? to compute a vIPFC-derived network modulated by
663 learning context (novel or familiar) at the whole-brain level. Then, a secondary ROI was defined
664  based on peak voxelsin the brain map. The ROI time-course of FC was computed by calculating
665 the seed-ROI correlation (Pearson’sr) over time using a sliding window analysis. The trials were
666 divided based on outcome and subsequent choice, and the FC time course for each trial type was
667 caculated around the timing of outcome, for each block type. The significant FC change
668  between -4 to 8 seconds after the outcome timing was detected when 3 consecutive bins reached
669 p < 0.05 in a Wilcoxon's rank-sum test. We further performed a diding-window multiple
670 regression analysis concerning outcome and stay/shift decision in the FC. The beta coefficients
671  of the interaction of outcome by stay/shift decision were plotted as WSLS coding of the FC and
672  compared to the 95% CI of the shuffled data.

673  Resting-state fMRI data were preprocessed in the same manner as the awake scans. The residual
674  eror file for each run was split in half, resulting in 6 runs for pre- and post-injection scans,
675  respectively, for each of the drug injection sessions. Regional homogeneity (ReHo) analysis was
676  performed using the function 3dReHO in the AFNI FATCAT toolbox®. ROl analysis was
677  performed using the right vIPFC ROI that was used in the main ROI analyses. Two-way ANOVA
678 (drug: saline, SCH-23390, or haloperidol, injection: pre or post) was performed to assess the
679  effect of drug injection on VIPFC activity. The results were superimposed on the NMTv2.0

680 template for visualization purpose”’.
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Behavioral
Subject Awake fMRI pharmacology SCH-rsMRI HAL-rsMRI Saline-rsMRI

Ee Y Y Y N Y

Ge Y N N N N

Me Y Y N Y N

St Y Y Y Y N

Bu N N N N Y

Cy N N N N Y

Pi N Y Y Y Y
Wo N N N N Y

831

832 Table 1. Assignment of experiments for each subject. Y and N indicate the condition that the
833 data was collected and not collected, respectively. SCH: SCH-23390 (10 pg/kg), HAL:
834  haloperidol (50 pg/kg). rsMRI: resting-state fMRI. Note that animals assigned to behavioral
835 pharmacology experiments went through all drug treatment conditions.
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866  Supplementary Figure 1. Responsetime (RT) of monkeys. Bar graphs show average and SEM
867 of RT for each stimulus pair in novel (left) and familiar (right) blocks. Symbols represent each
868 animal. Asterisks indicate significant main effect of stimulus pair (*p<0.05, 2-way repeated-
869 measuresANOVA).
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Supplementary Figure 2. Context coding in individual monkeys. (A) Anatomical templates
showing coronal dlices around vIPFC ROI. (B) Unthresholded map of F-stats superimposed on
the anatomical templatesin (A). The data for each animal is shown in each row. Crosshairs and
arrowheads indicate the peak coordinates of vIPFC ROI used in time-course analyses.
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Supplementary Figure 3. Functional connectivity analysis using vIPFC seed. Whole-brain
map of F-stats in significant clusters (p < 0.05, cluster-corrected, generalized psycho-
physiological interaction or gPPI) superimposed onto an anatomical template. Coronal slices (4.0
mm apart) are shown from anterior (top left) to posterior (bottom right) planes.
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883

884  Supplementary Figure 4. The impact of outcome and stay/shift decision on vIPFC-ACC
885  functional connection. The average FC between vIPFC and ACC around the timing of outcome
886 (-2 to +2 seconds after outcome) are plotted for win-stay and win-shift trials (A) and lose-stay
887 and lose-shift trials (B) for nove (left) and familiar (right) blocks, respectively. Error bars
888 indicate SEM. Asterisks indicate significant FC changes from zero (**p < 0.01 or *p < 0.05,
889  rank-sum test).
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891

892  Supplementary Figure 5. Functional connection between vIPFC and MD thalamus around
893 the outcome timing. (A, B) The average FC between vIPFC and MD around the timing of
894  outcome are plotted for novel (left) and familiar (right) blocks, respectively. The conventions are
895 the same as Figure 4. Asterisks indicate significant FC changes from zero (**p < 0.01 or *p <
896  0.05, rank-sum test).
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Peak
coordinates

Area X y z #voxels
V4 -225 +7.6 +7.9 236
Medulla -4.5 +6.1 -7.1 54
Precuneus +3.0 +3.1 +28.9 53
V2 +24.0 +9.1 +15.4 36
Somatosensory +15.0 +3.1 +30.4 26
vIPFC -16.5 -26.9 +13.9 23
V6A +15 +12.1 +27.4 23
dACC +1.5 -29.9 +24.4 23
Premotor -22.5 -23.9 +24.4 21
dIPFC +12.0 -32.9 +31.9 21
Somatosensory -15.0 -11.9 +25.9 19
SMA 0.0 -32.9 +30.4 18
Pons -4.5 -14 +0.4 17
vIPFC -13.5 -34.4 +24.4 17
V2 -10.5 +0.1 +12.4 17
V1 +15.0 +12.1 +13.9 17
Auditory -24.0 -19.4 +13.9 17
vIPFC +18.0 -26.9 +18.4 16
Precuneus +1.5 +4.6 +21.4 16
PCC -45 -29 +27.4 16
TE +15.0 -22.4 +0.4 15
TE -21.0 -7.4 +4.9 15
diPFC +135 -29.9 +27.4 15
Auditory +24.0 -14.9 +12.4 15
TEO +25.5 -1.4 +12.4 14
V3 +19.5 +10.6 +24.4 14
Cerebellum +3.0 +19.6 +6.4 14
Precuneus -3.0 +9.1 +25.9 14

898

899 Supplementary Table 1. Full list of clusters in the whole-brain analysis that encoded
900 learning context and reward outcome. dIPFC: dorsolateral prefrontal cortex, VIPFC:
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901 ventrolateral prefrontal cortex, V1: primary visual cortex, V2: secondary visual cortex, V3: third
902 visua cortex, V4: fourth visual cortex, TE: anterior inferotemporal cortex, TEO: posterior
903 inferotemporal cortex, dACC: dorsal anterior cingulate cortex, PCC: posterior cingulate cortex.

904
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Peak
coordinates

Area X y z #voxels
Pons +15 -74 -1.1 63
diPFC +7.5 -35.9 +31.9 40
Somatosensory +6.0 +7.6 +34.9 37
Premotor 0.0 -22.4 +36.4 29
Premotor -9.0 -194 +36.4 27
Cerebellum -3.0 +4.6 +1.9 25
V2 -3.0 +10.6 +19.9 24
MD thalamus +3.0 +10.4 +19.9 22
V1 +7.5 +19.6 +16.9 21
Medulla +1.5 +1.6 -7.1 19
V1 -9.0 +16.6 +28.9 19
V2 +9.0 +13.6 +24.4 17
Premotor +21.0 -23.9 +21.4 15
V1 -12.0 +19.6 +4.9 14
dACC -4.5 -34.4 +25.9 14

905

906 Supplementary Table 2. Full list of clustersin the functional connectivity (gPPI) analysis
907 that encoded learning context in relation to right vIPFC seed timeseries. dIPFC: dorso-lateral
908 prefrontal cortex, V1: primary visual cortex, V2: secondary visual cortex, dACC: dorsal anterior
909 cingulate cortex.

41


https://doi.org/10.1101/2024.09.18.613767
http://creativecommons.org/licenses/by-nc-nd/4.0/

