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Abstract:   26 

Survival relies on the ability to flexibly choose between different actions according to varying 27 

environmental circumstances. Many lines of evidence indicate that action selection involves 28 

signaling in corticostriatal circuits, including the orbitofrontal cortex (OFC) and dorsomedial 29 

striatum (DMS). While choice-specific responses have been found in individual neurons from both 30 

areas, it is unclear whether populations of OFC or DMS neurons are better at encoding an 31 

animal’s choice. To address this, we trained head-fixed mice to perform an auditory guided two-32 

alternative choice task, which required moving a joystick forward or backward. We then used 33 

silicon microprobes to simultaneously measure the spiking activity of OFC and DMS ensembles, 34 

allowing us to directly compare population dynamics between these areas within the same 35 

animals. Consistent with previous literature, both areas contained neurons that were selective for 36 

specific stimulus-action associations. However, analysis of concurrently recorded ensemble 37 

activity revealed that the animal’s trial-by-trial behavior could be decoded more accurately from 38 

DMS dynamics. These results reveal substantial regional differences in encoding action selection, 39 

suggesting that DMS neural dynamics are more specialized than OFC at representing an animal’s 40 

choice of action. 41 

 42 

New and Noteworthy: 43 

While previous literature shows that both OFC and DMS represent information relevant to 44 

selecting specific actions, few studies have directly compared neural signals between these 45 

areas. Here we compared OFC and DMS dynamics in mice performing a two-alternative choice 46 

task. We found that the animal’s choice could be decoded more accurately from DMS population 47 

activity. This work provides among the first evidence that OFC and DMS differentially represent 48 

information about an animal’s selected action. 49 

 50 

 51 
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Introduction: 52 

Solving the problem of which action to choose is a critical and incompletely understood aspect of 53 

brain function. Previous work has revealed this process relies strongly on the basal ganglia and 54 

their interactions with cortical networks (Alexander et al. 1986; Frank 2011; Humphries et al. 2006; 55 

Mink 1996). Corticostriatal circuits play a prominent role in enabling animals to choose favorable 56 

actions (Hwang et al. 2019; Pennartz et al. 2009; Rothwell et al. 2015; Sharpe et al. 2019; 57 

Znamenskiy and Zador 2013). Among these circuits are the orbitofrontal cortex (OFC) and 58 

dorsomedial striatum (DMS), which have both been shown to influence action selection (Balleine 59 

et al. 2007; Bradfield et al. 2015; Murray and Izquierdo 2007; Ostlund and Balleine 2007; Tai et 60 

al. 2012; Yin et al. 2005). Altered function of projections from OFC to DMS, or neighboring 61 

corticostriatal pathways, has been implicated in maladaptive action selection processes found in 62 

obsessive compulsive disorder (Ahmari et al. 2013; Burguiere et al. 2013; Corbit et al. 2019). A 63 

separate line of evidence relying on recordings of neural activity, has shown that both areas 64 

encode information that is relevant for action selection (Feierstein et al. 2006; Gremel and Costa 65 

2013; Guo et al. 2019; Ito and Doya 2015; Kimchi and Laubach 2009; Moorman and Aston-Jones 66 

2014; Nonomura et al. 2018; Schultz and Romo 1992; Seo et al. 2012; Shin et al. 2018; Stalnaker 67 

et al. 2012). However, information processing in these areas is diverse and not exclusively linked 68 

to action selection (Padoa-Schioppa and Assad 2006; Samejima et al. 2005; Wang et al. 2013; 69 

Wilson et al. 2014). Therefore, while behavioral studies have established a role for OFC and DMS 70 

in action selection, the extent to which encoding of an animal’s choice of action differs or agrees 71 

between these areas is less clear (Seo et al. 2012; Sharpe et al. 2019). Since the striatum 72 

integrates excitatory input from multiple sources (Friedman et al. 2015; Guo et al. 2019; Lee et 73 

al. 2019; Reig and Silberberg 2014; Sippy et al. 2015), DMS dynamics may diverge significantly 74 

from those in OFC. However, until now there has not been a systematic effort to compare 75 

concurrently measured neural activity in these areas.  76 
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Here we compared simultaneously recorded dynamics in OFC and DMS using a high 77 

throughput electrode measurement technique, which gave access to the spiking activity of dozens 78 

of neurons in each area. Recordings were carried out in head-fixed mice performing an auditory 79 

guided two-alternative choice task. Using population decoding methods, we found that DMS 80 

activity performed better than OFC at representing an animal’s choice of action. These regional 81 

differences were absent in data from another group of animals which were trained on a one-82 

alternative choice task, confirming that the differential effects reflect action- rather than auditory 83 

tone-specific activity. Moreover, the results of population decoding analysis were more consistent 84 

than those from analyzing the selectivity of individual neurons, suggesting that monitoring 85 

dynamics of neural ensembles provides an effective way to compare computational properties 86 

across brain areas (Bakhurin et al. 2017). This work represents among the first efforts to directly 87 

compare information processing in frontal cortical and striatal areas during an action selection 88 

task. Taken together, the results suggest that although an animal’s choice of action is encoded in 89 

both OFC and DMS dynamics, this neural representation is more refined in DMS ensembles. 90 

 91 

Materials and Methods: 92 

Animals. All animal procedures were approved by the University of California, Los Angeles 93 

Chancellor’s Animal Research Committee. Experiments involved male wild type (C57BL/6J) mice, 94 

8 – 12 weeks old at the time of the first surgery (stock no. 000664, Jackson Laboratory).  95 

 96 

Surgery. Surgical procedures were performed under aseptic conditions and isoflurane anesthesia 97 

on a stereotaxic apparatus (Model 1900, Kopf Instruments). In the first surgery, a pair of stainless 98 

steel head fixation bars was attached to each side of the skull with dental cement (Metabond, 99 

Parkell). In the second surgery, performed on the day prior to electrophysiological recording, we 100 

drilled a small rectangular craniotomy over OFC, DMS, and cerebellum for the electrical reference 101 

wire. 102 
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 103 

Two-Alternative Choice Task. After a 7 day recovery period from the first surgery, mice (n = 6) 104 

were food restricted to maintain their weight at around 90% of their baseline level, and given water 105 

ad libitum. Behavior was monitored and controlled online with custom LabVIEW programs 106 

(National Instruments). All behavior-related signals were simultaneously recorded by another data 107 

acquisition system (C3100, Intan Technologies) for offline data analysis (sampling rate: 25 kHz). 108 

During training (one session per day), mice rested their hindlimbs and right forelimb on an acrylic 109 

body tube (44 mm inner diameter, part number 8585K26, McMaster-Carr). First, over a 3 – 4 day 110 

period, animals were habituated to the head fixation apparatus and to consume unconditional 111 

rewards (7.7 μl, 10% sweetened condensed milk). Second, they were given access to a joystick 112 

(part number 679-2501-ND, Digikey), whose centering spring was modified to reduce the 113 

operating force (~ 0.1 N). The joystick lever was made of a 2 mm diameter stick (part number 23-114 

400-112, Fisher Scientific) covered with surgical tape, and placed below the left forelimb. The 115 

lever was constrained to move forward and backward. Animals were initially rewarded for making 116 

arbitrary joystick movements (1 – 3 days). In the next session, animals had first to release or hold 117 

the joystick in the central position for at least 0.1 s (defined as ±0.05 arbitrary units in Figure 1), 118 

then push or pull the lever past the threshold position to obtain reward (threshold for forward: 119 

0.25; backward: -0.25). The session was ended after obtaining over 200 rewards from either 120 

forward or backward movements. Third, on subsequent sessions we trained mice on the two-121 

alternative choice task with auditory cues. Animals initiated each trial by releasing or holding the 122 

joystick in the central position for a pre-defined time (release period). Moving the joystick out of 123 

the central position during the release period resulted in resetting the timer. The release period 124 

was initially set to 0.1 s, but increased by 0.01 s after each rewarded trial. Conversely, if animals 125 

did not receive any reward for 40 s the release period was reduced by 0.01 s. The final release 126 

period was 1 s. The release period was followed by the cue period, in which a pure auditory tone 127 

was presented for 100 ms (cue 1: 3 kHz; cue 2: 16 kHz, pseudorandom order, the same cue was 128 
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never presented more than twice in a row). In the ensuing movement period, moving the joystick 129 

forward in response to cue 1 beyond a pre-set threshold position (0.16), or backward in response 130 

to cue 2 (-0.14), resulted in immediate reward delivery. Animals were not prohibited from initiating 131 

their joystick response during the cue period, but correct choices were only rewarded after cue 132 

offset. Failure to respond or make a correct choice in the movement period transitioned the task 133 

to the inter-trial interval (ITI). The movement period was initially set to 10 s and reduced to a final 134 

value of 3 s in steps of 0.07 s after each rewarded trial. The ITI was initially set to 1.5 s and 135 

increased to 8 s in steps of 0.065 s after each rewarded trial. On the final stage of training (13 – 136 

44 days), the duration of the release and movement period was fixed to its final value, and the ITI 137 

was drawn from a uniform distribution between 5.5 – 10.5 s. Electrophysiological recordings were 138 

carried out at the end of the final stage. Including all stages of training, animals belonging to the 139 

two-alternative choice task group were trained for 18 – 49 days including the recording session. 140 

 141 

One-Alternative Choice Task. A separate group of mice (n = 6) was trained on a task identical to 142 

the two-alternative choice task, except the rewarded response to both auditory cues was 143 

movement of the joystick lever in the same direction (forward). The final stage of training had a 144 

duration of 3 – 13 days. Including all stages of training, animals belonging to the one-alternative 145 

choice task group were trained for 9 – 17 days including the recording session. 146 

 147 

Offline Behavioral Data Analysis. The joystick voltage signal was downsampled to 1 kHz for offline 148 

analysis. The baseline position was calculated from the mean joystick position in the 1 s release 149 

period. There were three types of behavioral responses to each cue: hit (moving the joystick past 150 

the threshold position in the correct direction, resulting in reward), non-responsive (joystick 151 

movement failing to cross the threshold position), and error (moving the joystick in the incorrect 152 

direction). The hit and error rates were defined as: 153  = /( + + ) 154 
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 = /( + + ) 155 

where Nhit, NNR, and Nerror represent the number of hit, non-responsive, and error trials, 156 

respectively.  157 

 158 

Electrophysiology. Silicon microprobes containing a total of 256 electrodes (Yang et al. 2020) 159 

were used to simultaneously record from ventral and lateral orbital subregions of OFC, as well as 160 

DMS (128 electrodes per area; probe model 128K in OFC and 128DN in DMS). To confirm the 161 

probe location, the silicon shafts were coated with a fluorescent dye (DiD, Thermo Fisher 162 

Scientific) before insertion. The target insertion coordinates relative to bregma were: 2.6 mm 163 

anterior, 0.8 – 1.4 mm lateral), 2.7 mm ventral in OFC, and 1.0 mm anterior, 1.1 – 1.55 mm lateral, 164 

3.5 mm ventral in DMS. Recordings were in the right hemisphere, contralateral to the joystick 165 

manipulation arm. Data were acquired at a sampling rate of 25 kHz, bandpass filtered from 300 166 

– 7000 Hz, and spike sorted with Kilosort (Pachitariu et al. 2016). Analysis of neural activity only 167 

included putative single-unit clusters, and did not further classify units into different 168 

subpopulations such as medium spiny projection neurons or fast spiking interneurons. There was 169 

only one recording session per animal.  170 

 171 

Single-Neuron Response Selectivity Analysis. Analysis of single-neuron responses only used hit 172 

trials, separated into two trial types corresponding to cue 1 and 2. Spike trains were aligned to 173 

either the time of cue onset or movement threshold, binned in 1 ms steps, and smoothed with a 174 

Gaussian kernel (15 ms standard deviation). Each neuron’s selectivity for one of the two trial types 175 

was assessed with a receiver operating characteristic (ROC) analysis (Feierstein et al. 2006), 176 

which was applied on activity 0 – 100 ms of cue onset (for cue-aligned data), or 0 – 100 ms before 177 

movement threshold (for movement-aligned data). The selectivity index, with a range of ±1, was 178 

calculated from the area under the ROC curve (auROC) as follows: 179 
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 = 2( − 0.5) 180 

where positive and negative values corresponded to higher responsiveness for cue 2 and cue 1 181 

trials, respectively. The significance of neural selectivity was assessed with bootstrapping 100 182 

times, and using a threshold probability value of 0.05.  183 

 184 

Population Decoding Analysis. All decoding analysis was performed on concurrently recorded 185 

ensembles. The goal of the decoding analysis was to train a classifier that could distinguish 186 

between cue 1 and cue 2 hit trials at different times relative to cue onset or movement threshold. 187 

Decoding was based on a linear support vector machine (SVM) learning algorithm (Chang and 188 

Lin 2011), with 80% of trials used for training and the remaining 20% for testing the accuracy (half 189 

of the test trials were from cue 1, the other half from cue 2). Within each animal, the number of 190 

cue 1 and cue 2 trials used in the decoder was matched (range: 98 – 344 for decoding on hit 191 

trials, and 30 – 211 for decoding on non-responsive trials). To enable a pairwise comparison 192 

between simultaneously recorded data in OFC and DMS, within each animal we also matched 193 

the number of OFC and DMS neurons (range: 15 – 83). This process was repeated 1000 times 194 

with different random sampling of trials and neurons. The mean decoding accuracy per animal 195 

was calculated from the average performance over the 1000 iterations. We separately trained a 196 

decoder on data in which the test trial labels were randomly shuffled. Decoding analysis was 197 

performed on 100 ms segments of unsmoothed spiking data, and repeated in 10 ms time steps. 198 

The decoding latency was defined as the time step in which the mean accuracy crossed the 95% 199 

confidence interval (CI) calculated from 1000 iterations of the shuffled data. The results note that 200 

in some animals, the accuracy in OFC or DMS never crossed the 95% CI, and thus could not be 201 

included in the analysis of decoding latency. To examine the effect of population size on decoding 202 

accuracy, we separately trained and tested an SVM decoder with a population of 5, 10, 15, 20, 203 

30, or 40 randomly chosen neurons, and calculated the average accuracy across 1000 random 204 

drawings. 205 
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 206 

Experimental Design and Statistical Analyses. Statistical analysis was carried out with standard 207 

functions in MATLAB (MathWorks) and Prism (GraphPad Software). Data collection and analysis 208 

were not performed with blinding to the conditions of the experiments. No statistical methods were 209 

used to predetermine sample size, but our sample sizes are similar to those reported in previous 210 

publications. The sample size, type of test and probability values are indicated in the figure 211 

legends. Data distribution was assumed to be normal, but this was not formally tested. T-tests 212 

were always two sided. In all figures, the convention is *p < 0.05, **p < 0.01, ***p < 0.001, and not 213 

significant (ns) p > 0.05. 214 

 215 

Data and Code Accessibility. Data sets and code used in this study are available from the 216 

corresponding author upon request. 217 

 218 

Results: 219 

Action selection task for head-fixed mice 220 

We developed an auditory guided two-alternative choice task involving forelimb manipulation of 221 

a joystick. Head-fixed mice were trained to move a joystick lever forward in response to a low 222 

frequency tone, and backward in response to a high frequency tone (n = 6 mice, Figure 1A,B,C). 223 

A sweetened milk reward was delivered immediately after making the correct choice, with both 224 

cues associated with the same volume of liquid. After training, mice made a statistically similar 225 

proportion of correct (hit trial) and incorrect (error trial) choices after each type of cue (Figure 226 

1D,E). The hit rate on cue 1 trials was uncorrelated with the hit rate on cue 2 trials (Pearson 227 

correlation, r = 0.34, p = 0.51). Additionally, there was no significant difference in lever press time 228 

relative to cue onset (Figure 1F,G). This appears to show that there was no bias in the animal’s 229 

perceived value of performing forward or backward joystick movements. Nevertheless, a potential 230 

concern with this task is that if OFC or DMS activity discriminates between different auditory tone 231 
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frequencies (Guo et al. 2018), this would interfere with the interpretation of action selectivity. To 232 

account for potential auditory coding differences in the absence of action selection, we introduced 233 

a one-alternative choice task in a separate group of mice. Here, both cues were associated with 234 

joystick movement in the same direction (forward), and equal reward volume (n = 6 mice, Figure 235 

1H,I,J). Again, the response rate was similar between the two cue types (Figure 1K,L), and there 236 

was no significant difference in lever press time (Figure 1M,N). We therefore reasoned that any 237 

differences found between OFC and DMS neural activity in the two-alternative, but not the one-238 

alternative choice task, would provide strong evidence for differential encoding of action selection 239 

in these brain areas. 240 

 241 

Higher proportion of cue-selective neurons in DMS 242 

In order to examine activity in OFC and DMS during task performance in well-trained mice, we 243 

used silicon microprobes to record from dozens of neurons in these areas in parallel (Figure 2). 244 

We first assessed the cue-aligned response of individual neurons recorded from the two-245 

alternative choice task group (Figure 3A). We used ROC analysis to calculate their selectivity 246 

during the cue period. We found neurons in both areas that showed selectivity for one of the trial 247 

types (Figure 3B), but the proportion of cue-selective neurons was significantly higher in DMS 248 

(Figure 3C). A sizable fraction of neurons recorded from the one-alternative choice task group 249 

were also selective for one of the auditory tones (Figure 3D,E), and again DMS contained a 250 

greater proportion of cue-selective neurons than OFC (Figure 3F). The proportion of total 251 

selective cells pooled from all animals was also found to be similar between the two task groups 252 

(OFC: 124/415 of cells in the two-alternative versus 109/380 in the one-alternative choice task, 253 

chi square test, p = 0.71; DMS: 256/379 in the two-alternative versus 325/457 in the one-254 

alternative choice task, chi square test, p = 0.26). Therefore, the regional differences in cue period 255 

selectivity found in the two-alternative choice task group appear to be at least partly driven by 256 

stronger auditory tone discrimination in DMS, in the absence of overt action selection processes.257 
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 Next, to examine neural activity during the movement period, which is less likely to be 258 

biased by auditory tone discrimination, we performed ROC analysis on data aligned to the time 259 

of movement threshold (Figure 4A). For recordings made from the two-alternative choice task 260 

group, a subset of neurons showed selectivity for one of the trial types (Figure 4B), and the 261 

proportion of selective neurons was statistically similar in the two brain areas (Figure 4C). Data 262 

from the one-alternative choice task group also did not show a significant difference in the fraction 263 

of selective neurons between OFC and DMS during the movement period (Figure 4D,E,F). On 264 

the other hand, the proportion of total selective cells pooled from all animals was significantly 265 

higher for the two-alternative choice task group (OFC: 146/415 of cells in the two-alternative 266 

versus 38/380 in the one-alternative choice task, chi square test, p < 0.0001; DMS: 164/379 in 267 

the two-alternative versus 81/457 in the one-alternative choice task, chi square test, p < 0.0001). 268 

Thus, while recordings from both types of tasks contained neurons with selective responses in 269 

the movement period, the number of these selective cells was enriched in the task with two 270 

instead of one possible actions. These results suggest that neural selectivity in the movement 271 

period was largely due to encoding of the animal’s choice of action, rather than persistent effects 272 

of auditory tone discrimination. However, significant regional differences in the selectivity index 273 

were only observed for cue- but not movement-aligned data, which raises potential ambiguities in 274 

interpreting the findings in the context of action selection.  275 

 276 

More accurate decoding of selected action from DMS population dynamics 277 

Similar to previous electrophysiological studies using two-alternative choice tasks, our data 278 

showed substantial heterogeneity in the response properties of individual neurons (Feierstein et 279 

al. 2006; Guo et al. 2019). Thus, determining the proportion of selective neurons may not be a 280 

reliable way to compare information processing across brain areas. Since our recording approach 281 

provided simultaneous access to multiple neurons from OFC and DMS, we were able to explore 282 

this issue by applying decoding methods to compare trial-by-trial population dynamics. SVM 283 
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decoders were trained to distinguish between cue 1 and cue 2 hit trials based on the activity of 284 

simultaneously measured ensembles. 285 

Decoder performance in each area was quantified in terms of two parameters—accuracy 286 

in assigning test trials to the correct cue type, and latency to reach a statistically significant 287 

accuracy level (95% CI). In the two-alternative choice task group, decoding accuracy in both areas 288 

increased rapidly after cue onset (Figure 5A). However, on average, DMS population activity had 289 

both a significantly higher accuracy and lower latency of decoding than OFC (Figure 5B,C). In 290 

contrast, in the one-alternative task group, neither the accuracy nor latency was statistically 291 

distinguishable between the two brain areas (Figure 5D,E,F). These results were qualitatively 292 

different from the single-neuron selectivity index analysis in the same dataset (Figure 3F).  293 

To determine how decoding accuracy depended on the population size, we compared the 294 

accuracy of SVM decoders that were tested on different numbers of neurons. The accuracy 295 

improved with greater population size, but only the two-alternative choice task group showed 296 

significant differences between OFC and DMS (Figure 6A,B), consistent with the finding that 297 

DMS contains a better population code for action selection.  298 

To confirm that the higher accuracy in DMS in the two-alternative choice task reflects more 299 

accurate encoding of action, rather than auditory tone selectivity, we also applied the SVM 300 

decoder on a different subset of trials (non-responsive), in which animals failed to move the lever 301 

to the threshold position (Figure 7A). There was no significant bias in decoding accuracy between 302 

OFC and DMS on non-responsive trials, although the difference was close to being significant (p 303 

= 0.056, Figure 7B). On average a small amount of lever movement was observed even on non-304 

responsive trials, thus accurate decoding on these trials is likely to reflect action selectivity to a 305 

smaller extent than on hit trials.  306 

In the two-alternative choice task group, decoding accuracy, but not latency, remained 307 

significantly better in DMS for movement-aligned data on hit trials (Figure 8A,B,C), again in 308 

marked contrast to the results of analysis of single-neuron selectivity (Figure 4C). However, 309 
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decoding accuracy in the movement period was not statistically distinguishable between the two 310 

areas in data from the one-alternative choice task group (Figure 8D,E,F).  311 

 312 

Discussion: 313 

Taken together, the decoding results suggest that DMS neural populations are significantly better 314 

at representing an animal’s selected action than an equivalent number of concurrently recorded 315 

cells in OFC. These regional differences were apparent both for the cue and movement period. 316 

Importantly, significant differences in decoding accuracy were only observed in data from the two-317 

alternative, but not the one-alternative choice task group, suggesting that these effects reflect 318 

action rather than auditory tone selectivity. Moreover, more accurate decoding in DMS was only 319 

observed on hit trials, but not on non-responsive trials (Figure 7), providing further evidence that 320 

these results are unlikely to reflect regional variations in auditory tone selectivity. Finally, the 321 

results obtained with population decoding methods were qualitatively different from those 322 

obtained with analysis of single-neuron selectivity, which yielded less consistent findings between 323 

the cue and movement period.  324 

This work used joystick-based action selection tasks specifically developed for 325 

experiments in head-fixed mice (Nonomura et al. 2018). In combination with silicon microprobe 326 

recording tools targeting OFC and DMS in parallel, this approach enabled a regional comparison 327 

of neural dynamics within the same animal and behavioral session. Selectivity of dynamics to 328 

specific trial types was assessed both at the level of individual cells using ROC analysis, and at 329 

the level of neural populations using SVM decoding methods. There were some important 330 

qualitative differences between these modes of analysis. Overall, individual neuron ROC analysis 331 

gave internally inconsistent results, showing regional differences in the proportion of selective 332 

cells for cue- but not movement-aligned data (Figure 3C and 4C). Furthermore, since the trends 333 

were similar for data from the two-alternative and one-alternative choice tasks, it was unclear 334 

whether selectivity reflected action or auditory tone discrimination. By comparison, population 335 
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decoding methods were internally consistent, showing regional differences in decoding accuracy 336 

for both cue- and movement-aligned data (Figure 5C and 8C). The most parsimonious 337 

explanation for the discrepancy between the two methods used to analyze neural selectivity, is 338 

that population decoding methods revealed aspects of computation in OFC or DMS which were 339 

less apparent or accessible from ROC analysis of individual neuron firing.  340 

Our findings appear to disagree with a study in non-human primates, which concluded 341 

that lateral prefrontal cortex contains a better representation of action selection than dorsal 342 

striatum (Seo et al. 2012). This discrepancy may arise from differences in which two functionally 343 

distinct subregions of frontal cortex and striatum were compared (Ito and Doya 2015; Izquierdo 344 

2017), the methods used to assess neural selectivity, or the details of the behavioral task. On the 345 

other hand, other studies have challenged the view that OFC strongly influences an animal’s 346 

current choice of action (Gardner et al. 2017), but instead suggest that this area participates in 347 

learning or updating choices on future trials (Constantinople et al. 2019; Miller et al. 2018). More 348 

generally, numerous lines of evidence suggest that OFC represents information that is not 349 

exclusively related to, and may even be distinct from, action selection, including spatial goals 350 

(Feierstein et al. 2006), value (Padoa-Schioppa and Assad 2006), action value (Simon et al. 351 

2015), and complex cognitive maps representing the relationship between multiple facets of an 352 

animal’s environmental and behavioral state (Wilson et al. 2014). Furthermore, since the 353 

approaches in this work are correlative, we cannot conclude that DMS serves a more critical 354 

behavioral role in action selection than OFC. Rather, populations of DMS neurons appear to more 355 

accurately encode information about an animal’s choice of action compared to OFC, at least 356 

under the conditions used here.  357 

Some studies have suggested that behavior shifts from DMS to DLS-dependent during 358 

the transition from goal-directed to habitual responses (Gremel and Costa 2013; Thorn et al. 2010; 359 

Yin et al. 2009). This could potentially influence the interpretation of our findings; however, based 360 

on the robust encoding of action selection in DMS we speculate there was insufficient training to 361 
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make responding habitual. Alternatively, the types of tasks employed here may not support habit 362 

formation. 363 

A potential caveat of this work is that OFC and DMS may use distinct strategies to encode 364 

information in the tasks with one and two alternative choices. In particular, the one-alternative 365 

choice task requires animals to respond to a cue without needing to select between different 366 

possible actions. Additionally, despite more protracted training, behavioral performance was 367 

worse in animals belonging to the two-alternative choice task group. For these reasons, there 368 

may be limitations in comparing results across the two task conditions. Nevertheless, the results 369 

suggest differences in how populations of OFC and DMS neurons represent information in the 370 

two-alternative choice task. Since that task requires correct action selection, the observed 371 

encoding differences are unlikely to be exclusively due to differences in auditory cue encoding.  372 

There are a number of potential mechanisms for the observed difference in OFC and DMS 373 

population dynamics. One possibility is that other sources of input may convey complementary 374 

signals to DMS (Ponvert and Jaramillo 2019). Another study found that medial prefrontal cortex 375 

(mPFC), which also projects to DMS, contains a greater proportion of action-selective units than 376 

OFC (Simon et al. 2015), suggesting that mPFC exhibits more accurate encoding of action 377 

selection than OFC. There is also some indirect support from our observation that decoding was 378 

not only more accurate, but reached a significant level of performance on average 87 ms earlier 379 

in DMS than OFC (Figure 5C). This temporal lag even raises the possibility that action selection 380 

signals propagate from DMS to OFC through basal ganglia-cortical feedback loops (Oldenburg 381 

and Sabatini 2015). Since corticostriatal projections are a major source of excitatory drive in the 382 

striatum (Emmons et al. 2017; Shepherd 2013), another possibility is that striatal microcircuits 383 

amplify or refine incoming cortical signals to improve information processing (Bakhurin et al. 384 

2017). This could occur via gain modulation effects at corticostriatal synapses (Lee et al. 2019), 385 

or contributions from local interneurons which may modify striatal output (Gittis et al. 2010).  386 
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Figure Legends 522 

 523 

Figure 1. A two-alternative and one-alternative choice task for head-fixed mice. 524 

A) Illustration of the two-alternative choice task paradigm. Head-fixed mice had to first release or 525 

hold in the joystick in the central position for 1 s for the trial to begin. They received reward 526 

for moving a joystick forward in response to a low frequency tone (cue 1, 3 kHz, 100 ms), or 527 

backward in response to a high frequency tone (cue 2, 16 kHz, 100 ms).  528 
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B) Joystick position signal in response to the two cues on hit trials, aligned to cue onset. Data 529 

represent the mean of one well-trained animal from the two-alternative choice task group on 530 

the recording day. Shaded areas represent standard error of the mean (SEM). 531 

C) Same as B but aligned to the time of joystick movement threshold. 532 

D) There was no significant difference in hit rate across all animals tested on the two-alternative 533 

choice task (n = 6 mice, paired t-test, t5 = 0.92, p = 0.4). Red lines represent the mean values. 534 

E) There was no significant difference in error rate across all animals tested on the two-535 

alternative choice task (n = 6 mice, paired t-test, t5 = 0.54, p = 0.61).  536 

F) Distribution of the lever press times on cue 1 (blue) and cue 2 (green) hit trials, for the same 537 

animal as B and C. 538 

G) There was no significant difference in mean lever press time across all animals tested on the 539 

two-alternative choice task (n = 6 mice, paired t-test, t5 = 2.34, p = 0.066).  540 

H) Illustration of the one-alternative choice task paradigm, used to characterize cue-selective 541 

neural responses in the absence of action selectivity. This task is similar to the two-alternative 542 

choice task, except both cues are associated with forward joystick movement.  543 

I) Joystick position signal in response to the two cues on hit trials, aligned to cue onset. Data 544 

represent the mean of one well-trained animal from the one-alternative choice task group on 545 

the recording day.  546 

J) Same as I but aligned to the time of joystick movement threshold. 547 

K) There was no significant difference in hit rate across all animals tested on the one-alternative 548 

choice task (n = 6 mice, paired t-test, t5 = 2.29, p = 0.07).  549 

L) There was no significant difference in error rate across all animals tested on the one-550 

alternative choice task (n = 6 mice, paired t-test, t5 = 1.55, p = 0.18).  551 

M) Distribution of the lever press times on cue 1 (blue) and cue 2 (green) hit trials, for the same 552 

animal as I and J. 553 
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N) There was no significant difference in mean lever press time across all animals tested on the 554 

one-alternative choice task (n = 6 mice, paired t-test, t5 = 2.32, p = 0.068).  555 
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Figure 2. Simultaneous electrophysiological recordings in OFC and DMS.   556 

A) Left, a 128 electrode silicon microbrobe with four shafts targeted the ventral and lateral orbital 557 

subregions of OFC. Yellow markings indicate the location of the electrode recording sites. The 558 

anterior-posterior (AP) position from bregma is indicated at the bottom. Right, fluorescence 559 

image of a brain slice showing the track made by the DiD dye coated on the probe (red), with 560 

a superimposed drawing of the silicon microprobe. Slices were stained with DAPI (blue).  561 

B) Same as A, but for a separate 128 electrode silicon microprobe targeting DMS in the same 562 

animal.  563 
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Figure 3. Higher proportion of selective neurons in DMS in the cue period. 564 

A) Mean firing rate versus time of one OFC (left) and DMS (right) neuron, with data aligned to 565 

cue onset. Data in panels A-C are from animals in the two-alternative choice task group. Blue 566 

and green lines represent cue 1 (low frequency) and cue 2 (high frequency) hit trials, 567 

respectively. The dashed vertical lines demarcate the time interval used to calculate the 568 

selectivity index in the cue period. Shaded areas represent SEM. 569 

B) Selectivity index distribution of OFC (top) and DMS (bottom) neurons in the cue period. 570 

Positive (negative) values reflect stronger responses to cue 2 (cue 1). Grey bars represent all 571 

cells, and black bars represent significantly selective cells. Neurons are pooled across all 6 572 

animals in the two-alternative choice task group (n = 124 out of 415 cells in OFC, and 256 out 573 

of 379 cells in DMS were selective). 574 

C) The fraction of neurons per animal that were selective in the cue period was significantly 575 

higher in DMS compared to OFC (n = 6 mice, paired t-test, t5 = 4.1, p = 0.0096). Red lines 576 

represent the mean values. 577 
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D) Mean firing rate versus time of one OFC (left) and DMS (right) neuron, with data aligned to 578 

cue onset. Data in panels D-F are from animals in the one-alternative choice task group.  579 

E) Selectivity index distribution of OFC (top) and DMS (bottom) neurons in the cue period. 580 

Neurons are pooled across all 6 animals in the one-alternative choice task group (n = 109 out 581 

of 380 cells in OFC, and 325 out of 457 cells in DMS were selective). 582 

F) The fraction of neurons per animal that were selective in the cue period was significantly 583 

higher in DMS compared to OFC (n = 6 mice, paired t-test, t5 = 3, p = 0.03).  584 
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Figure 4. Similar proportion of selective neurons between OFC and DMS in the movement period. 585 

A) Mean firing rate versus time of one OFC (left) and DMS (right) neuron, with data aligned to 586 

movement threshold. Data in panels A-C are from animals in the two-alternative choice task 587 

group. Blue and green lines represent cue 1 (low frequency) and cue 2 (high frequency) hit 588 

trials, respectively. The dashed vertical lines demarcate the time interval used to calculate the 589 

selectivity index in the movement period. Shaded areas represent SEM. 590 

B) Selectivity index distribution of OFC (top) and DMS (bottom) neurons in the movement period. 591 

Positive (negative) values reflect stronger responses to cue 2 (cue 1). Grey bars represent all 592 

cells, and black bars represent significantly selective cells. Neurons are pooled across all 6 593 

animals in the two-alternative choice task group (n = 146 out of 415 cells in OFC, and 164 out 594 

of 379 cells in DMS were selective). 595 
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C) The fraction of neurons per animal that were selective in the movement period was not 596 

significantly different between OFC and DMS (n = 6 mice, paired t-test, t5 = 2.3, p = 0.07). Red 597 

lines represent the mean values. 598 

D) Mean firing rate versus time of one OFC (left) and DMS (right) neuron, with data aligned to 599 

movement threshold. Data in panels D-F are from animals in the one-alternative choice task 600 

group.  601 

E) Selectivity index distribution of OFC (top) and DMS (bottom) neurons in the movement period. 602 

Neurons are pooled across all 6 animals in the one-alternative choice task group (n = 38 out 603 

of 380 cells in OFC, and 81 out of 457 cells in DMS were selective). 604 

F) The fraction of neurons per animal that were selective in the movement period was not 605 

significantly different between OFC and DMS (n = 6 mice, paired t-test, t5 = 0.9, p = 0.43).  606 
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Figure 5. More accurate and rapid decoding from DMS population activity in the cue period for 607 

the two- but not one-alternative choice task.  608 

A) Mean decoding accuracy versus time in OFC (top, black) and DMS (bottom, red) of one animal 609 

with data aligned to cue onset. Data in panels A-C are from animals in the two-alternative 610 

choice task group. The decoder was trained to distinguish cue 1 from cue 2 hit trials. The 611 

dashed and solid blue lines represent the mean and 95% CI of the decoder performance 612 

tested on shuffled data. Decoding was performed on 100 ms segments of data and repeated 613 
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in 10 ms steps. The arrows indicate the decoding latency, corresponding to the time step in 614 

which the mean decoding accuracy crossed the 95% CI.  615 

B) Mean decoding accuracy versus time of all animals (n = 6 mice). The dashed vertical lines 616 

demarcate the 100 ms cue period used to calculate the decoding accuracy in C. Shaded areas 617 

represent SEM. 618 

C) Left, the mean decoding accuracy in the cue period was significantly higher in DMS relative 619 

to OFC (n = 6 mice, paired t-test, t5 = 4.4, p = 0.007). Right, the mean decoding latency was 620 

significantly smaller in DMS relative to OFC (n = 6 mice, paired t-test, t5 = 2.7, p = 0.04). Red 621 

lines represent the mean values. The average decoding latency was 120 ± 33 ms in OFC, 33 622 

± 3 ms in DMS, (mean ± SEM relative to cue onset). On average the decoding latency was 623 

87 ms lower in DMS relative to OFC (representing the difference between the values at the 624 

red lines).  625 

D) Mean decoding accuracy versus time in OFC (top, black) and DMS (bottom, red) of one animal 626 

with data aligned to cue onset. Data in panels D-F are from animals in the one-alternative 627 

choice task group.  628 

E) Mean decoding accuracy versus time of all animals (n = 6 mice). The dashed vertical lines 629 

demarcate the 100 ms cue period used to calculate the decoding accuracy in F.  630 

F) Left, the mean decoding accuracy in the cue period was not significantly different between 631 

OFC and DMS (n = 6 mice, paired t-test, t5 = 0.9, p = 0.39). Right, the mean decoding latency 632 

was not significantly different between OFC and DMS (n = 4 mice, paired t-test, t3 = 1, p = 633 

0.39). Note that decoders trained on data from two animals failed to cross the 95% CI level, 634 

thus those animals could not be included in the decoding latency analysis. The average 635 

decoding latency was 50 ± 20 ms in OFC, 30 ± 4 ms in DMS, (mean ± SEM relative to cue 636 

onset).  637 
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Figure 6. Decoding accuracy improves with population size. 638 

A) Decoding accuracy in the cue period as a function of number of neurons in OFC and DMS for 639 

hit trials on the two-alternative choice task group. Due to differences in the number of 640 

simultaneously recorded neurons across animals, the number of animals is not equal for all 641 

data points (n = 6 mice for a size of 5, 10, 15, 20 neurons, n = 5 mice for a size of 30 neurons, 642 

and n = 4 mice for a size of 40 neurons). A two-way ANOVA revealed a significant effect of 643 

the number of neurons (F5,54 = 12.1, p < 0.0001). Post hoc Sidak’s test between OFC and 644 

DMS: 5 neurons, p = 0.804; 10 neurons, p = 0.068; 15 neurons, p = 0.007; 20 neurons, p = 645 

0.001, 30 neurons, p = 0.0003; 40 neurons, p = 0.014. 646 

B) Decoding accuracy in the cue period as a function of number of neurons in OFC and DMS for 647 

hit trials on the one-alternative choice task group. Due to differences in the number of 648 

simultaneously recorded neurons across animals, the number of animals is not equal for all 649 

data points (n = 6 mice for a size of 5, 10, 15 neurons, and n = 5 mice for a size of 20, 30, 40 650 

neurons). A two-way ANOVA revealed a significant effect of the number of neurons (F5,54 = 651 

5.6, p = 0.0003). Post hoc Sidak’s test between OFC and DMS: 5 neurons, p > 0.99 10 652 

neurons, p = 0.924; 15 neurons, p = 0.637; 20 neurons, p = 0.793, 30 neurons, p = 0.638; 40 653 

neurons, p = 0.622. 654 

 

 



30 
 

 

Figure 7. Decoding accuracy is not significantly different on non-responsive trials.   655 

A) Joystick position signal in response to the two cues on non-responsive trials, aligned to cue 656 

onset. Data represent the mean of one well-trained animal from the two-alternative choice 657 

task group on the recording day (same animal as that shown in Figure 1B). Shaded areas 658 

represent standard error of the mean (SEM). 659 

B) The mean decoding accuracy in the cue period was not significantly different between OFC 660 

and DMS on non-responsive trials (n = 6 mice, paired t-test, t5 = 2.5, p = 0.056). 661 
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Figure 8. More accurate decoding from DMS population activity in the movement period for the 662 

two- but not one-alternative choice task.  663 

A) Mean decoding accuracy versus time in OFC (top, black) and DMS (bottom, red) of one animal 664 

with data aligned to movement threshold. Data in panels A-C are from animals in the two-665 

alternative choice task group. The dashed and solid blue lines represent the mean and 95% 666 

CI of the decoder performance tested on shuffled data. The arrows indicate the decoding 667 

latency.  668 
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B) Mean decoding accuracy versus time of all animals (n = 6 mice). The dashed vertical lines 669 

demarcate the 100 ms movement period used to calculate the decoding accuracy in C. 670 

Shaded areas represent SEM. 671 

C) Left, the mean decoding accuracy in the movement period was significantly higher in DMS 672 

relative to OFC (n = 6 mice, paired t-test, t5 = 2.8, p = 0.04). Right, the mean decoding latency 673 

was not significantly different between OFC and DMS (n = 6 mice, paired t-test, t5 = 2, p = 674 

0.1). The average decoding latency was -238 ± 37 ms in OFC, -408 ± 113 ms in DMS, (mean 675 

± SEM relative to movement threshold).  676 

D) Mean decoding accuracy versus time in OFC (top, black) and DMS (bottom, red) of one animal 677 

with data aligned to movement threshold. Data in panels D-F are from animals in the one-678 

alternative choice task group.  679 

E) Mean decoding accuracy versus time of all animals (n = 6 mice). The dashed vertical lines 680 

demarcate the 100 ms movement period used to calculate the decoding accuracy in F.  681 

F) The mean decoding accuracy in the movement period was not significantly different between 682 

OFC and DMS (n = 6 mice, paired t-test, t5 = 0.5, p = 0.64). Note that for all animals, decoders 683 

trained on data from OFC or DMS failed to cross the 95% CI level, thus decoding latency 684 

analysis could not be performed. 685 


