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Impact Statement  22 

Individual neurons of ventral tenia tecta which is a part of olfactory cortex tune to specific 23 

time windows in the behavioral context during odor-guided goal-directed behaviors.  24 
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Abstract 25 

The ventral tenia tecta (vTT) is a component of the olfactory cortex and receives both 26 

bottom-up odor signals and top-down signals. However, the roles of the vTT in odor-coding 27 

and integration of inputs are poorly understood. Here, we investigated the involvement of the 28 

vTT in these processes by recording the activity from individual vTT neurons during the 29 

performance of learned odor-guided reward-directed tasks in mice. We report that individual 30 

vTT cells are highly tuned to a specific behavioral epoch of learned tasks, whereby the 31 

duration of increased firing correlated with the temporal length of the behavioral epoch. The 32 

peak time for increased firing among recorded vTT cells encompassed almost the entire 33 

temporal window of the tasks. Collectively, our results indicate that vTT cells are selectively 34 

activated during a specific behavioral context and that the function of the vTT changes 35 

dynamically in a context-dependent manner during goal-directed behaviors. 36 

 37 

 38 

Introduction 39 

In mammals, odor signals detected by sensory neurons in the olfactory epithelium are 40 

transmitted via the olfactory bulb to the olfactory cortex. Mitral and tufted cells in the 41 

olfactory bulb send axonal projections to various areas of the olfactory cortex (Igarashi et al., 42 

2012; Neville and Haberly, 2004). Despite growing knowledge on how odor molecules are 43 

coded by olfactory sensory neurons (Buck and Axel, 1991) and how neural circuits in the 44 

olfactory bulb and olfactory cortex process odor signals (Mori and Sakano, 2011; Mori et al., 45 

2013; Wilson and Sullivan, 2011), our understanding of how distinct regions of the olfactory 46 

cortex transform olfactory sensory information into behavioral outputs remains limited (Choi 47 

et al., 2011). In the present study, we examined how the ventral tenia tecta (vTT), a relatively 48 
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unexplored area of the olfactory cortex located in the ventromedial aspect of the olfactory 49 

peduncle, transforms the perception of odor signals into reward-directed behaviors. 50 

 Physiological studies of the visual, auditory, and somatosensory cortices have 51 

revealed that neocortical sensory area neurons receive sensory signals from the environment, 52 

as well as top-down signals that are generated internally by higher-order cognitive and 53 

behavioral decision processes, including attention, reward-prediction, working memory, and 54 

behavioral choice processes (Allen et al., 2019; Gilbert and Sigman, 2007; Roelfsema and de 55 

Lange, 2016). In olfactory circuits, olfactory tubercle neurons encode goal-directed behaviors 56 

and exhibit enhanced odor responses when animals selectively attend to specific odors 57 

(Carlson et al., 2018; Gadziola and Wesson, 2016). Furthermore, c-Fos expression (a marker 58 

of neuronal activity) increases in different cells in the olfactory tubercle during distinct 59 

motivated behaviors in mice (Murata et al., 2015). However, the physiological and behavioral 60 

functions of the vTT are poorly understood. To examine whether vTT neurons are modulated 61 

by cognitive and behavioral decision-making processes, we recorded the spike activity of 62 

individual vTT cells during the performance of a series of odor-guided, goal-directed 63 

behaviors in mice. 64 

 We observed that the firing of individual vTT neurons during odor-guided 65 

goal-directed behaviors was highly tuned to distinct task-elements that occurred in relation to 66 

the flow of goal-directed tasks, with each task-element occurring in a specific behavioral 67 

context. Our results indicate that vTT functions are dynamic rather than fixed, whereby 68 

changes in information processing mode occur in a context-dependent manner during a 69 

sequence of feeding and drinking behaviors.  70 

 71 

 72 
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Results 73 

Activity of vTT cells during the odor presentation phase of the odor-guided go/no-go 74 

task 75 

To examine how vTT cell firing changes in relation to odor-guided, goal-directed behaviors, 76 

we recorded the neural activity of vTT cells during an odor-guided go/no-go task with a 77 

water reward (Figure 1A). In this task, a light stimulus presented at the right odor port 78 

signaled to a water-restricted mouse to start the task and insert its nose into the odor port. At 79 

the moment of the nose poke, an odor cue was presented for 500 msec in the odor port. The 80 

mouse was required to keep its nose in the odor port during odor presentation to sniff the 81 

odor cue. After odor presentation, the light was turned off, and the mouse could withdraw its 82 

nose from the odor port. If the go odor cue (eugenol) was presented, the mouse was required 83 

to move to and poke its head into the left water port within a timeout period of 2 sec to obtain 84 

a water reward (go trial). At the water port, the mouse was required to keep its head in the 85 

port for 300 msec to wait for water delivery. A drop of water (6 μL) was delivered 300 msec 86 

after the head poke. If the no-go odor cue (amyl acetate) was presented, the mouse was 87 

required to stay near the odor port for 2 sec after the end of odor delivery without poking its 88 

head into the water port (no-go trial). After the mice were well trained, their behavioral 89 

accuracy remained above 80% throughout the session. The median duration of nose pokes 90 

after the onset of odor stimulation was 839 msec (interquartile range: 703-1,003 msec) in the 91 

go trials and 738 msec (interquartile range: 621-946 msec) in the no-go trials (57 sessions 92 

from six mice). 93 

 We recorded the spiking activity of 270 vTT cells from six mice (Tables 1 and 2; 94 

recording positions are shown in Figure 1B) while they performed the go/no-go task. As the 95 

vTT receives direct inputs from mitral and tufted cells of the olfactory bulb, we first focused 96 
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on whether vTT cells exhibited odor cue-responsive activity during odor presentation. We 97 

observed that a subset of vTT cells increased their firing rates during the odor presentation 98 

phase during both go and no-go trials (an example is shown in Figure 1C). To quantify the 99 

dependence of firing rate on the odor presentation phase, we calculated firing rate changes 100 

from baseline (pre-odor cue period, 1.2 to 1 sec before the odor port entry) in sliding bins 101 

(width, 100 msec; step, 20 msec) using a receiver operating characteristic (ROC) analysis 102 

approach. We calculated the area under the ROC curve (auROC) at each time bin (spike data 103 

were aligned to the onset of odor valve opening). auROC values ranged from -1 to +1, with 104 

positive and negative values reflecting increased and decreased firing rates relative to 105 

baseline, respectively. We further determined auROC value significance using a permutation 106 

test (see Materials and methods). 107 

 Using the auROC approach, we defined the odor cue-responsive population (n = 68 108 

cells, 25% of the recorded cells) as cells that significantly increased their firing rates from 109 

baseline for five consecutive bins (100 msec) during the odor presentation phase (500 msec 110 

after the odor valve opening) in correct go or no-go trials. Across all the cells, many exhibited 111 

significant increases in firing rate relative to both the go and no-go odor cue presentation 112 

phases (top color maps in Figure 1D, p < 0.01, permutation test). No significant differences 113 

in the magnitude of these increases between the go and no-go odor cue phases at each time 114 

point were observed (bottom lines in Figure 1D, p > 0.01, Welch’s t test). Changes in firing 115 

rate in individual vTT cells exhibited similar time courses for go and no-go trials. We 116 

quantified this by calculating the correlation coefficients of response profiles between correct 117 

go trials and correct no-go trials for each cell (top lines in Figure 1E). This analysis revealed 118 

that the activity of vTT cells was strongly correlated between go and no-go odor cue 119 

presentation phases, whereas different cell pairs did not exhibit this correlation (bottom lines 120 
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in Figure 1E, p < 10-13, two-sample Kolmogorov–Smirnov test). These results suggest that 121 

individual vTT cells did not represent odor cue differences between go and no-go trials 122 

during odor presentation phases. We therefore hypothesized that firing activity mainly 123 

reflected animal behavior and was dependent on task context.  124 

 125 

Behavior-specific activity of vTT cells in the odor-guided go/no-go task 126 

Many vTT cells exhibited an increase in firing rate during specific behaviors over the course 127 

of the odor-guided go/no-go task (Figure 2―figure supplement 1A). Time intervals between 128 

behavioral events (the time from odor valve opening until the mouse withdrew its snout from 129 

the odor port, and the time from odor port withdrawal until reward port entry) also varied 130 

across trials (colored shaded areas in Figure 2―figure supplement 1A). To develop an 131 

overall firing profile accounting for this variability, we created event-aligned spike 132 

histograms (EASHs) (Ito and Doya, 2015). An EASH was derived by linearly scaling time 133 

intervals between behavioral events in each trial and the median interval for all trials (Figure 134 

2―figure supplement 1B, see Materials and methods). The EASHs clearly demonstrated that 135 

individual vTT cells were activated during different behavioral epochs (between-event 136 

intervals), such as when mice were poking the odor port in the approach epoch (plots in 137 

bottom left, Figure 2A) and during the odor-sampling epoch (plots second from the bottom 138 

left, Figure 2A). 139 

 To quantify neural activity across behavioral epochs during the go trials, we 140 

calculated changes in event-aligned firing rates from baseline (pre-odor cue period, 1.2 to 1 141 

sec before odor port entry) in sliding bins (width, 100 msec; step, 20 msec) using ROC 142 

analyses. Across the population, almost all vTT cells exhibited a significant increase in firing 143 

rates during a specific behavior in each epoch (right color map in Figure 2A). Furthermore, 144 
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individual vTT cells exhibited a significant decrease in firing rates in certain epochs. These 145 

results were independent of the size of the window in which auROC values were calculated 146 

(Figure 2―figure supplement 2). To evaluate the relationships between epoch-specific 147 

firing rates, vTT cells were classified into five groups based on their tuning peak time 148 

(Figure 2―figure supplement 3, see Materials and methods) with reference to the five go 149 

trial behavioral epochs. For each cell group, we calculated relative distributions of significant 150 

responses (Figure 2―figure supplement 4, see Materials and methods) for each bin, 151 

according to significantly increased or decreased changes in firing rate throughout the tasks 152 

(Figure 2B). Of vTT cells, 7% exhibited tuning peak times within the time window of the 153 

approach epoch, indicating a significantly greater probability of exhibiting an increase in 154 

firing rate during the approach epoch; 24% had tuning peak times during the odor-sampling 155 

epoch, indicating that the firing rates of these cells were increased during the odor-sampling 156 

epoch; 23% and 11% had tuning peak times during the moving and waiting epochs, 157 

respectively, indicating that these cells were tuned to each epoch; and 15% had tuning peak 158 

times during the drinking epoch, indicating that they were tuned to the drinking epoch. 159 

Moreover, we observed that these classified cells tended to decrease their activity during 160 

other behavioral epochs, suggesting that individual vTT cells exhibit distinct tuning profiles 161 

for specific goal-directed behaviors. 162 

 163 

Behavior-specific activity of vTT cells in the odor-guided eating/no-eating task 164 

We observed that the activity of vTT cells was modulated across behavioral epochs on a 165 

hundreds-of-milliseconds timescale (Figure 2). We subsequently investigated how vTT cells 166 

would respond during each epoch if the behavioral epochs were prolonged to a multi-second 167 

timescale. Moreover, we also assessed whether the activity pattern of vTT cells in the 168 
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go/no-go task could be generalized to different contexts and motivated behaviors. To this end, 169 

we performed an odor-guided eating/no-eating task with food rewards (Figure 3A). Mice 170 

were placed on a food restriction schedule and trained to either choose to consume food in a 171 

dish or avoid consuming it using dish odor-cuing. We randomly presented sugar on a dish 172 

with one of three different odor cues (eugenol, vanilla essence, or almond essence). The dish 173 

was then placed at an arbitrary position in the test cage. During the learning phase, eugenol 174 

and vanilla essence odors were associated with a sugar reward, whereas the almond essence 175 

odor was associated with a sugar reward followed by aversive consequences (a LiCl 176 

injection). After the learning phase, mice would approach the dish and proceed to consume its 177 

contents if either the eugenol or vanilla essence odor was presented (eating trials). 178 

Approximately 6 sec after the mouse began eating during the eating trials, the dish was 179 

removed even if the animal was still eating. The sequence of behaviors consistently exhibited 180 

by mice during the course of the eating trial epochs included approach (approaching the food 181 

dish), eating (from touching the dish to eating), and escape behaviors after food removal 182 

(Figure 3A). In contrast, mice would approach the dish but not consume its contents if 183 

almond essence odor was presented (e.g., during no-eating trials) (Figure 3A, No-eating). 184 

Powder (normal) chow was also presented on a dish in randomly interleaved trials. Behavior 185 

response accuracies for the cued odor trials and powder chow trials throughout all sessions 186 

were 0.93 ± 0.01, 0.90 ± 0.01, 0.96 ± 0.01, and 0.99 ± 0.003 (mean ± SEM, 63 sessions from 187 

six mice) for the eugenol, vanilla essence, almond essence, and powder chow trials, 188 

respectively.   189 

 We recorded spike activity from 374 well-isolated vTT cells from six mice (Tables 3 190 

and 4, recording positions are depicted in Figure 3―figure supplement 1) while mice 191 

performed the odor-guided eating/no-eating task. We observed that most vTT cells 192 
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demonstrated an increase in firing rates during a specific behavior during the odor-guided 193 

eating trials. The graphs in Figure 3B (left side) show examples of behavior-specific vTT 194 

cells with greatly increased firing rates during each behavioral epoch. The duration of mouse 195 

behaviors during the task (approach, eating, and other behaviors such as locomotion, 196 

grooming, and freezing during dish removal) varied between trials (Figure 3―figure 197 

supplement 2A). We generated EASHs for the behavioral epochs of the odor-guided 198 

eating/no-eating task to develop an overall firing profile accounting for behavioral timing 199 

variability (Figure 3―figure supplement 2B). The EASHs clearly revealed that individual 200 

vTT cells were activated at different behavioral epochs, such as during the touching of the 201 

dish in the approach epoch (plots in bottom left, Figure 3B) and eating epoch (plots second 202 

from the bottom left, Figure 3B).  203 

 To quantify the neural activity modulated by behavioral epochs, we calculated the 204 

changes in event-aligned firing rates from baseline (pre-approach period, 3 to 1 sec before the 205 

onset of approach behavior) in sliding bins (width, 500 msec; step, 100 msec) using an ROC 206 

analysis approach. As shown in Figure 3B, most vTT cells exhibited an increase in firing in a 207 

specific behavioral epoch and a decrease in firing in the other two behavioral epochs. These 208 

results were independent of the size of the window in which auROC values were calculated 209 

(Figure 3―figure supplement 3). To evaluate these distinct patterns, we classified individual 210 

vTT cells into three types based on their tuning peak time with reference to the three different 211 

eating trial behavioral epochs. These analyses revealed that 19%, 20% and 12% of vTT cells 212 

had tuning peak times during the approach, eating and food removal epochs, respectively, 213 

suggesting that these three cell classes were tuned to specific and distinct behaviors. 214 

 To evaluate the firing pattern of these cellular subtypes during the eating trials, we 215 

calculated the relative distributions of significant responses for each bin according to 216 
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significantly increased or decreased changes in firing rate throughout the tasks (Figure 3C). 217 

For each cell group, the occurrence probability in each bin with significantly increased firing 218 

rates during the most preferred epoch (i.e., the epoch in which vTT cells had a peak tuning 219 

time) was significantly higher than that of the cell-shuffled data. The occurrence probability 220 

of significantly decreased firing rate bins tended to emerge in the other epochs. These results 221 

suggest that vTT cells were tuned to specific odor-guided eating behaviors on a multi-second 222 

timescale. 223 

 To address whether the increased firing of cells during the eating epoch was driven 224 

by the odors associated with the food dish, we compared mean cellular auROC values of the 225 

eating epoch during eugenol, vanilla essence, and powder chow presentation across cells with 226 

tuning peak times during the eating epoch (Figure 3―figure supplement 3). A significant 227 

difference in firing rate increases between vanilla essence and powder chow presentations 228 

was observed. No significant difference was observed in firing rate increases between 229 

eugenol and vanilla essence presentation or between eugenol and powder chow presentation, 230 

implying that vTT cells increase their firing during eating epoch behaviors in a manner 231 

largely independent of the type of odor cue. 232 

 233 

Comparison of behavior-specific activity of vTT cells between different odor-guided 234 

tasks 235 

To further identify the common properties of vTT cell activity across distinct tasks, we first 236 

assessed the firing properties of vTT cells between tasks. No significant differences in 237 

baseline firing rates were observed between tasks (Figure 4―figure supplement 1A, p > 238 

0.05, Wilcoxon rank-sum test). No significant differences were noted in mean firing rates in 239 

the classified cell populations during each of the most preferred epochs (Figure 4―figure 240 
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supplement 1B, p > 0.05, Tukey’s test). Analysis of the anatomical distribution of the 241 

classified cells in both tasks revealed a varied distribution pattern within the vTT (Figure 242 

4―figure supplement 2 and 3). We then characterized and compared the firing time length 243 

and peak firing positions of vTT during the most preferred epoch. We investigated whether 244 

the tuning durations (Figure 2―figure supplement 3, see Materials and methods) of vTT 245 

cells corresponded to the actual durations of behavioral epochs. Three behavioral epochs 246 

(odor-sampling, moving, and waiting) were selected from the go/no-go task. The approach 247 

and eating epochs of the eating/no-eating task were also assessed based on the precisely 248 

defined start and end times of behavioral epochs within each trial. We then compared the 249 

distribution of tuning durations with behavioral durations in each epoch. The median for 250 

neural data was positively correlated with that of behavioral data (r = 1.00, p < 10-3, Figure 251 

4A), suggesting that the duration of sustained discharge in vTT cells was dependent on the 252 

duration of the behavioral epoch. We then examined the distribution of tuning peak times in 253 

relation to the time course of tasks. We aligned the tuning peak times of vTT cells as a 254 

function of task time course (Figure 4B, top). We observed that the repertoire of vTT tuning 255 

peak times encompassed almost the entire continuing series of behavioral epochs for 256 

odor-guided reward-directed behaviors. Thus, tuning durations overlapped with all task 257 

epochs.   258 

 We also observed that the distribution of tuning peak times tended to increase 259 

around transitions to the next behavioral epoch, such as when animals explored the odor and 260 

water ports during the go/no-go task, or arrived or departed from the dish in the 261 

eating/no-eating task (Figure 4B, middle). Furthermore, a subset of the cells with tuning peak 262 

times around transitions between behavioral epochs tended to have shorter tuning duration 263 

(Figure 4B, bottom), suggesting phasic activity around transitions. Indeed, during the eating 264 
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epoch, the distribution of tuning durations exhibited a bimodal pattern (Figure 4A, Figure 265 

4―figure supplement 4). Most phasic responses tended to be located at the end of the eating 266 

epochs. Collectively, these results suggest that individual vTT cells were tuned to specific 267 

time windows (both tuning durations and tuning peak times) during goal-directed behaviors. 268 

 269 

Behavioral context-dependent activity of vTT cells 270 

We observed that many vTT cells tended to increase their firing rates before the most 271 

preferred behavioral epochs, and some cells maintained their increased firing rate after the 272 

epoch (Figures 2B, 3C, 4B). We therefore hypothesized that individual vTT cell firing was 273 

tuned to a specific behavioral context and was thus dependent on specific task-elements 274 

during task progression rather than on specific behaviors. If this were true, the response 275 

patterns of vTT cells would change in a different context, even for the same behavior. We 276 

assessed nose poke behaviors during the odor-sampling epoch of the odor-guided go/no-go 277 

task and observed that a subset of cells exhibited differences in firing rates between the go 278 

and no-go trials just before the animals exited the odor port, despite involving the same 279 

nose-poking behavior. We quantified this by calculating go-cue versus no-go-cue trial 280 

preference using ROC analyses with real-time data. When the differences in firing rate were 281 

aligned to odor port exit times, we observed that more cells had differences in firing rate 282 

between the go and no-go trials before the animal exited from the odor port compared to that 283 

during the odor presentation phase (Figure 5A). A subset of cells with tuning peak times not 284 

during the odor-sampling epoch also exhibited differences in firing rate just before odor port 285 

exit times.    286 

 To examine whether the population activity of vTT cells could account for 287 

behavioral accuracy, we performed a decoding analysis to determine whether the firing rates 288 
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of vTT cell populations could be used to classify each individual trial as go or no-go. We 289 

used support vector machines with linear kernels as a decoder (Cury and Uchida, 2010; 290 

Miura et al., 2012). Analyses of the decoding time course based on all 270 cells using a 291 

sliding time window revealed that decoding accuracy was maintained at chance levels during 292 

odor presentations and subsequently increased close to the level achieved during behavioral 293 

accuracy just before odor port exit (Figure 5B). These results suggest that vTT cells were 294 

tuned to task elements in a particular behavioral context during goal-directed behaviors.  295 

 296 

Cell types and connectivity patterns of vTT cells 297 

Although the majority of neurons in layer II of the vTT comprise pyramidal cells, the vTT 298 

also contains additional cell types (Haberly and Price, 1978; Neville and Haberly, 2004). To 299 

examine the distribution of glutamatergic and GABAergic cells in the vTT, we performed in 300 

situ hybridization to measure vesicular glutamate transporter 1 (VGluT1) and glutamic acid 301 

decarboxylase (GAD) 67 and GAD65 mRNA (Slc17a7 and Gad1/2 mRNAs, respectively) in 302 

the vTT (Figure 6A, B). Approximately 86% and 8% of vTT cells were Slc17a7-positive and 303 

Gad1/2-positive, respectively, suggesting that the principal neurons of the vTT are 304 

glutamatergic.  305 

 It has previously been reported that the vTT has reciprocal connections with the 306 

olfactory bulb (OB), anterior piriform cortex (APC), and posterior piriform cortex (PPC) 307 

(Igarashi et al., 2012; Luskin and Price, 1983a; Luskin and Price, 1983b). In addition, the 308 

deep layers of the vTT receive top-down inputs from the medial prefrontal cortex (mPFC) 309 

(Hoover and Vertes, 2011). To further examine cortical areas projecting to the vTT, we 310 

injected a retrograde tracer, cholera toxin B subunit (CTB) conjugated with Alexa 555, into 311 

the mouse vTT (Figure 6C). A number of retrogradely labelled (CTB-positive) cell bodies 312 
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were identified in the OB, APC, PPC, and mPFC. In contrast, CTB-positive cell bodies were 313 

rarely observed in the anterior olfactory nucleus (AON), which is located just dorsal to the 314 

vTT (Figure 6D).   315 

 To examine cortical regions that received axonal projections from vTT cells, we 316 

injected CTB into the mPFC, OB, AON, olfactory tubercle (OT), APC, and PPC. We then 317 

quantified retrogradely labelled CTB-positive cells in the vTT (Figure 6E, F). Many 318 

retrogradely labeled vTT cells were observed in mice that received CTB injections in the OB, 319 

AON, and APC. In contrast, only a small number of retrogradely labeled vTT cells were 320 

observed in mice that received CTB injections in the OT and PPC. Furthermore, retrogradely 321 

labeled cells were scarce in the vTT following injections of CTB into the mPFC. These 322 

results suggest that, in addition to dense reciprocal connections with the OB, the vTT projects 323 

to the AON and APC, and receives top-down projections from the APC, PPC, and mPFC 324 

(Figure 6G). 325 

 326 

 327 

Discussion 328 

In the present study, we reported recordings of neuronal activity in the vTT in freely 329 

behaving mice during the performance of odor-guided behaviors. We characterized the neural 330 

activities of the vTT cells in mice performing two types of odor-guided goal-directed 331 

behavioral tasks. Our results demonstrated characteristic tuning of individual vTT cells to 332 

specific temporal windows in the behavioral context of goal-directed tasks.  333 

 334 

Odor representation in vTT cells 335 

In the odor-guided go/no-go task, 25% of vTT cells exhibited increased firing during the 336 
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learned odor presentation phases (Figure 1). Although many of these vTT cells exhibited 337 

peak firing ~100 msec after odor onset, they did not encode learned odor differences during 338 

the odor presentation phases (Figure 1E). Firing rate differences in a subset of cells emerged 339 

just before the odor port exit during which mice performed behavioral choices (Figure 5). 340 

These features resembled the response pattern for learned odor-guided tasks observed in the 341 

piriform cortex (Gadziola et al., 2020; Gire et al., 2013). However, many vTT cells increased 342 

their firing rate before the odor presentation (Figures 1D, 2B, 4B), and individual vTT cells 343 

exhibited a particular tuning pattern characterized by peak tuning and tuning duration. 344 

Therefore, we hypothesized that the firing activity of vTT cells mainly reflected animal 345 

behavior and was dependent on task context. 346 

 347 

Context-dependent neural activity in the vTT 348 

During the odor-guided go/no-go task used here (Figure 2), vTT cells exhibited a specific 349 

firing rate tuning to each behavioral epoch (e.g., moving to the odor port, odor-sampling in 350 

the odor port, moving to the water reward port, waiting for the reward, and obtaining the 351 

water reward) of the go trials. Furthermore, these cells tended to suppress their firing activity 352 

during epochs other than the most preferred epoch. 353 

 To evaluate context-dependent tuning of vTT cells, we employed a different 354 

odor-guided task. We identified three unique cellular subtypes based on firing pattern 355 

differences that occurred during the odor-guided eating/no-eating task (Figure 3). One cell 356 

type exhibited significant increases in firing during dish approach but tended to be silent 357 

during eating and food removal. A different subset of cells tended to fire more when the 358 

mouse approached the dish, during eating, and when the dish was removed. vTT cells also 359 

tended to suppress their firing during behavioral epochs other than their most preferred 360 
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epoch. 361 

 Across tasks, we observed that tuning durations for each behavioral epoch correlated 362 

with the duration of behavioral epochs. In addition, the position of tuning peak times varied 363 

across the time course of the behavioral tasks (Figure 4). Further, many cells exhibited a 364 

short duration of activity at transitions between epochs, suggestive of a role in linking the two 365 

epochs (Figure 4B). Moreover, we observed that vTT cells tuned to the odor-sampling epoch 366 

exhibited different activity between go and no-go trials just before odor port withdrawal 367 

(Figure 5), implying that individual vTT cells were tuned to a specific time window in 368 

task-modulated behavioral contexts rather than to a specific behavior. 369 

 Collectively, these results indicate that each vTT cell has a unique behavior- and 370 

context-dependent preference, demonstrated by tuning peak time and tuning duration. These 371 

properties of vTT cells may contribute to the representation of a series of specific behavioral 372 

context information (i.e., an episode) during odor-guided behaviors in the vTT. As vTT cells 373 

send their axons to other olfactory cortex areas such as the AON and piriform cortex (Figure 374 

6) (Luskin and Price, 1983a; Luskin and Price, 1983b), we speculate that the vTT may 375 

provide information to widespread olfactory areas regarding moment-to-moment changes in 376 

behaviors within certain behavioral contexts. Indeed, context-dependent modulation of neural 377 

activity is observed in mitral cells in the OB, an area that receives direct inputs from the vTT 378 

during the performance of odor-reinforcer association learning (Kay and Laurent, 1999).  379 

We conjecture that behavioral context-dependent inputs from other higher-brain 380 

areas may contribute to the context-dependent activity of vTT cells because it is difficult to 381 

explain how behavioral context-dependent activity may otherwise be induced by bottom-up 382 

olfactory sensory input alone. The vTT receives direct top-down inputs from the mPFC and 383 

indirect inputs from other olfactory cortical areas (Figure 6) (Luskin and Price, 1983b). In 384 
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particular, mPFC neurons are implicated in contextual encoding when animals move between 385 

different environmental contexts (Hyman et al., 2012) and preferentially fire at a specific 386 

position in the trajectory of a maze during a working memory task involving odor 387 

place-matching (Fujisawa et al., 2008). Along with the evidence presented here, these 388 

findings suggest that context-specific activity of the mPFC may contribute to the generation 389 

of context-dependent activity in the vTT. In addition, Allen et al. recently reported that odor 390 

cue-induced reward-predicting responses were not restricted to the olfactory cortex but 391 

occurred throughout the brain, including sensory, motor, and prefrontal cortices, as well as 392 

subcortical regions (Allen et al., 2019). This suggests that context-dependent cells are located 393 

throughout the brain, and their activity may drive specific information processing modes in 394 

the brain. In this regard, the vTT may play an important role in entraining specific 395 

information processing modes in olfactory areas by acting as a hub, amplifier, or rectifier that 396 

sends context-dependent signals from the mPFC to broad olfactory areas.  397 

 Based on the firing patterns in the task behavioral epochs, we classified vTT cells 398 

into five and three cell types for the odor-guided go/no-go task and odor-guided 399 

eating/no-eating task, respectively. The tuning durations of these cells were strongly 400 

correlated with behavioral epoch durations (Figure 4A). However, the tuning durations of 401 

cells classified in the eating epoch showed a bimodal distribution, whereby some cells 402 

exhibited tuning durations that lasted for almost the entire eating epoch, and other cells 403 

exhibited short duration phasic responses. In addition, the neural activity of vTT cells was not 404 

always confined to a particular epoch. For example, many cells that increased their firing 405 

rates during the eating epoch started to fire prior to this epoch (Figures 3, 4B). Moreover, 406 

individual vTT cells exhibited a unique tuning duration and tuning peak time (Figure 4B). 407 

We speculate that a subset of vTT cells are tuned to smaller scale behaviors or task elements 408 
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involving moment-to-moment changes in a particular behavioral context. For instance, vTT 409 

cells, which exhibited peak firing at the transition between epochs, especially in the 410 

eating/no-eating task, may encode the initiation of movement. 411 

 412 

Putative encoding of internal states by vTT cells  413 

During odor-guided goal-directed tasks, many vTT cells increased their firing rates prior to 414 

the onset of the most preferred behavioral epochs (Figures 2, 3, 4, 5). These observations 415 

corroborate the idea that vTT cell activity is modulated both by signals during ongoing 416 

behavior as well as predictions about future behavior. Although a population of vTT cells 417 

increased their discharge rate during odor presentation in the odor-guided go/no-go task, their 418 

mean firing rate was not significantly different between go and no-go trials. Indeed, firing 419 

rate differences emerged just before mice exited the odor port. We speculate that vTT cell 420 

activity during the prediction of future behaviors was not driven directly by olfactory sensory 421 

inputs during ongoing behavior; rather, it was induced, directly or indirectly, by the piriform 422 

cortex and top-down inputs from higher cognitive and motivational centers in the prefrontal 423 

cortex (including mPFC) and amygdala. These regions play key roles in odor identification, 424 

odor discrimination, motivation, reward prediction, and decision-making. vTT cells fired with 425 

different intensities according to distinct cue types during the eating epoch of the odor-guided 426 

eating/no-eating task (Figure 3―figure supplement 4). These response profiles may be 427 

underpinned by changes in the palatability of the reward flavors presented, since mice were 428 

exposed to both olfactory and taste stimuli during eating. Based on these results, we speculate 429 

that the firing patterns of vTT cells are influenced by both external contexts as well as 430 

internal states. 431 

 432 
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Study limitations 433 

Despite its strengths, the present study did not address whether or how top-down inputs 434 

influence vTT cells in particular behavioral contexts. Further, we did not elucidate how vTT 435 

cells integrate bottom-up and top-down inputs. Further work involving selective inhibition of 436 

top-down inputs or olfactory sensory inputs is needed to dissect the functional roles of vTT 437 

cells in odor-guided consummatory behaviors. 438 

 439 

 440 

Materials and methods 441 

Key Resources Table 442 

Key Resources Table 

Reagent 
type 
(species) 
or 
resource 

Designation 
Source or 
reference 

Identifiers 
Additional 
information 

gene (Mus 
musculus) 

Slc17a7  
(vglut1) 

NCBI 
Reference 
Sequence 

NM_182993.2   

gene (Mus 
musculus) 

Gad2 
(Gad65) 

NCBI Gene 14417  

gene (Mus 
musculus) 

Gad1 
(Gad67) 

NCBI Gene 14415  

Strain, 
strain 
background 
(Mus 
musculus) 

Male C57BL/6 

Shimizu 
Laboratory 
Supplies Co., 
LTD and SLC 
Japan 

RRID: 
MGI:5658686 

Wild-type 
mouse 

commercial 
assay, kit 

DIG RNA Labeling 
Kit (SP6/T7) 

Roche Cat# 
11175025910 
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antibody 
Anti-Digoxigenin-A
P, Fab fragments 
(Sheep polyclonal) 

 Roche 

Cat# 
11093274910 

RRID: 
AB_2734716 

 

(1:1,000) 

peptide, 
recombinan
t protein 

CTB (Alexa 
FluorTM 555 
Conjugate) 

Thermo Fisher 
Scientific 

Cat# C34776  
 

chemical 
compound, 
drug 

HNPP 
fluorescence 
detection set 

Roche Cat# 
11758888001
    

chemical 
compound, 
drug 

Eugenol 

TOKYO 
CHEMICAL 
INDUSTRY 
Co., LTD. 

Cat# A0021; 
CAS: 
628-63-7 

 

chemical 
compound, 
drug 

Vanilla essence 
NARIZUKA 
Corporation 

Cat# 100869  

chemical 
compound, 
drug 

Almond essence 
NARIZUKA 
Corporation 

Cat# 100835  

chemical 
compound, 
drug 

Amyl acetate 

TOKYO 
CHEMICAL 
INDUSTRY 
Co., LTD. 

Cat# A0021; 
CAS: 
628-63-7 

 

software, 
algorithm 

MATLAB_R2019a 
The 
Mathworks, Inc. 

RRID: 
SCR_001622 

 

software, 
algorithm 

KlustaKwik 
PMID: 
25149694 

RRID: 
SCR_01448 

 

software, 
algorithm 

Mclust-3.5 AD Redish 

http://redishlab. 
neuroscience. 
umn.edu/MClu
st/MClust.html  
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other Bpod r0.5 Sanworks  
RRID: 
SCR_015943 

Open-sourc
e control 
device 
designed 
for 
behavioral 
tasks. 

other 

NeuroTrace™ 
500/525 Green 
Fluorescent Nissl 
Stain 

Thermo Fisher 
Scientific  

Cat# N21480  

other DiI  
Molecular 
Probes 

Cat# D3911 1mM 

other PermaFluor 
Thermo Fisher 
Scientific 

Cat# 
TA-030-FM 

 

other 
Polyimide-coated 
tungsten wire 

California Fine 
Wire 

 diameter 
12.5 μm  

 443 

Animal subjects 444 

All experiments were performed on male C57BL/6 mice (9 weeks old; weighing 20–25 g) 445 

purchased from Shimizu Laboratory Supplies Co., Ltd. (Kyoto, Japan). Mice were 446 

individually housed in metal cages (13.5 × 23 × 17 cm) in a temperature-controlled 447 

environment with a 13-h light/11-h dark cycle (lights on at 8:00 and off at 21:00). Food and 448 

water were available ad libitum except during behavioral tasks. All experiments were 449 

performed in accordance with the guidelines for animal experiments at Doshisha University 450 

and with the approval of the Doshisha University Animal Research Committee. 451 

 452 

Odor-guided go/no-go task 453 

For the odor-guided go/no-go task (Figure 1A), we used a behavioral apparatus controlled by 454 

the Bpod State Machine r0.5 (Sanworks LLC, NY, USA), an open-source control device 455 

designed for behavioral tasks. The apparatus comprised a custom-designed mouse behavior 456 
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box (14 × 17 × 15 cm) with two nose-poke ports on the front wall. The box was enclosed 457 

within a soundproof box (BrainScience Idea. Co., Ltd., Osaka, Japan) equipped with a 458 

ventilator fan to provide adequate air circulation and low-level background noise. Each 459 

nose-poke port was equipped with a white light-emitting diode (LED) and infrared 460 

photodiodes. Interruption of the infrared beam generated a transistor-transistor-logic (TTL) 461 

pulse, thus signaling the entry of the mouse head into the port. The odor delivery port was 462 

equipped with stainless steel tubing connected to a custom-made olfactometer (Uchida and 463 

Mainen, 2003). Eugenol and amyl acetate (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) 464 

were used as the go and no-go odor cues, respectively. These odors were diluted to 10% in 465 

mineral oil and further diluted 1:9 with airflow (1.8 L/min). Water reward delivery was based 466 

on gravitational flow, controlled by a solenoid valve (The Lee Company, CT, USA), and 467 

connected via Tygon tubing to stainless steel tubing. The reward volume (6 μL) was 468 

determined by the duration of opening of the solenoid valve and was regularly calibrated. 469 

 For the odor-guided go/no-go task, mice (n = 6) were placed on a water restriction 470 

schedule of 1–2 mL/day with daily body weight monitoring to ensure that their body weight 471 

remained within 80% of their body weight prior to restriction. During the training sessions, 472 

mice learned to obtain water rewards at the left water port, move from the right odor port to 473 

left odor port, and associate odor cues with the correct action. Each trial began with 474 

illumination of the LED light at the right odor port, which acted as a signal for the mouse to 475 

nose poke into that port. A nose poke into the odor port resulted in the delivery of one of the 476 

two odor cues for 500 msec. Mice were required to maintain their nose pokes during odor 477 

stimulation to sniff the odor. After odor stimulation, the LED light was turned off and the 478 

mice could withdraw their nose from the odor port. If eugenol odor (go odor cue) was 479 

presented, the mice were required to move to and nose poke into the left water reward port 480 
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within a timeout period of 2 sec. At the water port, the mice were required to maintain their 481 

nose poke for 300 msec before water delivery began. Next, 6 μL of water was delivered as a 482 

reward. If amyl acetate odor (no-go odor cue) was presented, the mice were required to avoid 483 

entering the water port for 2 sec following odor stimulation. The average inter-trial interval 484 

(ITI) was 3 sec. 485 

 486 

Odor-guided eating/no-eating task 487 

For the odor-guided eating/no-eating task (Figure 3A), mice (n = 6) were placed on a food 488 

restriction schedule of 3-4 g/day with daily body weight monitoring to ensure that their body 489 

weight remained within 80% of their body weight prior to restriction. During the training 490 

sessions, mice learned to associate odors with a sucrose reward. Training was conducted in a 491 

plastic cage (38.5 × 33.5 × 18 cm, CLEA Japan Inc., Tokyo, Japan) which contained virgin 492 

pulp bedding (SLC, Inc., Shizuoka, Japan). The cage was monitored with a recording camera 493 

in a soundproof room with a ventilator fan that provided air circulation and a low-level of 494 

background noise. Mice were presented with 1-2 g of granulated sugar on a Petri dish with 495 

holes which contained a filter paper (2 × 2 cm) soaked with odor (40 μL). The dish was 496 

covered with bedding at an arbitrary position in the cage. The odor cues were eugenol (Tokyo 497 

Chemical Industry Co., Ltd., Tokyo, Japan) and vanilla essence (NARIZUKA Corporation, 498 

Tokyo, Japan), diluted to 10% in mineral oil. During initial training sessions, odor trials were 499 

randomly presented. After learning the association between the dish, odor, and sugar reward, 500 

mice would approach and touch the dish, dig through the overlying bedding, and proceed to 501 

consume the sucrose. As we used large beddings (the size of each bedding about 10 × 5 mm), 502 

the bedding did not mix completely with the sucrose. They could get mixed up somewhat, but 503 

the sucrose was covered with a small amount of new bedding before each trial so that the 504 
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sucrose was not able to be accessed without digging the bedding. Mice required at least seven 505 

initial training sessions. 506 

 After the initial training sessions, mice were trained to associate an almond essence 507 

odor (NARIZUKA Corporation), diluted to 10% in mineral oil with an aversive consequence 508 

(malaise) (Raineki et al., 2009). This was performed by allowing mice to approach the dish 509 

with the almond essence odor and consume the sucrose in the dish for 1 hour, after which 510 

mice were intraperitoneally injected with 0.5 M of lithium chloride (LiCl, 0.01 mL/g). After 511 

receiving the LiCl injection, mice would continue to approach the dish with the almond odor 512 

but did not consume the sucrose (no-eating response). No-eating responses were established 513 

in a single session. 514 

 After conditioned aversion training, performance in the odor-guided eating/no-eating 515 

task was examined. Sucrose was randomly presented on a dish with one of three different 516 

odor cues (eugenol, vanilla essence, or almond essence). The almond essence odor was 517 

presented with a 20% probability. Powder chow was also presented on a dish with a 20% 518 

probability among trials. Approximately 6 sec after the mice began to eat the dish was 519 

abruptly removed. The inter-trial interval (ITI) was explicitly not determined to increase the 520 

unpredictability of events. Correct trials were defined as approach and consumption for 521 

eugenol, vanilla essence, and powder chow trials. For almond essence trials, correct trials 522 

were defined as approach but no consumption or no approach for at least 30 sec after the dish 523 

was presented. After the mice were well trained, their behavioral accuracy remained above 524 

80% throughout the session. Mice were subjected to 40–60 daily trials of the task.  525 

 526 

Electrophysiology 527 

Mice were anesthetized with medetomidine (0.75 mg/kg i.p.), midazolam (4.0 mg/kg i.p.), 528 



25 

 

and butorphanol (5.0 mg/kg i.p.), and implanted with a custom-built microdrive of three or 529 

four tetrodes in the vTT (2.6 mm anterior to bregma, 0.4 mm lateral to the midline, 4.0 mm 530 

from the brain surface). Individual tetrodes consisted of four twisted polyimide-coated 531 

tungsten wires (California Fine Wire, single wire diameter 12.5 μm, gold-plated to less than 532 

500 kΩ). The tips and sides of the tetrodes were coated with DiI (Molecular Probes, OR, 533 

USA). Two additional screws were threaded into the bone above the cerebellum for reference. 534 

The electrodes were connected to an electrode interface board (EIB-18, Neuralynx, MT, 535 

USA) on a microdrive. A microdrive array was fixed to the skull with LOCTITE 454 (Henkel 536 

Corporation, Düsseldorf, Germany). After the completion of surgery, mice received 537 

atipamezole (0.75 mg/kg i.p.) to reverse the effects of medetomidine and enable a shorter 538 

recovery period. Analgesics were administered post-surgery (ketoprofen, 5 mg/kg, i.p.). 539 

Behavioral training resumed at least 1 week after surgery. 540 

 Electrical signals were obtained with either a Cheetah recording system (Neuralynx) 541 

or open-source hardware (Open Ephys). For unit recordings, signals were sampled at 32 kHz 542 

in NeuraLynx or 30 kHz in Open Ephys and band-pass filtered at 600–6,000 Hz. After each 543 

recording, tetrodes were lowered by 20, 40, or 75 μm more by turning a screw of the 544 

microdrive to obtain new units. 545 

 546 

Data analyses 547 

All data analyses were performed using built-in software in MATLAB 2019a (The 548 

Mathworks, Inc., MA, USA).  549 

 550 

Behavioral data analyses: For the odor-guided go/no-go task, the accuracy rate was calculated 551 

as the total percentage of successful responses in the go and no-go trials in a session. Mice 552 
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performed up to 600 trials in each session per day. For the odor-guided eating/no-eating task, 553 

the accuracy rate was calculated as the average percentage of trials in which mice 554 

successfully consumed sucrose paired with eugenol or vanilla essence odor, successfully 555 

consumed the powder chow, or did not consume sucrose paired with almond essence odor. 556 

Mice performed 40–60 trials in each session per day. 557 

 558 

Spike sorting: Spikes were sorted into clusters offline based on their waveform energy, peak 559 

amplitudes, and first principal components from the four tetrode channels using an automated 560 

spike-separation algorithm KlustaKwik (K.D. Harris). Resulting classifications were 561 

corrected and refined manually with MClust software (A.D. Redish). Clusters were 562 

considered single units only when the following criteria were met: (1) refractory period (2 563 

msec) violations were less than 0.2% of all spikes and (2) isolation distance, estimated as the 564 

distance from the center of the identified cluster to the nearest cluster based on the 565 

Mahalanobis distance, was more than 20. To examine the behavioral correlates of vTT cell 566 

firing patterns, we selected vTT cells with average firing rates during the trials that were 567 

greater than 0.3 Hz for further analyses. 568 

 569 

Spike train analyses: In the odor-guided go/no-go task, neural and behavioral data were 570 

synchronized by inputting each event timestamp from the Bpod behavioral control system 571 

into the electric signal recording system. To calculate firing rates during tasks, peri-event 572 

time histograms (PETHs) were calculated using a 20 msec bin width and smoothed by 573 

convolving spike trains with a 60 msec wide Gaussian filter (bottom lines in Figure 1C and 574 

Figure 2―figure supplement 1A). In the odor-guided eating/no-eating task, timestamps were 575 

acquired for each event (onset of dish approach, initial dish contact, and dish removal) from 576 
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frames of recorded behavioral videos, which were synchronized to spike data. To calculate 577 

cell firing rates during tasks, PETHs were calculated using a 500 msec bin width and 578 

smoothed by convolving spike trains with a 500 msec wide Gaussian filter (Figure 3―figure 579 

supplement 2A). 580 

 581 

Event-aligned spike histograms: To examine the relationship between firing rate changes 582 

among individual vTT cells and the development of behavioral epochs in behavioral tasks, 583 

EASHs were generated (Ito and Doya, 2015). As behavioral epoch durations varied for each 584 

trial, median epoch durations were first calculated. In the odor-guided go/no-go task, the 585 

median duration of odor sampling epochs (from the onset of the go odor cue to exiting the 586 

odor port) was 839 msec, and the median duration of moving epochs (from odor port exit to 587 

water port entry) was 455 msec. Spike timing during each epoch and for each trial was 588 

linearly transformed to correspond with the median duration of each behavioral epoch. The 589 

number of spikes in each epoch was preserved. We defined the approach epoch (500 msec 590 

before odor port entry), waiting epoch (300 msec reward delay, from entry into the water port 591 

to the onset of water reward), and drinking epoch (1,000 msec after the onset of the water 592 

reward). These epochs were not applied to the transformation because their durations did not 593 

change across trials. In this manner, a regular raster plot was transformed into event-aligned 594 

raster plots (left plots in Figure 2A and Figure 2―figure supplement 1B). An EASH was 595 

subsequently calculated using a 20 msec bin width and smoothed by convolving spike trains 596 

with a 60 msec wide Gaussian filter from the raster plot. 597 

 In the odor-guided eating/no-eating task, the median duration of the approach epoch 598 

(from the start of approach behavior to contacting the dish) was 2.57 sec, and the median 599 

duration of the eating epoch (from the start of consumption to food removal) was 5.44 sec. 600 
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Spike timing during each epoch of each trial was linearly transformed into a corresponding 601 

median duration for each epoch. The number of spikes in each epoch was preserved. We 602 

defined the food removal epoch (2 sec after the start of food removal), which was not applied 603 

to this transformation because the duration of this epoch did not change across trials. Thus, 604 

regular raster plots were transformed into event-aligned raster plots (left plots in Figure 3B 605 

and Figure 3―figure supplement 2B). An EASH was subsequently calculated using a 500 606 

msec bin width and smoothed by convolving spike trains with a 500 msec wide Gaussian 607 

filter from the raster plots. 608 

 609 

ROC analyses: To quantify firing rate changes, we used an algorithm based on ROC analyses 610 

that calculates the ability of an ideal observer to classify whether a given spike rate was 611 

recorded in one of two conditions (e.g., during go or no-go odor cue presentation) (Felsen and 612 

Mainen, 2008). We defined an auROC equal to 2 (ROC area – 0.5), with the measure ranging 613 

from –1 to 1, where –1 signified the strongest possible value for one alternative and 1 614 

signified the strongest possible value for the other. 615 

 The statistical significance of ROC analyses was determined using a permutation test. 616 

For this test, ROC curves were recalculated after all firing rates were randomly assigned to 617 

either of the two groups (e.g., go-cue trial group and no-go-cue trial group) arbitrarily. This 618 

procedure was repeated a large number of times (500 times for all analyses) to obtain a 619 

distribution of values. The fraction of random values exceeding the actual value was then 620 

calculated. Based on this quantification, the auROC value for each cell was calculated along 621 

with a time course for the go/no-go or eating/no-eating tasks in sliding windows (in 622 

overlapping 100 msec windows starting every 20 msec for the go/no-go task and overlapping 623 

500 msec windows starting every 100 msec for the odor-guided eating/no-eating task). The 624 
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auROC values during the go or no-go trials were then calculated by quantifying firing rate 625 

changes from baseline (Figure 1D and 2A). A similar procedure was employed for the eating 626 

trials by quantifying firing rate changes from baseline (Figure 3B) and for go trials by 627 

quantifying firing rate changes relative to no-go trials (Figure 5A). For all analyses, 628 

significance was tested with α = 0.01. Only cells with a minimum number of 10 trials for 629 

each analyzed condition were included in these analyses. 630 

  631 

Evaluation of neural tuning to specific behaviors: To determine the timepoint at which each 632 

vTT cell increased its firing rate the most and the duration of increased firing during the task, 633 

two measures were calculated from each auROC value (Figure 2―figure supplement 3): 634 

(1) Tuning peak time: the time corresponding to the peak of the significant points when a cell 635 

significantly increased its firing rate from baseline for five or more consecutive bins (p < 0.01, 636 

permutation test) 637 

(2) Tuning duration: the duration, including the tuning peak time, for which increased firing 638 

was significant (p < 0.01, permutation test) 639 

 In the odor-guided go/no-go task, we classified vTT cells with tuning peak times (n 640 

= 217 cells) into five groups based on the epoch in which tuning peak time occurred during 641 

correct go trials. Of these, 7% of all cells had tuning peak times in the approach epoch, 24% 642 

in the odor-sampling epoch, 23% in the moving epoch, 11% in the waiting epoch, and 15% in 643 

the drinking epoch. 644 

 In the odor-guided eating/no-eating task, we classified vTT cells with tuning peak 645 

times (n = 192 cells) into three groups based on the epoch in which tuning peak time occurred 646 

during the eating trials. In total, 19% of all cells had tuning peak times during the approach 647 

epoch, 20% during the eating epoch, and 12% during the food removal epoch.  648 
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 649 

Relative distributions of significant responses: The distribution of behavioral epoch-specific 650 

firing for each cell type (yellow and blue shadows in Figure 2B and 3C) was calculated as 651 

follows (Figure 2―figure supplement 4). First, for each cell group, the number of cells with 652 

significant excitatory (or suppressed) firing during each time bin for each task was calculated. 653 

Their distribution was estimated using Gaussian kernel smoothing via the fitdist function in 654 

MATLAB with a bandwidth of 100 msec in the odor-guided go/no-go task and 500 msec in 655 

the odor-guided eating/no-eating task. Second, the distribution of the significant excitatory 656 

(or suppressed) firing was compared with the cell-shuffled data for each cell group. To 657 

calculate the 99% confidence intervals of this distribution, we ran 1,000 iterations in which 658 

cellular group identities were randomized. We then calculated the distribution of significant 659 

excitatory (or suppressed) firing of each cell group, as above. For each bin in the tasks, the 660 

edges of the confidence interval were at the 0.5th and 99.5th percentiles of the distribution, as 661 

calculated from the cell-shuffled data (gray shaded area in Figure 2―figure supplement 4C). 662 

The significance of activity patterns for each cell group was determined by comparing the 663 

standard deviations of the data with those obtained from the cell-shuffled data, in which 664 

shuffling was performed 1,000 times by randomizing the cell selection. 665 

 666 

SVM decoding analyses: A support vector machine (SVM) algorithm with a linear kernel as a 667 

classifier (Cury and Uchida, 2010; Miura et al., 2012) and a Matlab function (fitcsvm) were 668 

used for analyses. All analyses were conducted on trial data pooled across animals. A matrix 669 

containing concatenated firing rates for each trial and each cell was the input for the classifier. 670 

The matrix dimensions were the number of cells by the number of trials. To avoid over-fitting, 671 

k-fold cross-validation (k = 10) was used to calculate the decoding accuracy of trial type 672 
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discriminations. To compute decoding accuracy, 40 trials for each trial type (from the start of 673 

the session) were selected as the data set. Next, the data set was partitioned into ten equal 674 

parts; one part was used for testing, and the remaining parts were used for training the 675 

classifier. This process was repeated ten times to test each individual part. The mean value of 676 

the accuracy was then used for decoding accuracy. To compute the decoding accuracy of a 677 

100 msec bin window (step: 20 msec), the classifier was trained and tested with a 100 msec 678 

bin window (step: 20 msec). In order to verify the statistical significance of the computed 679 

accuracy, we estimated the accuracy distribution on label-shuffled data using 1,000 680 

repetitions of a random selection from the data set. 681 

 682 

Statistical analysis: Data were analyzed in Matlab 2019a. Statistical methods for each 683 

analysis are described above, in the results section, or in the figure legends. The 684 

Tukey-Kramer method was applied for significance tests with multiple comparisons. 685 

Although sample sizes in this study were not pre-determined with sample size calculations, 686 

they were based on previous research in the olfactory cortex field (Manabe et al., 2011; 687 

Miura et al., 2012). Randomization and blinding were not employed. Biological and technical 688 

replicates for the goal-directed tasks are depicted in Tables 1 and 3. Biological replicates for 689 

the histological studies are described in the figure legends.  690 

 691 

Histology 692 

After recording, mice were deeply anesthetized with intraperitoneal injection of sodium 693 

pentobarbital. Electric lesions were induced using 10–20 μA direct current stimulation for 5 694 

sec using one of the four tetrode leads. Mice were perfused transcardially with 695 

phosphate-buffered saline (PBS) followed by 4% paraformaldehyde (PFA). Brains were 696 
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removed from the skull and post-fixed in PFA. Brains were sliced into 50-μm-thick coronal 697 

sections. The electrode tracks were first assessed by tracking the fluorescence of DiI. After 698 

staining with cresyl violet, electrode tracks and recording positions were determined in 699 

reference to the mouse brain atlas developed by Paxinos and Watson (Paxinos, 2004). 700 

 701 

In situ hybridization 702 

Adult male mice (n=3) were used. Digoxigenin-(DIG)-labeled RNA probes for Slc17a7 and 703 

Gad1/2 were generated using an in vitro transcription kit (Roche, Basel, Switzerland), 704 

according to the manufacturer’s protocol using plasmids generously provided by Drs. 705 

Katsuhiko Ono and Yuchio Yanagawa (Asada et al., 1997; Makinae et al., 2000; Ono et al., 706 

2008). Brain sections (20-μm-thick) were mounted on glass slides (CREST, Matsunami, 707 

Osaka, Japan) using a paintbrush and dried overnight in a vacuum desiccator. The dried 708 

sections were then fixed in 4% PFA, digested with Proteinase K (10 μg/mL) for 30 min, and 709 

post-fixed in 4% PFA. After prehybridization, the sections were incubated overnight at 65°C 710 

with DIG-labeled RNA probes. After stringent washing, sections were blocked with 1% 711 

blocking reagent (11096176001, Roche) in TNT for 1 h. Subsequently, sections were 712 

incubated overnight at 4°C with alkaline phosphatase-conjugated anti-DIG antibody (1:1,000; 713 

Roche). Sections were then washed three times in TNT and once in TS 8.0 (0.1 M Tris-HCl, 714 

pH 8.0, 0.1 M NaCl, 50 mM MgCl2). Finally, alkaline phosphatase activity was detected 715 

using an HNPP fluorescence detection set (11758888001, Roche), according to the 716 

manufacturer's instructions. After three 30-min incubations, sections were washed with PBS. 717 

Finally, sections were counterstained with NeuroTrace green (Thermo Fisher Scientific, MA, 718 

USA) and mounted in PermaFluor (Thermo Fisher Scientific). 719 

 720 



33 

 

Retrograde tracing 721 

Adult male mice were anesthetized with medetomidine (0.75 mg/kg i.p.), midazolam (4.0 722 

mg/kg i.p.), and butorphanol (5.0 mg/kg i.p.), and then placed in a stereotaxic apparatus 723 

(SR-5M, Narishige, Tokyo, Japan). Injections were conducted with a syringe pump 724 

(UltraMicroPump III, WPI, FL, USA) connected to a Hamilton syringe (RN-1701, Hamilton, 725 

Nevada, USA) and a mounted glass micropipette with 50 μm tip diameter connected to the 726 

syringe with an adaptor (55750-01, Hamilton). 727 

 CTB conjugated with Alexa 555 (Thermo Fisher Scientific) was unilaterally or 728 

bilaterally injected (300 nL at 100 nL/min) into the mPFC (A/P, 2.4 mm; M/L, 0.4 mm from 729 

bregma; D/V, 1.0 mm from the brain surface; n = 3 from 2 mice), OB (A/P, 4.3 mm; M/L, 730 

0.8 mm from bregma; D/V, 1.5 mm from the brain surface; n = 3 from 2 mice), AON (A/P, 731 

2.8 mm; M/L, 1.3 mm from bregma; D/V, 2.6 mm from the brain surface; n = 3 from 2 mice), 732 

OT (A/P, 1.5 mm; M/L, 1.0 mm from bregma; D/V, 4.7 mm from the brain surface; n = 5 733 

from 3 mice), APC (A/P, 2.3 mm; M/L, 1.8 mm from bregma; D/V, 3.4 mm from the brain 734 

surface; n = 4 from 4 mice), or PPC (A/P, -1.5 mm; M/L, 3.6 mm from bregma; D/V, 4.5 mm 735 

from the brain surface; n = 3 from 2 mice), or vTT (250 nL; A/P, 0.3 mm tilted 30°; M/L, 0.4 736 

mm from bregma; D/V, 4.6 mm from the brain surface; n = 3 from 2 mice). After surgery, 737 

mice received atipamezole (0.75 mg/kg i.p.) and ketprofen (5 mg/kg, i.p.). One week later, 738 

mice were deeply anesthetized and perfused with saline followed by 4% PFA under 739 

anesthesia. Brains were sliced into 50-μm-thick coronal sections. 740 

 741 

Microscopy 742 

Sections were examined with a confocal laser microscope (FV1200, Olympus, Tokyo, Japan) 743 

and a bright-field and fluorescent microscope (Zeiss, Oberkochen, Germany). 744 
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 852 

 853 

Figure legends 854 

Figure 1. vTT cell activity patterns during the odor presentation phase of the odor-guided 855 

go/no-go task. 856 

(A) Schematic of the odor-guided go/no-go task. Behavioral epochs progressed temporally 857 

from left to right. 858 

(B) Nissl-stained frontal sections (arrow indicates recording track) and recording tracks 859 

(vertical thick lines) of the vTT in the odor-guided go/no-go task. The pink area shows layer 860 

II of the vTT. APC, anterior piriform cortex; AON, anterior olfactory nucleus. Scale bar: 500 861 

μm. 862 

(C) Example firing patterns of vTT cells during the odor-guided go/no-go task. Each row 863 

contains spikes (black ticks) for one trial, aligned to the time of odor valve opening 864 
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(corresponding to odor port entry, orange ticks). Purple and red ticks indicate times of odor 865 

valve closing and odor port exits, respectively. Correct trials are grouped by odor. Within 866 

each group, correct trials are sorted by the duration of the odor sampling epoch (the time 867 

from odor valve opening to odor port exit). Histograms are averaged across odors, calculated 868 

using a 20 msec bin width, and smoothed by convolving spike trains with a 60 msec-wide 869 

Gaussian filter. The vertical dashed line indicates the time of odor valve opening. 870 

(D) Upper panels: auROC values for cells with significantly higher firing rates than baseline 871 

(n = 68 cells) during the odor presentation phase (upper, go trials; lower, no-go trials). Each 872 

row corresponds to one cell, with cells in both graphs presented in the same order. auROC 873 

values (aligned by odor valve opening) were calculated by comparing go odor cue 874 

presentation and baseline (pre-cue odor period, 1.2 to 1 sec before the odor port entry) or 875 

no-go odor cue presentation and baseline in sliding bins (width, 100 msec; step, 20 msec). 876 

Cells were sorted by peak value times of auROC values calculated by comparing go odor cue 877 

presentation and baseline for each cell. Vertical white lines indicate the time of odor valve 878 

opening. Color scale shows significant auROC values (p < 0.01, permutation test). Black 879 

boxes indicate bins with non-significant auROC values (p > 0.01, permutation test). Arrows 880 

indicate the same cell as that in (C). Lower panel: mean cell auROC values. Green line 881 

indicates go odor cue presentation versus baseline; pink dashed line indicates no-go odor cue 882 

presentation versus baseline. Shaded areas represent 95% confidence intervals. The vertical 883 

black dashed line indicates the time of odor valve opening. Note that across the population, 884 

mean auROC values did not differ significantly between go and no-go odor cue presentation 885 

at each time point (p < 0.01, Welch’s t test). 886 

(E) Neural response similarity measures between go and no-go odor cue presentation. Upper 887 

panel: examples of auROC values during the go/no-go odor cue presentation phase for one 888 
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cell (same cell as in (C)) and the correlation coefficient of auROC values during the 889 

go/no-go-cue odor presentation phase. Lower panel: comparison of the correlation 890 

coefficients and cell-shuffled data, calculated for different pairs of cells. Neuronal response 891 

profiles were more similar between odor cues for paired responses from the same neuron 892 

(red) than for responses of two different neurons (black) (p < 10-13, two-sample 893 

Kolmogorov–Smirnov test). 894 

 895 

Figure 2. Tuning of vTT cells to distinct behaviors in the odor-guided go/no-go task. 896 

(A) Left panel: examples of event-aligned spike data for five representative cells tuned to 897 

specific behaviors. Event-aligned spike histograms were calculated using a 20 msec bin width 898 

and smoothed by convolving spike trains with a 60 msec wide Gaussian filter. Gray shading 899 

indicates the approach epoch (500 msec before odor port entry), yellow shading indicates the 900 

odor-sampling epoch (from entry into the odor port to exiting the odor port), orange shading 901 

indicates the moving epoch (from exiting the odor port to entry into the water port), light blue 902 

shading indicates the waiting epoch (water reward delay, 300 msec before water valve was 903 

turned on), blue shading indicates the drinking epoch (1,000 msec after the water valve was 904 

turned on). Right panel: auROC values were calculated from event-aligned spike data 905 

(aligned by odor valve opening) for all cells, sorted by the peak time for auROC values. Each 906 

row corresponds to one cell. auROC values were calculated by comparing go correct trials to 907 

baseline (pre-odor cue period, 1.2 to 1 sec before odor port entry) in sliding bins (width, 100 908 

msec; step, 20 msec). Vertical white lines indicate transitions between behavioral epochs, 909 

including odor port entry (corresponding to odor valve opening), odor port exit, water port 910 

entry, and water valve opening. The color scale for this figure is the same as that used in 911 

Figure 1D, with positive and negative values reflecting increased and decreased firing rates 912 
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relative to baseline, respectively.  913 

(B) Relative distribution of significant auROC values (p < 0.01, permutation test) per cell 914 

group tuned to a specific behavioral epoch in the odor-guided go/no-go task. Cell groups 915 

were tuned to the approach, odor-sampling, moving, waiting, and drinking epochs (from 916 

bottom to top graphs). Each line corresponds to one cell (left axes, auROC values). Yellow 917 

and blue indicate a significant increase and decrease from baseline, respectively. Gray 918 

indicates neither a significant increase nor decrease. Shaded regions show the relative 919 

distributions of significant auROC valves (right axes, probability, see Materials and methods). 920 

Red dots indicate that a time bin contained more cells with significant responses than in the 921 

distribution of 1,000 resampling datasets. Blue dots indicate that a time bin contained fewer 922 

cells with significant responses than in the distribution of 1,000 resampling datasets. The 923 

resampling datasets are provided in Figure 2―source data 1. Vertical black lines indicate 924 

the timing of odor port entry (corresponding to odor valve opening), odor port exit, water port 925 

entry, and water valve opening. Note that each cell group exhibited an excitatory response to 926 

a specific behavioral epoch, with suppressed responses relative to other epochs. 927 

 928 

Figure 3. Tuning of vTT cells to distinct behaviors in the odor-guided eating/no-eating task. 929 

(A) Schematic of the odor-guided eating/no-eating task, with behavioral epochs progressing 930 

from left to right.   931 

(B) Left panel: examples of event-aligned spike data for three representative cells tuned to 932 

specific behaviors. The event-aligned spike histograms were calculated using a 500 msec bin 933 

width and smoothed by convolving spike trains with a 500 msec wide Gaussian filter. Gray 934 

shading indicates the approach epoch (from the start of approach behavior to contacting the 935 

dish), pink shading indicates the eating epoch (from the start of consumption to food 936 

removal), and light green shading indicates the food removal epoch (2 sec after food 937 



42 

 

removal). Right panel: auROC values calculated from event-aligned spike data (aligned to 938 

contacting the dish) for all cells, sorted by the timing of the peak of auROC values. Each row 939 

corresponds to one cell. auROC values were calculated by comparing eating trials versus 940 

baseline (pre-approach period, 3 to 1 sec before starting approach behavior) in the sliding 941 

bins (width, 500 msec; step, 100 msec). Vertical white lines indicate when the animal 942 

touched the dish (left) and when the food was removed (right). The color scale indicates 943 

positive values that reflect increases in firing rate relative to baseline, while negative values 944 

reflect firing rate decreases relative to baseline.  945 

(C) Relative distribution of the significant auROC values (p < 0.01, permutation test) in each 946 

cell group tuned to a specific behavior in the odor-guided eating/no-eating task. The cell 947 

groups were tuned to approach epoch, eating epoch, and food removal epoch (from bottom to 948 

top of graph). Each line corresponds to one cell (left axes, auROC values). Yellow and blue 949 

indicate a significant increase and decrease from baseline, respectively; gray indicates a 950 

non-significant increase or decrease. Shaded regions indicate the relative distribution of 951 

significant auROC valves (right axes, probability, see Materials and methods). Red dots 952 

indicate that a time bin contained more cells with significant responses than that in the 953 

distribution of 1,000 resampling datasets. Blue dots indicate that a time bin contained fewer 954 

cells with significant responses than that in the distribution of 1,000 resampling datasets. The 955 

resampling datasets are provided in the Figure 3―source data 1. Vertical black lines 956 

indicate when mice contacted the dish (left) and when food was removed (right). Note that 957 

each cell group had an excitatory response to a specific behavioral epoch, with suppressed 958 

responses relative to other epochs. 959 

 960 

Figure 4. Tuning durations and tuning peak time of vTT cells in different tasks. 961 
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(A) Correlation between the median of neural tuning durations and that of behavioral epoch 962 

durations (r = 1.00, p < 10-3, error bars show interquartile ranges). Right histograms show the 963 

distribution of neural tuning durations for each behavioral epoch (light blue, cell group tuned 964 

to approach epoch; purple, cell group tuned to eating epoch; green, odor sampling epoch; 965 

blue, moving epoch; red, waiting epoch). Vertical black lines in right graphs show the median 966 

tuning duration for each epoch. 967 

(B) Response profiles for tuning peak time and tuning duration across cells with tuning peak 968 

times (odor-guided go/no-go task, 217 cells; odor-guided eating/no-eating task, 192 cells). 969 

Top panel: tuning peak times (orange dots) and tuning durations (yellow horizontal lines) in 970 

the odor-guided go/no-go task and odor-guided eating/no-eating task. Vertical white lines 971 

indicate transitions between the behavioral epochs. Center panel: distributions of tuning peak 972 

times along the task time course. Shades show tuning peak time distributions. Vertical black 973 

lines show transitions between the behavioral epochs. Bottom panel: distributions of 974 

excitatory tuning durations, which were defined as the duration of consecutive significant 975 

bins (p < 0.01, permutation test) with a 2-D Gaussian smoothing kernel. Vertical white lines 976 

indicate transitions between behavioral epochs. The color scale indicates the number of cells 977 

with each tuning duration in the tasks. 978 

 979 

Figure 5. Behavioral context-specific activity of vTT cells. 980 

(A) Upper panel: auROC values for all cells around the odor sampling epoch in the 981 

odor-guided go/no-go task. Each row corresponds to one cell. auROC values (left, aligned to 982 

the odor valve opening; right, aligned to the odor port exit) were calculated for correct go 983 

trials versus correct no-go trials in sliding bins (width, 100 msec; step, 20 msec). These 984 

values were sorted based on the time of peak auROC values in the right graph. The vertical 985 
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white line indicates the time of odor port exit. The color scale indicates significant auROC 986 

values (p < 0.01, permutation test). The black boxes indicate bins with non-significant 987 

auROC values. Lower panel: the number of cells that exhibited significant auROC values (p 988 

< 0.01, permutation test) for each time bin (orange, cell group tuned to the approach epoch; 989 

green, odor sampling epoch; blue, moving epoch; red, waiting epoch; brown, drinking 990 

epoch). 991 

(B) The time course of odor decoding accuracy in the odor-guided go/no-go task. A vector 992 

consisting of instantaneous spike counts for 270 neurons in a sliding window (width, 100 993 

msec; step, 20 msec) was used as input for the classifier. Training of the classifier and testing 994 

were performed at every time point. The orange line indicates the level of behavioral 995 

performance. The gray line and shaded area indicate the mean ± 2SD of control decoding 996 

accuracies calculated from 1,000 trial-label-shuffled datasets. The shuffled datasets are 997 

provided in the Figure 5―source data 1. Top asterisks indicate accuracies greater than the 998 

mean + 2SD. 999 

 1000 

Figure 6. Cell types and connectivity patterns of vTT cells. 1001 

(A) In situ hybridization of Slc17a7 (upper panels) and Gad1/2 (lower panels) mRNAs with 1002 

Neurotrace staining of vTT cells. Scale bar, 100 μm. 1003 

(B) Average percentages of Slc17a7-positive cells (left column) and Gad1/2-positive cells 1004 

(right column) among Neurotrace-positive cells in the vTT (n = 3 mice). Error bars indicate 1005 

SEM. 1006 

(C) Upper left: Coronal section of the vTT after injection of Alexa 555-conjugated cholera 1007 

toxin subunit B (CTB, red). Scale bar, 500 μm. The five other panels show CTB-labelled 1008 

cells after CTB injections in the vTT. mPFC, medial prefrontal cortex; OB, olfactory bulb; 1009 
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AON, anterior olfactory nucleus; APC, anterior piriform cortex; PPC, posterior piriform 1010 

cortex. Scale bar, 100 μm.  1011 

(D) Average density of CTB-labelled cell bodies in each area (mPFC, n= 5 from 3 mice; OB, 1012 

n = 5 from 3 mice; AON, n = 3 from 2 mice; APC, n = 5 from 3 mice; PPC, n = 5 from 3 1013 

mice). Error bars indicate SEM.  1014 

(E) CTB-labelled vTT cells after injection of CTB into the mPFC (upper left), OB (upper 1015 

middle), AON (upper right), olfactory tubercle (OT, lower left), APC (lower middle), and 1016 

PPC (lower right). Scale bar, 100 μm.  1017 

(F) Average density of retrogradely labeled CTB-positive cells in the vTT (n = 3 from 2 1018 

mice). Error bars indicate SEM. 1019 

(G) Schematic diagram of vTT connectivity patterns. Arrows indicate axonal projections.  1020 

 1021 

 1022 

Figure supplements  1023 

Figure 2―figure supplement 1. Representative activity patterns of behavior-specific active 1024 

vTT cells in the odor-guided go/no-go task. 1025 

(A) Examples of spike data tuned to specific behaviors. Spike histograms (green line) were 1026 

calculated using a 20 msec bin width and smoothed by convolving spike trains with a 60 1027 

msec wide Gaussian filter. Gray shading indicates the approach epoch (500 msec before odor 1028 

port entry), yellow shading indicates the odor-sampling epoch (from entry into the odor port 1029 

to exiting the odor port), orange shading indicates the moving epoch (from exiting the odor 1030 

port to entry into the water port), light blue shading indicates the waiting epoch (water reward 1031 

delay, 300 msec before water valve was turned on), and blue shading indicates the drinking 1032 

epoch (1,000 msec after the water valve was turned on). 1033 
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(B) Same as (A) for event-aligned spike data, derived by linearly scaling time intervals 1034 

between behavioral epochs in each trial to the median interval across correct go trials. 1035 

Numbers of spikes between epochs are preserved. Data presented are from the same cells and 1036 

in the same order as those in (A). 1037 

 1038 

Figure 2―figure supplement 2. Dependence of auROC values on window size in the 1039 

odor-guided go/no-go task. 1040 

auROC values calculated during the odor-guided go/no-go task in window sizes of (A) 20 1041 

msec, (B) 50 msec, (C) 100 msec (as in Figure 2A), and (D) 200 msec. White dots indicate 1042 

peaks of auROC values. Vertical white lines indicate transitions between behavioral epochs. 1043 

 1044 

Figure 2―figure supplement 3. Tuning peak time and tuning duration.  1045 

To determine the timepoint at which a vTT cell increased its firing rate the most and the 1046 

duration of this increased firing during the task, we calculated “tuning peak time” (orange 1047 

dot) and “tuning duration” (orange horizontal line) from the auROC values (see Materials and 1048 

methods). Orange bars indicate significant increases from baseline. Gray bars indicate neither 1049 

significant increases nor decreases. 1050 

 1051 

Figure 2―figure supplement 4. Relative distribution of significant responses.  1052 

(A) Relative distribution of significant excitatory firing of the cell group involved in 1053 

approach. The number of cells with significant excitatory firing (top yellow boxes, significant 1054 

increase from baseline; black boxes, not significant) during each time bin was quantified 1055 

(middle histogram). Their distribution was estimated using Gaussian kernel smoothing 1056 

(bottom-shaded area). 1057 
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(B) Comparison of (A) with the cell-shuffled data. We ran 1,000 iterations in which cellular 1058 

group identities were randomized and calculated the distribution of significant excitatory 1059 

firing by each cell group, as in (A). 1060 

(C) The significance of activity patterns for the cell group involved in approach (orange line) 1061 

was determined by comparing the standard deviations of the data with those obtained from 1062 

the cell-shuffled data (gray line and gray shaded area). Red dots indicate that a time bin 1063 

contained more cells with significant responses than that in the distribution of the 1064 

cell-shuffled data. Blue dots indicate that a time bin contained fewer cells with significant 1065 

responses than that in the distribution of the cell-shuffled data. Vertical gray lines indicate 1066 

transitions between behavioral epochs. 1067 

 1068 

Figure 3―figure supplement 1. vTT recording sites across mice in the odor-guided 1069 

eating/no-eating task. 1070 

Nissl-stained frontal section (arrow indicates recording track) and recording tracks (vertical 1071 

thick lines) of the vTT in the odor-guided eating/no-eating task. The pink area shows layer II 1072 

of the vTT. APC, anterior piriform cortex; AON, anterior olfactory nucleus. Scale bar, 500 1073 

μm. 1074 

 1075 

Figure 3―figure supplement 2. Representative activity patterns of behavior-specific active 1076 

vTT cells in the odor-guided eating/no-eating task. 1077 

(A) Examples of spike data tuned to specific behaviors. Spike histograms (green line) were 1078 

calculated using a 500 msec bin width and smoothed by convolving spike trains with a 500 1079 

msec wide Gaussian filter. Gray shading indicates the approach epoch (from the start of 1080 

approach behavior to contacting the dish), pink shading indicates the eating epoch (from the 1081 
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start of eating behavior to food removal), light green shading indicates the food removal 1082 

epoch (2 sec after food removal). 1083 

(B) Same as (A) for event-aligned spike data, derived by linearly scaling time intervals 1084 

between behavioral epochs in each trial to the median interval across eating trials. Numbers 1085 

of spikes between epochs are preserved. Data presented are from the same cells and in the 1086 

same order as those in (A). 1087 

 1088 

Figure 3―figure supplement 3. Dependence of auROC values on window size in the 1089 

odor-guided eating/no-eating task. 1090 

auROC values calculated during the odor-guided eating/no-eating task in sliding bins of (A) 1091 

width, 50 msec; step, 50 msec; (B) width, 100 msec; step, 100 msec; (C) width, 250 msec; 1092 

step, 100 msec; (D) width, 500 msec; step, 100 msec (as in Figure 3B); and (E) width 1,000 1093 

msec; step, 100 msec. White dots indicate peaks of auROC values. Vertical white lines 1094 

indicate transitions between behavioral epochs.  1095 

 1096 

Figure 3―figure supplement 4. Eating epoch activity during eugenol, vanilla essence, and 1097 

powder chow presentation in the odor-guided eating/no-eating task. 1098 

Mean auROC values during the eating epoch for each cell which had a tuning peak time 1099 

during the eating epoch (eugenol presentation, n = 76 cells; vanilla essence presentation, n = 1100 

67 cells; powder chow presentation, n = 55 cells). Only cells with a minimum number of 10 1101 

trials for each condition were included in these data. Statistical significance among three 1102 

groups (*P < 0.05) was assessed using one-way analysis of variance (ANOVA). 1103 

 1104 

Figure 4―figure supplement 1. Comparison of baseline and mean firing rates of each 1105 
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classified group between tasks. 1106 

(A) Distribution of baseline firing rates between tasks. The median baseline firing rates (for 1107 

the odor-guided go/no-go task, pre-odor cue period, 1.2 to 1 sec before odor port entry; 1108 

odor-guided eating/no-eating task, pre-approach period, 3 to 1 sec before the onset of 1109 

approach behavior) were 2.4 Hz (interquartile range: 1.1-7.0 Hz) (green dashed line) in the 1110 

go/no-go task (n = 270 cells), and 3.2 Hz (interquartile range: 1.2-7.5 Hz) (yellow dashed 1111 

line) in the eating/no-eating task (n = 374 cells). Note that baseline firing rates were not 1112 

significantly different between tasks (p > 0.05, Wilcoxon rank-sum test).  1113 

(B) Comparison of the mean firing rates across epochs. No significant differences in the 1114 

mean firing rates of the classified cell populations between all-pairs were noted (p > 0.05, 1115 

Tukey’s test). 1116 

 1117 

Figure 4―figure supplement 2. Anatomical distribution of classified vTT cells in the 1118 

odor-guided go/no-go task. 1119 

Each circle indicates the number of classified cells based on the position of tuning peak times. 1120 

The cells were classified into (A) approach epoch, (B) odor-sampling epoch, (C) moving 1121 

epoch, (D) waiting epoch, and (E) drinking epoch in the odor-guided go/no-go task. Each 1122 

gray circle indicates the number of cells. Numbers correspond to individual mouse numbers 1123 

in Table 1.  1124 

 1125 

Figure 4―figure supplement 3. Anatomical distribution of classified vTT cells in the 1126 

odor-guided eating/no-eating task. 1127 

Each circle indicates the number of classified cells based on the position of tuning peak 1128 

times. The cells were classified into (A) approach epoch, (B) eating epoch, and (C) removal 1129 
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epoch in the odor-guided eating/no-eating task. Gray circles indicate the number of cells. The 1130 

numbers correspond to individual mouse numbers in Table 2.  1131 

 1132 

Figure 4―figure supplement 4. vTT cells with tuning peak times in the eating epoch 1133 

consisted of phasic and tonic responsive cells. 1134 

(A) We classified vTT cells with tuning peak times in the eating epoch (n = 76) into two 1135 

types based on tuning duration. Cells with tuning durations shorter than one percentile of the 1136 

eating duration (gray histogram) were defined as phasic responsive cells (n = 31); others were 1137 

defined as tonic responsive cells (n = 45). 1138 

(B) There was a significant difference in the distributions of tuning peak times (orange dots) 1139 

during eating behaviors between phasic and tonic responsive cells (p < 10-4, two-sample 1140 

Kolmogorov–Smirnov test). Note that the phasic responsive cells were mainly distributed 1141 

before dish removal, and the tonic responsive cells tended to be uniformly distributed.  1142 

 1143 

 1144 

 1145 

 1146 

 1147 

 1148 

 1149 

 1150 

 1151 

 1152 

 1153 
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 Table 1. Basic information in the odor-guided go/no-go task 1154 

Mouse 
Recording 
sessions 

Trials 
/session 

Go 
trials 

/session 

No-Go 
trials 

/session 

Recorded 
cells 

/session 

#1 5 380±31 190±16 190±15 3±1 

#2 8 453±27 227±14 226±13 6±2 

#3 5 435±44 217±22 217±22 4±1 

#4 14 464±21 233±10 231±10 7±1 

#5 13 321±24 161±12 160±12 3±0 

#6 10 443±24 222±12 222±12 5±1 

 1155 

 1156 

 1157 

 1158 

 1159 

 1160 

 1161 

 1162 

 1163 

 1164 

 1165 

 1166 

 1167 

 1168 
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Table 2. The distribution of the vTT cell groups in the odor-guided go/no-go task 1169 

 1170 

 1171 

 1172 

 1173 

 1174 

 1175 

 1176 

 1177 

 1178 

 1179 

 1180 

 1181 

 1182 

Mouse 
Approach 

cells 
Odor sampling 

cells 
Moving 

cells 
Waiting 

cells 
Drinking 

cells 
Others (Total) 

#1 0 10 1 0 2 0 13 

#2 6 8 13 7 10 4 48 

#3 0 5 7 1 2 3 18 

#4 6 21 15 11 18 32 103 

#5 3 8 16 5 1 7 40 

#6 4 14 11 5 7 7 48 

(Total) 19 66 63 29 40 53 270 
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Table 3. Basic information in the odor-guided eating/no-eating task 1183 

Mouse 
Recording 

sessions 
Trials 

/session 

Eating 

trials 

/session 

No-Eating 

trials 

/session 

Recorded 

cells 

/session 

#1 6 48±2 36±2 12±0 6±2 

#2 10 44±1 33±1 11±0 7±1 

#3 6 55±2 44±2 11±0 6±1 

#4 12 59±1 48±1 12±0 8±1 

#5 10 55±2 45±2 11±0 5±1 

#6 18 58±0 48±0 11±0 5±1 

 1184 

 1185 

 1186 

 1187 

 1188 

 1189 

 1190 

 1191 

 1192 

 1193 

 1194 

 1195 

 1196 

 1197 

 1198 
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Table 4. The distribution of the vTT cell groups in the odor-guided eating/no-eating task 1199 

Mouse Approach cells Eating cells Removal cells Others (Total) 

#1 9 13 0 13 35 

#2 31 20 1 17 69 

#3 4 7 4 19 34 

#4 7 24 9 51 91 

#5 8 4 15 21 48 

#6 12 8 16 61 97 

(Total) 71 76 45 182 374 

 1200 
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