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Abstract:  

Critical animal behaviors, especially among rodents, are guided by odors in remarkably 

well-coordinated manners. While many extramodal sensory cues compete for cognitive resources 

in these ecological contexts, that rodents can engage in such odor-guided behaviors suggests that 

they selectively attend to odors. We developed an operant task to reveal that rats are indeed 

capable of selectively attending to odors in the presence of competing extramodal stimuli and 

found that this selective attention facilitates accurate odor-guided behavior. Further, we 

uncovered that attention to odors adaptively sharpens their representation among individual 

neurons in a brain region considered integral for odor-driven behaviors. Thus, selective attention 

contributes to olfaction in rodents in a manner analogous to that observed for other sensory 

systems in more cognitively-advanced animals. 
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Main Text:  

From neonatal attachment and suckling responses (1–3), to selecting mates, finding food 

sources, and avoiding predators (4–6), rodent behavior is guided by olfactory stimuli in 

remarkably well-coordinated manners. The fact that these behaviors can be successfully 

orchestrated lends reason to believe that rodents must selectively attend to odors in these 

contexts at the expense of competing extramodal cues. For instance, during foraging for food and 

sniffing out food odors, a rat must simultaneously ‘filter’ out competing auditory and visual 

stimuli arising from irrelevant sources. While we know that rodents readily display shifting of 

attentional sets, including those involving odors (7), and even that they can display attention 

towards information from other modalities (8, 9), whether selective attention regulates olfactory 

perception and odor coding remains unresolved. This question is of great importance given the 

prevalence of rodents as models for olfactory function and due to the fact that we know odor-

directed attention shapes olfaction in humans (10, 11).  

Given the aforementioned importance of olfaction for survival, we reasoned that 

olfactory brain centers would adaptively encode odor information in manners dependent upon 

attentional demands. Further, while there are many locations within the olfactory system which 

are modulated by attention in humans (10, 12) as a starting place to uncover cellular modulation 

by attention, we predicted that selective attention would shape the representation of odors within 

the ventral striatum (VS). This is reasonable given that the VS is a collection of brain regions 

important for evaluating sensory information in the context of motivated behaviors (13), a 

function considered integral for attention (14). Offering precedence for this is evidence provided 

by human functional imaging for increased hemodynamic responses to odors in the VS during 

attention (10, 12), particularly in the olfactory tubercle region of the VS, which is extensively 

innervated by olfactory input (15, 16). Notably, the olfactory system does not have a classic 

thalamic relay, a component widely considered to be integral to attention and sensory awareness 

in other systems (17–19). The VS does, however, receive input from a variety of frontal cortex 

and neuromodulatory systems (13), which may allow for attention to sculpt odor coding. The 

coding strategy VS neurons engage in, which may underlie this phenomenon, is unknown. Here 

we developed a powerful operant task, and used this in combination with single-unit neural 

recordings, to uncover fundamental principles of how rats utilize selective attention in manners 

advantageous for olfactory behavior. We find that selective attention to odors facilitates 
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engagement in accurate olfactory decisions and enhances the contrast of odor representation in 

the VS by amplifying odor signal-to-noise ratios. 

 

Results 

We first sought to demonstrate that rats are capable of displaying selective attention to 

odors in the presence of simultaneous extramodal stimuli. To address this, we developed a novel 

behavioral paradigm, which we term the two-alternative choice olfactory attention task (2AC-

OAT) (Fig 1A & B). The 2AC-OAT is a modified version of a standard 2AC task, wherein rats 

nose-poke into a center port and receive a stimulus that signals which of the neighboring side 

ports will deliver a fluid reward, if chosen correctly. In the 2AC-OAT, across pseudorandom 

trials, rats were shaped to discriminate between two odors and separately, to detect and report the 

absence or presence of a tone. Then, both tones and odors were presented simultaneously, and 

the rats learned to selectively attend to only one of the modalities to retrieve rewards. The 2AC-

OAT has several important features. First, it provides robust and controlled stimulus 

presentations by requiring animals to nose poke to await stimuli. Second, it is an operant task, 

which means that hundreds of trials can be completed within a single session, throughout which 

all conditioned stimuli are assigned equal valence, with both modalities conditioned to predict 

reward availability at some time during the session. Both of the above features are not inherent in 

main-stream attentional set-shifting tasks, preventing their use to directly study olfactory 

selective attention (e.g., (7)). Third, out of the four possible trial types resulting from this design, 

odors may be either unattended or attended (Fig 1B, ‘tone attention’ vs ‘odor attention’) and 

further, half of these trials do not include a tone (Fig 1B, bottom half of trials), allowing for the 

comparison of behavioral and cellular responses to an odor while it is attended versus 

unattended, without multisensory confounds (unlike the Wisconsin-Card Sorting Task (20) or 

(9)). Fourth, in the same session, rats perform both the single-modality 2AC odor discrimination 

task and the more challenging multi-modal 2AC-OAT, which allows for questions related to task 

demand to be addressed by comparing data from these task types. Finally, because the attentional 

switch from tones to odors is not cued nor overtly anticipated by the rats, this eliminates cue-

generated expectation and allows for behavioral flexibility and odor coding relative to the 

attentional switch to both be probed.  
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Rats selectively attend to odors and this dictates discrimination accuracy. 

We shaped 7 water-motivated rats to successfully perform the 2AC-OAT. First, over 

several phases, rats were shaped to criterion performance (≥85% correct responses) on the 2AC 

odor discrimination and tone detection tasks (Figs S1A-E & S2). We then introduced modality 

switching, shaping rats to alternate performing between the single-modality 2AC odor 

discrimination and tone detection tasks within a session (Fig S1F). Next, we started the rats on 

the tone detection task for the first half of the session, and once they reached criterion 

performance, switched them to a variant of the odor discrimination task (Fig S1G). Only this 

time, we continued to present tones simultaneously with the odors. Here, the rats were faced for 

the first time with selectively attending to odors in the presence of tones, the same tones that they 

had just been detecting, and using to guide their behavior, at the beginning of the session. During 

this and the following phase, the simultaneously presented tone and odor cues were either 

congruent (non-competing, signaling the same reward-port side) or incongruent (competing, 

signaling the opposing reward-port side). Once criterion was achieved, the rats advanced to the 

final 2AC-OAT (Fig 1B & S1H). Now, during the first half of the session, which consisted of 

auditory attention blocks (‘tone attention’), rats attended to the presence or absence of a tone, 

while the odors were also presented simultaneously. Once rats reached criterion performance 

during the session (≥80% correct responses/block for ≥ 6 blocks), the task was switched to ‘odor 

attention’ blocks and rats now had to direct their attention to the conditioned odors, while 

ignoring the competing auditory information to which they had been previously attending. This 

switch was not cued to the rats; instead, they had to rely upon the feedback they received on their 

behavioral responses (reward receipt or not) in order to assess that the task contingencies had 

switched. It took the rats on average 392.6±44.6 blocks, across 24.9±1.3 sessions, to reach the 

first criterion switch for this final phase of the 2AC-OAT (Tables S1-4). The rats were 

subsequently allowed numerous successive sessions of over-training in the 2AC-OAT to 

establish robust behavioral performance. Among the last 4 sessions of this overtraining, the rats 

took an average of 10.5±0.8 and 9.7±0.5 blocks to reach criterion for the tone attention and odor 

attention tasks, respectively.  

Several significant findings emerged from the rats’ performance on the 2AC-OAT. First, 

we found that task accuracy is dependent upon the animal’s attentional strategy. Following 

shaping, rats performed the ‘tone attention’ portion of the 2AC-OAT, despite the presence of 
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competing conditioned odors, with an average of 85.48% correct responses per block (±1.14 

SEM, inter-animal range: 82.92-91.25%, average of the six criterion blocks pre and post switch 

taken from the last 2 sessions/rat). We found that directly after the task was changed from ‘tone 

attention’ to ‘odor attention,’ there was an immediate decrease in performance to chance levels 

with most rats only performing ~50% correct responses (t(6)=9.78, p<0.0001, block -1 vs block 

1; Fig 1C&D). This decrease in performance upon task change was observed across all rats in 

the population. For the first few blocks after the switch, the rats initially made perseverative 

errors, reflective that they maintained their original strategy of attending to the tone. However, as 

they began to receive feedback on their errors (i.e., attending to the tone did not consistently 

result in reward delivery), the rats modified their strategy and began directing their attention to 

odors, which consequently led to increased task accuracy (t(6)=-4.88, p=0.0028, block 1 vs 

block 6; Fig 1D, bold line). Rats displayed an average of 89.7% correct responses for ‘odor 

attention’ (± 1.63 SEM, inter-animal range: 85.42-96.67%, average of the six criterion blocks pre 

and post switch taken from the last 2 sessions/rat). Second, we observed that odor-directed 

selective attention is subject to plasticity with experience, as across sessions, rats improved their 

ability to shift their attention to odors. This can be seen among individual rats (Fig 1C) and 

across the population (Fig 1D, comparing dashed vs. bold lines), with high levels of performance 

being reached sooner in late sessions as compared to early sessions (t(6)=-2.74, p=0.034, block 6 

(early) vs block 6 (late); Fig 1D). Additionally, it took the rats fewer blocks to reach criterion in 

late versus early sessions (t(6)=3.34, p=0.016; Fig 1E), demonstrating that they switched their 

attention to odors more rapidly as they gained experience. We also tested a subset of rats for their 

abilities to direct selective attention to odors when perceptual demands were increased, given 

that there is interplay between attention, performance accuracy, and perceptual difficulty 

observed in other sensory systems (e.g., (21)). As odor intensity was gradually reduced over 

several sessions, rats required more blocks to shift their attention to odors (Fig S3). Together, 

these results demonstrate that rats can selectively attend to odors and that odor-directed attention 

improves with experience. 

Attention profoundly dictates subtle, yet critical aspects of sensory-driven behaviors (22, 

23). To provide insights into how selective attention may modulate odor-guided behavior, we 

next tested whether the coordinated behavioral responses rats display in the 2AC context (e.g., 

sampling durations, latency to reach the reward), are shaped by attention. We hypothesized that 
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the higher attentional load of the multiple-modality 2AC-OAT would require more time to be 

invested sampling odors than the single-modality 2AC odor task. We further hypothesized that 

attending to one cue in the presence of an incongruent competing cue would impinge on the rat’s 

rapid decision making, and thus that rats would invest more time directed at stimulus sampling 

for incongruent versus congruent trials. To test these hypotheses, we analyzed two different 

behavioral decision epochs: sampling durations and reward latencies. Odor sampling durations 

were defined as the amount of time from when the odor is delivered in the center port to the time 

of port withdrawal. Reward retrieval latency was defined as the amount of time from center-port 

withdrawal to reward port entry. In the 2AC-OAT, the trial outcomes are ‘correct’ (correct 

reward port choice), ‘incorrect’ (incorrect reward port choice), and ‘omission’ (no reward port 

choice), and must be made within 4s of the trial start. To prevent biasing of the data (for 

instance, by including omission or incorrect trials), we analyzed only correct trials from blocks in 

which rats performed at ≥ 80%, and from sessions in which they successfully switched, reaching 

criterion (≥ 80% for ≥ 6 blocks) on both tasks. These measures were grouped and analyzed 

across the different task types (‘odor only,’ ‘tone attention,’ and ‘odor attention’), according to 

congruency, and further were divided among trial type (odor A + tone, odor A + no tone, etc.). 

Across the three task types, the sampling duration and latency to reach reward times were 

not significantly different (Fig S4B), suggesting that, in the context of the 2AC-OAT, task 

demand does not influence decision deliberations overall. Several specific aspects of odor-guided 

behavior beyond solely discrimination accuracy, were, however, influenced during task 

performance. First, rats committed more errors during incongruent versus congruent trials (t(6)=-

13.11, p<0.0001; S4D). Second, as predicted, among correct decision trials, rats invested more 

time sampling the stimulus if that trial was incongruent (33±8ms; t(6)=-4.20, p=0.0057; S4E); 

that is, they spent more time to make their decision when conflicting cues were present. This 

difference was respectively subtle, however, in the context of the mean sampling duration which 

was approximately 500ms. Despite these differences, there was no impact of trial congruency 

upon the latency to retrieve the reward, suggesting that animals did not deliberate upon their 

decision as they approached the reward port, nor were they less motivated to retrieve a reward 

(t(6)=-1.45, p=0.197; S4F).  

Given that there was an effect of congruency on odor sampling durations, we further 

separated the data into the four trial types to see if one was more greatly influenced by different 
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combinations of sensory input. As multisensory input facilitates rapid decision-making (24), we 

hypothesized that rats would need less time to sample the stimulus when both cues were present 

(tone on + odor) and congruent. In accordance with this, we also hypothesized that rats would 

take longer to sample odors when one of the cues was absent (tone off + odor) and the cues were 

incongruent. While sampling durations and latencies to reward were highly similar within an 

attentional task (i.e., comparing the four trial types to one another within either tone or odor 

attention), and across task types (i.e., comparing the ‘odor A + tone’ trial type between tone and 

odor attention), we did find two significant differences (Fig S4 G&H). During odor attention, 

affirming that multisensory cues in the 2AC-OAT are facilitating rapid decision-making, rats 

sampled shorter for congruent trials in which the tone was on as compared to incongruent trials 

in which the tone was off (t(6)=6.05, p=0.0009, Bonferonni critical p=0.0083; S4G). 

Additionally, when the tone was off and the trial was incongruent, rats invested more time 

sampling the odor when they were attending to the odor versus when they were attending to the 

tone (51±15ms; t(6)=3.352, p=0.015; S4G). Importantly, for these trials the stimuli were exactly 

the same (odor + tone off), but we found that attending to tone provided a sampling duration 

advantage, further evidence that the rats were indeed attending to the correct modality. 

Altogether, while odor-directed selective attention controls performance accuracy, there are 

additional influences of enhanced cognitive demand (e.g., trial congruency, multisensory input) 

on these subtle, yet critical, aspects of sensory driven behaviors. 

 

Attention controls the neural representation of odors. 

We have demonstrated that rats display selective attention to odors. Does attention also 

dictate the neural representation of an odor? More specifically, does the brain represent an odor, 

of equal intensity and valence, in a different manner, dependent upon whether it is attended? To 

address these questions, after rats achieved robust behavioral performance on the 2AC-OAT, 

they were unilaterally implanted with drivable tetrodes (25) into the olfactory tubercle (OT) 

region of their VS. Not all rats that were implanted contributed physiology data due to electrode 

placement errors, poor signals, or their inability to perform the cognitively demanding 2AC-OAT 

following surgery. We successfully performed OT single-unit recordings from 4 rats (which also 

contributed behavior data (Fig 1) during 2AC-OAT performance (Fig S5). Over the course of 
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multiple sessions per rat (range: 6-10), we lowered the tetrodes, sometimes daily, and identified 

232 cell-odor pairs from these recordings across all rats (116 total single-units) (Table S5).  

To directly test how attention modulates odor coding, and to control for possible 

multisensory influences, only those trials in which the tone was not delivered (‘tone off’ trials) 

were analyzed (50% of the total) (Fig S1H, blue box). To assess behaviorally-relevant changes 

in unit firing, we identified four critical time epochs relative to stimulus onset, corresponding to 

the rat’s behavior: (1) background (-1400 to -800ms), (2) stimulus port approach (-800 to -

600ms), (3) required hold (-600 to 0ms), and (4) required minimum odor stimulus duration (0 to 

400ms). We identified cell-odor pairs by categorizing units as either odor-excited, odor-

inhibited, or odor-unmodulated by each odor if their firing rates were significantly greater during 

the odor epoch as compared to the background epoch for the three task types (see Materials and 

Methods). We identified 55 odor-modulated cell-odor pairs out of the 232 possibilities (23.71%, 

116 units x 2 odors), 27 of which were odor-excited and 28 of which were odor-inhibited, with 

some cells modulated by both odors. Across the entire population, during odor attention, 36 units 

were modulated by odor (32.03% of 116). 

We found that odor-directed selective attention bi-directionally sculpts the coding of 

odors in the OT by increasing the firing rates of odor-excited cell-odor pairs (Fig 2A), while 

further decreasing the firing rates of odor-inhibited cell-odor pairs (Fig 2B) during both the 

preparatory hold and odor epochs. For example, the representative odor-excited unit in Figure 

S6A displays an increased firing rate during the preparatory hold and odor epochs (top), which is 

further enhanced when the rat is attending to odors (bottom). In contrast, the odor-inhibited unit 

in Figure S6B displays a greater suppression in firing rate, particularly during the preparatory 

hold period when the rat is attending to odors (bottom).  

To statistically quantify odor-responsiveness across all cell-odor pairs, we classified the 

data using auROC analyses (26, 27) (see Materials and Methods), which represents changes in 

firing rate within sliding windows of time relative to a shuffled background distribution. This 

analysis allows for a statistical representation of significant firing rate changes for odor-excited 

and odor-inhibited cell-odor pairs. Across the population, greater significance emerges during 

odor attention for both populations during the hold and odor epochs (Fig 2C&D). We quantified 

these differences and found that during odor attention for odor-excited cell-odor pairs, a large 

proportion of the population was significantly excited during the hold and odor epochs, and this 
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increase in population response occurred rapidly (Fig 2E). Reflecting this, the cumulative 

duration of this excitement was significantly longer during both the preparatory hold and odor 

epochs when rats attended to odors versus when they attended to tones (hold: t(26)=-3.20, 

p=0.0036; odor: t(26)=-3.51, p=0.0016), while 2AC odor discrimination was not significantly 

different (hold: t(26)=-2.15, p=0.041; odor: t(26)=-2.37, p=0.026) (Bonferonni critical p=0.0167; 

Fig 2F). Similarly, for odor-inhibited cell-odor pairs, a large proportion of the population was 

inhibited during the hold and odor epochs and this increase occurred rapidly (Fig 2G). We also 

found a significant increase in the duration that odor-inhibited cell-odor pairs were significantly 

suppressed relative to background during both the preparatory hold and odor epochs during odor 

attention as compared to tone attention (hold: t(27)=-3.79, p<0.001; odor: t(27)=-4.09, p<0.001) 

and odor discrimination (hold: t(27)=-3.87, p<0.0001; odor: t(27)=-4.67, p<0.0001) (Bonferonni 

critical p=0.0167; Fig 2H). Thus, selective attention to odors bi-directionally controls OT 

ensemble activity and the representation of odors, suggesting a population shift that may enhance 

odor signal-to-noise ratios. 

We used the cell-odor pairs classified above (n = 27 odor-excited, n = 28 odor-inhibited, 

n = 177 unmodulated), and calculated their change in firing rate (FR) with attention 

(ΔHzattention=FRattended-FRunattended). This approach yields a simple index for the direction of 

change in firing and thereby allows for determining the control of single-unit activity by 

selective attention. Units were classified, for each epoch, as shifted negatively or positively if 

their firing rate either increased or decreased ≥1Hz. Among those odor-excited cell-odor pairs 

whose firing rates shifted, we found that the majority decreased their background firing rates 

(70%, 7/10), while increasing their firing rates during the hold (70.6%, 12/17) and odor (60.0%, 

12/20) epochs when the rats were attending to odors versus when they were not (Fig 3A). The 

proportion of odor-excited cell-odor pairs with decreased background firing rates was greater 

than the proportion with increased background firing rates (One sample proportion z=2.8, 

p<0.01), while the proportion of cell-odor pairs with increased firing rates during the preparatory 

hold was greater than the proportion with decreased firings rates (z=3.7, p<0.001). The 

proportion of cell-odor pairs with increased firing rates during odor did not reach significance 

(z=1.8, p=0.0679).  

An opposite direction of change was observed among the population of odor-inhibited 

cell-odor pairs, where among those whose firing rate changed, the majority decreased their firing 
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during the hold (75.0%, 12/16) and odor (68.8%, 11/16) epochs while the rats were attending to 

odors (Fig 3B). A greater proportion of odor-inhibited cell-odor pairs decreased their firing rates 

during the preparatory hold (z=4.6, p<0.0001) and odor epochs (z=3.2, p=0.0012) with attention. 

Notably, we also determined that these effects were selective to odor-modulated cell-odor pairs, 

as the majority of firing rates for those which were unmodulated were unchanged during 

background (87.01%, 154/177), hold (88.70, 157/177), and odor epochs (87.57%, 155/177; Fig 

S7A). Among those unmodulated cell-odor pairs that were shifted (11.30%, 20/177), we 

observed that a greater proportion had decreased firing rates during the preparatory hold (z=3.9, 

p< 0.0001). Overall, with odor-directed attention, odor-excited cell-odor pairs display enhanced 

firing relative to background in preparation for the upcoming stimulus, while odor-inhibited cell-

odor pairs show decreased firing relative to background in preparation for and during the odor 

stimulus.  

We reasoned that odor-directed attention may control single unit firing rates in two 

possible manners. First, within a single unit, the overall firing rates (background, hold, and odor 

epochs) may be broadly influenced in direction and magnitude by odor attention, which would 

indicate a general ramping up or down of activity across trials. Alternatively, as suggested by the 

firing changes in Figure 3A, odor attention may control odor signal-to-noise ratios among the 

units. It is likely that within an odor-excited unit, the preparatory hold and odor epochs may be 

enhanced, while background activity remains either unchanged or is decreased. Further, as 

suggested from the firing rate changes in Figure 3B, within an odor-inhibited unit, it is likely 

that the preparatory hold and odor epochs may be further suppressed, while background activity 

remains either unchanged or is increased. To determine if this is the case, in a final series of 

analyses, we compared the change in FR of the background to either the hold or odor epochs for 

both odor-excited and odor-inhibited cell-odor pairs (Fig 3C). If points were to fall along the 

unity line, this would indicate changes in FR that were similar in direction and magnitude for 

both the background, hold, and odor epochs, which would support a general ramping up of unit 

activity within a trial, irrespective of epoch-specific influences. We found, however, for odor-

excited cell-odor pairs, that the change in FR during both the preparatory hold and odor epochs 

was increased relative to the change in FR of the background, regardless of how the background 

was influenced (hold: t(26)=-2.32, p=0.028, odor: t(26)=-2.54, p=0.017) Fig 3C, top). In many 

cases, but not all, the background FR decreased, while the FR during the hold and odor epochs 
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increased. Furthermore, for odor-inhibited cell-odor pairs, the change in FR during the 

preparatory hold period was more greatly decreased relative to the change in background FR 

(hold: t(27)=3.227, p=0.003, odor: t(27)=1.93, p=0.064; Fig 3C, bottom), and thus we conclude 

that odor-directed attention enhances the signal-to-noise within these cell-odor pairs. Notably, 

this effect is specific to odor-modulated units, since units classified as unmodulated to odors 

during odor attention displayed changes in FRs that were similar in both their direction and 

magnitudes (hold: t(176)=1.38, p=0.169, odor: t(176)=1.01, p=0.313; Fig S7B). Consequently, 

odor-directed attention recruited more cell-odor pairs to encode the acts of the preparatory hold 

(odor attention: 21.12%, 49/232 vs tone attention: 13.36%, 31/232) and odor sampling (odor 

attention: 21.552%, 50/232 vs tone attention: 23.707%, 55/232) by increasing the FR of odor-

excited cell-odor pairs specifically during the hold and stimulus delivery epochs, while further 

reducing the FR of odor-inhibited cell-odor pairs (Fig 3D). Therefore, selective attention 

facilitates sensory coding in the olfactory system within task-critical moments by enhancing odor 

signal-to-noise. 

 

Discussion 

We have demonstrated that rats are capable of selectively attending to odors in the 

presence of conflicting stimuli. We predict that this phenomenon affords rodents the capacity to 

engage in ecologically critical behaviors (e.g., foraging, predator avoidance, mate selection), 

which in all examples are highly multisensory contexts requiring animals to focus at times upon 

a single modality at the expense of others. Not only does our work show that selective attention 

enhances odor discrimination capacity, but also that this ability improves with experience, 

therefore highlighting an important interplay between attention, olfactory processing, and 

learning.  

Equally important is our finding that selective attention contributes to olfactory 

processing by enhancing the contrast of odor representation in the OT by amplifying odor signal-

to-noise ratios. This sculpting of odor information by attention is analogous to that observed 

upon attentional modulation in the visual and auditory systems of more cognitively-advanced 

mammals (21, 28). We predict that this function, together with possible attentional modulation in 

other olfactory structures, is likely responsible for the effect of selective attention on facilitating 

more accurate odor discrimination. The OT is among several other structures which together 
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make up the olfactory cortex. Therefore, attention may ‘gate’ available odor information into the 

entirety of down-stream structures important for emotion, motivation, and memory. Moreover, 

this discovery lends credence to an important question: what system is responsible for this 

attentional state-dependent control of olfaction given that there is no mandatory thalamic relay in 

the olfactory system? Indeed, the OT neurons we recorded from herein receive the bulk of their 

input directly from the brain’s initial odor processing stage, the olfactory bulb, and also from the 

neighboring piriform cortex (15, 16, 29). While the olfactory bulb is hypothesized to serve 

functions analogous to the thalamus (30), we predict that selective attention increases the 

strength of odor coding in the VS via neuromodulatory influences upon these neurons (13, 31).  

Taken together, a rodent, just like a human (10, 11), can employ selective attention to aid 

in olfactory perceptual goals and this attention sculpts the representation of odor information 

within part of a brain system that is integral for evaluating sensory information in the context of 

changing motivational demands. This coding strategy of enhancing signal-to-noise, especially if 

also uncovered in additional major olfactory centers, likely serves to strengthen odor perception 

in the face of competing sensory input.  

 

References 

1.  E. M. Blass, M. H. Teicher, Suckling. Science (80-. ). 210, 15–22 (1980). 

2.  D. W. Logan et al., Learned Recognition of Maternal Signature Odors Mediates the First 

Suckling Episode in Mice. Curr. Biol. 22, 1998–2007 (2012). 

3.  S. Moriceau, R. M. Sullivan, Neurobiology of infant attachment. Dev Psychobiol. 47, 

230–242 (2005). 

4.  D. M. Ferrero et al., Detection and avoidance of a carnivore odor by prey. Proc. Natl. 

Acad. Sci. 108, 11235–11240 (2011). 

5.  A. R. Isles, M. J. Baum, D. Ma, E. B. Keverne, N. D. Allen, Urinary odour preferences in 

mice. Nature. 409, 783–784 (2001). 

6.  B. G. Galef, Direct and Indirect Behavioral Pathways to the Social Transmission of Food 

Avoidance. Ann. N. Y. Acad. Sci. 443, 203–215 (1985). 

7.  J. M. Birrell, V. J. Brown, Medial frontal cortex mediates perceptual attentional set 

shifting in the rat. J Neurosci. 20, 4320–4324 (2000). 

8.  R. D. Wimmer et al., Thalamic control of sensory selection in divided attention. Nature. 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 18, 2017. ; https://doi.org/10.1101/236331doi: bioRxiv preprint 

https://doi.org/10.1101/236331
http://creativecommons.org/licenses/by-nc-nd/4.0/


526, 705–709 (2015). 

9.  G. H. Otazu, L.-H. Tai, Y. Yang, A. M. Zador, Engaging in an auditory task suppresses 

responses in auditory cortex. Nat Neurosci. 12, 646–654 (2009). 

10.  C. Zelano et al., Attentional modulation in human primary olfactory cortex. Nat Neurosci. 

8, 114–120 (2005). 

11.  C. Spence, F. P. McGlone, B. Kettenmann, G. Kobal, Attention to olfaction. A 

psychophysical investigation. Exp. Brain Res. 138, 432–437 (2001). 

12.  J. Plailly, J. D. Howard, D. R. Gitelman, J. A. Gottfried, Attention to odor modulates 

thalamocortical connectivity in the human brain. J Neurosci. 28, 5257–5267 (2008). 

13.  S. N. Haber, Neuroanatomy of Reward: A View from the Ventral Striatum (CRC Press, 

Boca Raton (FL), 2011). 

14.  J. Gottlieb, Attention, learning and the value of information. Neuron. 76, 281–295 (2012). 

15.  J. E. Schwob, J. L. Price, The development of axonal connections in the central olfactory 

system of rats. J Comp Neurol. 223, 177–202 (1984). 

16.  J. W. Scott, R. L. McBride, S. P. Schneider, The organization of projections from the 

olfactory bulb to the piriform cortex and olfactory tubercle in the rat. J Comp Neurol. 194, 

519–534 (1980). 

17.  D. Ongur, J. L. Price, The organization of networks within the orbital and medial 

prefrontal cortex of rats, monkeys and humans. Cereb Cortex. 10, 206–219 (2000). 

18.  D. Pinault, The thalamic reticular nucleus: Structure, function and concept. Brain Res. 

Rev. 46 (2004), pp. 1–31. 

19.  J. Smythies, The Functional Neuroanatomy of Awareness: With a Focus on the Role of 

Various Anatomical Systems in the Control of Intermodal Attention. Conscious. Cogn. 6, 

455–481 (1997). 

20.  D. Grant, E. Berg, A behavioral analysis of degree of reinforcement and ease of shifting to 

new responses in a Weigl-type card-sorting problem. J Exp Psychol. 38, 404–11 (1948). 

21.  H. Spitzer, R. Desimone, J. Moran, Increased attention enhances both behavioral and 

neuronal performance. Science (80-. ). 240, 338–340 (1988). 

22.  E. Kowler, E. Anderson, B. Dosher, E. Blaser, The role of attention in the programming of 

saccades. Vision Res. 35, 1897–1916 (1995). 

23.  H. H. Li, A. Barbot, M. Carrasco, Saccade Preparation Reshapes Sensory Tuning. Curr. 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 18, 2017. ; https://doi.org/10.1101/236331doi: bioRxiv preprint 

https://doi.org/10.1101/236331
http://creativecommons.org/licenses/by-nc-nd/4.0/


Biol. 26, 1564–1570 (2016). 

24.  J. Hirokawa et al., Multisensory information facilitates reaction speed by enlarging 

activity difference between superior colliculus hemispheres in rats. PLoS One. 6 (2011), 

doi:10.1371/journal.pone.0025283. 

25.  J. Voigts, J. Siegle, D. Pritchett, C. Moore, The flexDrive: an ultra-light implant for 

optical control and highly parallel chronic recording of neuronal ensembles in freely 

moving mice   . Front. Syst. Neurosci.  . 7 (2013), p. 8. 

26.  M. A. Gadziola, K. A. Tylicki, D. L. Christian, D. W. Wesson, The Olfactory Tubercle 

Encodes Odor Valence in Behaving Mice. J. Neurosci. . 35, 4515–4527 (2015). 

27.  J. Y. Cohen, S. Haesler, L. Vong, B. B. Lowell, N. Uchida, Neuron-type-specific signals 

for reward and punishment in the ventral tegmental area. Nature. 482, 85–88 (2012). 

28.  S. Kastner, L. G. Ungerleider, Mechanisms of visual attention in the human cortex. Annu 

Rev Neurosci. 23, 315–341 (2000). 

29.  K. A. White et al., A cortical pathway modulates sensory input into the olfactory striatum. 

bioRxiv (2017) (available at http://biorxiv.org/content/early/2017/12/16/235291.abstract). 

30.  L. M. Kay, S. M. Sherman, An argument for an olfactory thalamus. Trends Neurosci 

(2006) (available at 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citati

on&list_uids=17161473). 

31.  D. W. Wesson, D. A. Wilson, Sniffing out the contributions of the olfactory tubercle to 

the sense of smell: hedonics, sensory integration, and more? Neurosci Biobehav Rev. 35, 

655–668 (2011). 

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 18, 2017. ; https://doi.org/10.1101/236331doi: bioRxiv preprint 

https://doi.org/10.1101/236331
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure Legends 

 

Fig. 1. Odor-directed attention dictates discrimination accuracy. (A) 2AC-OAT 

experimental trial outline. Example trials show correct 2AC choices during odor-directed 

attention on ‘tone off’ trials. Note dashed line indicating mandatory preparatory hold time. (B) 

The four possible 2AC-OAT trial types during the final phase of the 2AC-OAT. Top arrows for 

each trial type indicate the direction of reward for the tone cue; bottom arrows for each trial type 

indicate the direction of reward based on odors. Faded icons (both cues and arrow directions) 

indicate cues that are present, but should be ignored while the rat attends to the correct modality. 

(C) Example 2D histograms displaying performance of 7 rats over the course of six sessions of 

switching their attention during the 2AC-OAT. Each bin is a block of 20 trials. Solid overlaid 

lines indicate performance (% correct responses); dashed horizontal lines indicate criterion 

performance (80%). Vertical dashed line with arrowheads indicates the experimenter-controlled 

switch from tone to odor attention, which was uncued. See Materials and Methods for additional 

details on the 2AC-OAT. For each rat, the top three rows were taken from early sessions, the 

bottom three rows from late sessions except rat 1, which has only 5 sessions. (D) Average 

performance of all 7 rats on their first two sessions (early) and last two sessions (late, bold black 

line) of 2AC-OAT performance, relative to attentional shift. Performance dropped to chance 

levels in the block immediately after the task switch and returned to criterion levels as the rat 

shifted its attention to odors. Note that performance improved more quickly during late sessions. 

(E) The average number of blocks for each rat to reach criterion after the attentional shift (6 

blocks ≥80%) for early and late sessions. #p<0.0001 (block -1 vs. 1, late), †p<0.01 (block 1 vs. 6, 

late), ‡p<0.05 (block 6 early vs. block 6 late), *p<0.05; two-tailed, paired t-test. 

 

Fig. 2. Odor-directed attention controls odor coding. 2D histograms (50ms bins) displaying 

normalized firing rates of odor excited (A) and odor-inhibited (B) cell-odor pairs across the three 

different task states: odor only, tone attention, and odor attention, aligned to stimulus onset. Each 

row represents a single cell-odor pair; all units were arranged from highest to lowest firing rates, 

averaged over the first five bins after stimulus onset during odor attention. See Materials and 

Methods for normalization details. As indicated by auROC significant bins, odor attention 

increases the firing rates for odor-excited cell-odor pairs (C), and further decreases the firing 
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rates for odor-inhibited cell-odor pairs (D) during the preparatory hold and odor epochs. Each 

row represents the corresponding neuron from the 2D histograms in A and B. Odor-directed 

attention increases the percentage of odor-excited cell-odor pairs that have significantly excited 

activity (E) and the percentage of odor-inhibited cell-odor pairs that have significantly inhibited 

activity (G) relative to background earlier and for a longer duration. Odor attention thus 

significantly increases the duration of excitement (F) and inhibition (H) during both hold and 

odor epochs. *p<0.05, **p<0.01, two-tailed, paired t-test. Data from four rats (same as in Fig 1), 

2-6 sessions/rat. 

 

Fig. 3. Attention yields enhanced signal to noise among odor coding units. Changes in FR 

with odor directed attention, ΔHzattention=FRattended-FRunattended, for odor-excited (A) and odor-

inhibited (B) cell-odor pairs for the three behavioral epochs: background (left), preparatory hold 

(middle), and odor delivery (right). Pie chart: The proportion of increased or decreased FRs 

among units that shifted either negatively or positively (≥1Hz). (C) Change in background firing 

rate plotted against the change in the firing rate for either the hold (left) or odor (right) epochs for 

excited (top) or inhibited (bottom) unit populations. Excited cell-odor pairs that fall above the 

dotted line indicate a greater change in FR relative to background. Inhibited cell-odor pairs that 

fall below the dotted line indicate a greater decrease in FR relative to background. (D) The 

percentage of cell-odor pairs classified as either significantly excited or inhibited relative to 

background during the specified epochs are increased with attention to odor, particularly during 

the preparatory hold. Data from rats and sessions as in Fig 2. ns above the pie charts indicate the 

number of cell-odor pairs shifted out of the total number of excited or inhibited cell-odor pairs. 

p-values in (C), as denoted, are two-tailed, paired t-test. **p <0.01, ***p <0.001, one-proportion z-

test. 

 

Supplementary Materials: 

Materials and Methods 

Figures S1-S7 

Tables S1-S7 

 

 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 18, 2017. ; https://doi.org/10.1101/236331doi: bioRxiv preprint 

https://doi.org/10.1101/236331
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 18, 2017. ; https://doi.org/10.1101/236331doi: bioRxiv preprint 

https://doi.org/10.1101/236331
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 18, 2017. ; https://doi.org/10.1101/236331doi: bioRxiv preprint 

https://doi.org/10.1101/236331
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

.CC-BY-NC-ND 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 18, 2017. ; https://doi.org/10.1101/236331doi: bioRxiv preprint 

https://doi.org/10.1101/236331
http://creativecommons.org/licenses/by-nc-nd/4.0/

