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Odor identification in rats: Behavioral and electrophysiological evidence of learned olfactory-auditory 27 

associations 28 

 29 

Abstract 30 

The ability to recognize and identify a smell is highly dependent on multisensory context and expectation, for 31 

example, hearing the name of the odor source. Here, we develop a novel auditory-odor association task in rats, 32 

wherein the animal learn that a specific auditory tone, when associated with a specific odor, predicts reward (Go 33 

signal), whereas the same tone associated with a different odor, or vice versa, is not (No-Go signal). The tone 34 

occurs prior to the onset of the odor, allowing physiological analyses of sensory-evoked local field potential 35 

activity to each stimulus in primary auditory cortex and anterior piriform cortex. In trained animals that have 36 

acquired the task, both auditory and subsequent olfactory cues activate beta band oscillations in both the auditory 37 

and piriform cortices, suggesting multisensory integration. Naïve animals show no such multisensory responses, 38 

suggesting the response is learned. In addition to the learned multisensory evoked responses, functional 39 

connectivity between auditory and piriform cortex, as assessed with spectral coherence and phase lag index, is 40 

enhanced. Importantly, both the multi-sensory evoked responses and the functional connectivity are context-41 

dependent. In trained animals, the same auditory stimuli presented in the home cage evoke no responses in 42 

auditory or piriform cortex, and functional connectivity between the sensory cortices is reduced. Together, the 43 

results demonstrate how learning and context shape the expression of multisensory cortical processing. Given that 44 

odor identification impairment is associated with preclinical dementia in humans, the mechanisms suggested here 45 

may help develop experimental models to assess effects of neuropathology on behavior. 46 

 47 

 48 

Significance statement 49 

An important feature in mammalian olfaction is the multisensory support provided by “higher” senses, such as 50 

hearing and vision. In humans, such multisensory context and expectation, for example hearing the name of the 51 

odor source, facilitates the identification of a smell. An impaired ability to identify odors is a sensitive predictor 52 

of cognitive decline and neurodegenerative dementia. We found that rats trained on a tone-odor association task, 53 

but not untrained rats, showed elevated electrophysiological responses in both auditory and olfactory cortices, as 54 

well as increased functional connectivity between these regions, during task engagement. These results provide 55 

evidence of a multisensory integration process that might provide clues to how neuropathology affects the brain. 56 

 57 

  58 
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Introduction 59 

Multisensory processing allows activity in one sensory pathway to modulate activity in another, in turn 60 

shaping perception. For example, in the McGurk effect, discordant visual cues influence auditory perception to 61 

the point where a subject hears a syllable consistent with the visual mouth movements of the speaker instead of 62 

the actual auditory syllable (McGurk and MacDonald, 1976). The convergence of sensory processing streams that 63 

enables multisensory perception has been described in increasingly earlier stages of “unimodal” sensory pathways, 64 

including classic primary sensory areas (Calvert et al., 1999; Foxe et al., 2000). Importantly, more recent evidence 65 

suggests that multisensory integration can be context-dependent, and not a stable result of fixed anatomical 66 

convergence (Schroeder et al., 2001; Choi et al., 2018). 67 

The vast majority of work on multisensory processing has occurred in classic thalamocortical sensory 68 

systems such as vision and audition. However, multisensory integration also occurs in the olfactory system 69 

(Gottfried and Dolan, 2003; Wesson and Wilson, 2010; Cohen et al., 2011; Mandairon et al., 2014; Karunanayaka 70 

et al., 2015; Boisselier et al., 2018), an evolutionarily older system with no thalamic relay between the periphery 71 

and the olfactory cortex, which itself is a three-layered archicortex (Neville and Haberly, 2004; Wilson and 72 

Sullivan, 2011; Bekkers and Suzuki, 2013). For example, visual cues can influence olfactory perception, e.g., red 73 

liquids with strawberry scent smell more intense than clear liquids (Zellner and Kautz, 1990; Morrot et al., 2001; 74 

Dematte et al., 2009), as can gustatory, somatosensory and auditory cues (Cain, 1979; Dalton et al., 2000; 75 

Stevenson and Mahmut, 2011; Stevenson et al., 2012). Much of the multisensory influences on olfactory 76 

perception are related to semantic associations of the odor (i.e., identifiability or familiarity) (de Araujo et al., 77 

2005; Stevenson et al., 2012), nonetheless, multisensory stimulation is associated with modulation of odor-evoked 78 

activity in central olfactory and limbic regions in humans (Gottfried and Dolan, 2003; de Araujo et al., 2005; 79 

Karunanayaka et al., 2015; Zhou et al., submitted) and animal models (Kadohisa et al., 2005; Wesson and Wilson, 80 

2010; Mandairon et al., 2014; Maier et al., 2015; Veyrac et al., 2015). 81 

A vulnerability in links between the olfactory system and other multisensory and language related regions 82 

has been hypothesized to underlie the sensitivity of odor identification to a variety of disorders including mild 83 

cognitive impairment, Alzheimer’s disease and Primary Progressive Aphasia (Devanand et al., 2008; MacDonald, 84 

Keller, Brewster, & Dixon, 2018; Olofsson & Gottfried, 2015; Olofsson, Rogalski, Harrison, Mesulam, & 85 

Gottfried, 2013; Olofsson et al., 2009). However, recent evidence suggests that an auditory word cue that primes a 86 

matching odor may generate a strong functional coupling between primary olfactory cortex and higher order 87 

auditory cortex in humans (Zhou et al., 2019). Specifically, subjects prepared for intracranial 88 

electroencephalography were presented with an auditory word cue of an odor name followed by a matching or 89 

non-matching odor. Following the auditory word, but prior to delivery of the odor, there was strong phase locking 90 

of local field potentials (LFP) between auditory and olfactory cortices (Zhou et al., 2019). 91 

 As auditory or visual stimuli may cause effective predictive projections to olfactory cortex, facilitating 92 

cross-sensory integration and odor identification, and as this ability appears especially vulnerable to effects of 93 

common neuropathological disorders, research on the physiological mechanisms underlying this task is warranted. 94 
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We developed a novel auditory-odor association task in rats, wherein the animal must learn that a specific 95 

auditory tone, when associated with a specific odor, predicts reward (Go signal), whereas the same tone 96 

associated with a different odor, or vice versa, does not (No-Go signal). This design may be characterized as a 97 

simple odor identification task, as one odor needs to be matched to the correct non-olfactory cue. Because of the 98 

slight lag between tones and odors, this design also allowed analyses of separate auditory and olfactory driven 99 

activity within the olfactory and auditory cortices. We explored the effects of learning on multisensory-evoked 100 

activity within auditory and olfactory cortex, as well as the effects of context on this activity. Together, the results 101 

demonstrate the importance of both learning and context in expression of multisensory cortical processing in 102 

olfaction. 103 

 104 

Methods 105 

Subjects. Male Long Evans hooded rats (n = 15; 200–450g) from Envigo Lab Animals were used as subjects. 106 

Animals were single housed with enrichment and had ad lib access to food. Access to water was restricted during 107 

the training session and for 30 min 2–4 hrs after training while in the home cage. Body weight and health status 108 

were monitored daily and no rat declined under 85% of its initial weight over the course of training. Lights were 109 

on from 6am to 6pm and all testing occurred in the light portion of the day. All handling, housing and 110 

experimental procedures were approved by, and performed in accordance with the Institutional Animal Care and 111 

Use Committee guidelines as well as NIH guidelines for the proper treatment of animals. The animals in this 112 

experiment are referred to as OT1, OT2, etc. (Odor-Tone), when data from individual animals are presented. 113 

 114 

Behavioral assay. Go/No-Go training occurred in a black Plexiglas operant chamber (27 x 27 x 33 cm W x L x H) 115 

with an infrared (IR) beam-monitored nose port on the back wall and an IR beam-controlled water port on a side 116 

wall.  Breaking the beam in the nose port initiated a trial with a 90 dB sine wave tone (0.1 kHz or 1 kHz) lasting 117 

500 ms. Immediately after the end of the tone, an odor (peppermint or vanilla, McCormick) was delivered through 118 

the same nose port, and was maintained until the animal left the port. If the rat left the port less than 500 ms 119 

following the tone onset, the trial was considered aborted. The animals were required to learn that a specific 120 

combination of tone and odor was the stimulus that signaled an available water reward (100 μL) (Go signal), if 121 

the animal broke the IR beam in the water port within 3 sec. Other combinations of tone and odor were not 122 

rewarded (No-Go signals). Following initial shaping, the probability of a Go trial was 60%. During training 123 

sessions, all animals were held in the testing room, and thus had passive exposure to the sound of the tones 124 

generated by other rats. During initial shaping, in the first few days, the minimal nose-poke duration was 200 ms, 125 

Go trial combinations occurred at 80% of trials, and all nose-pokes led to water reward. As the rats learned the 126 

task, these initial task settings were changed gradually during the first 10 days, according to a standardized 127 

protocol, such that the final settings were 500 ms poke, 60% Go trials, and no reward on No-Go trials.  128 

 129 
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Electrophysiology. In order to examine cortical processing of multisensory signals, a subset of animals (well-130 

trained, n = 8; Naïve n = 6) were used for LFP recording from the auditory cortex (A1) and anterior piriform 131 

cortex (aPCX). In addition, 4 animals were not able to learn the multisensory task after surgery, data from these 132 

animals were not considered. Rats were implanted with electrodes (stainless steel, 127 μm) directed toward A1 133 

(3.5 mm posterior to Bregma, 6.5 mm lateral, 5.0 mm ventral) and toward aPCX (1.0 mm anterior to Bregma, 4.5 134 

mm lateral, 8.0 mm ventral) to record LFPs from these regions during behavioral training. The electrodes were 135 

attached to a telemetry devise implanted under the dorsal skin (F20-EET, DSI, Inc). Analog signals were 136 

transmitted to a receiver placed under the operant chamber or under the homecage, digitized at 5 kHz, and 137 

collected and analyzed using Spike2 software (Cambridge Electronic Design). Given that the tone and odor 138 

stimuli did not temporally overlap, LFP responses to both could be extracted independently. LFP activity during 139 

the tone (500 ms period) and odor (250 ms period) stimuli was analyzed with fast fourier transform (FFT) (4.9 Hz 140 

bins), as well as activity during periods when the animal was disengaged from the task (i.e., not self-initiating 141 

trials for > 30 sec) which served as baseline. In addition to stimulus evoked activity during the Go/No-Go task, 142 

LFPs were also recorded when the animal were in their homecage. For these recordings, the homecage was placed 143 

next to the operant chamber while another rat was in training and generating trials. In this condition, the tones 144 

were audible in the homecage at the same intensity (90 dB) as in the operant chamber. This allowed analyses of 145 

tone evoked activity in animals while in the context of their homecage.  Baseline LFP activity in the homecage 146 

during periods of no tones was also quantified. Given the design of the operant chamber and the brief duration of 147 

the stimulus, odors are presumed to not penetrate the homecage. For analysis of evoked activity in both the 148 

operant chamber and in the home cage, LFP activity during stimulation was expressed as a ratio of baseline 149 

activity.   150 

In addition to stimulus evoked activity, spectral coherence of the power of LFP oscillations between A1 151 

and aPCX (9.7 Hz bins) was examined using the cohere script in Spike2. A1–aPCX coherence was measured in 152 

three different states: 1) during active sampling. Data were obtained from 1 sec of data starting at trial onset for 153 

each of  the first 100 trials, regardless of trial type, within a session. 2) When the animal was in the operant 154 

chamber but disengaged from the task (> 30 sec period). For this analyses coherence was determined across the 155 

full period of time (not trial dependent).  3) When the animal was in their home cage while another rat was in 156 

training and generating trials (> 30 sec of tone free activity, again not trial dependent).  157 

An additional measure of functional connectivity was applied to more closely examine trial-related 158 

connectivity. To examine tone-evoked changes in phase locking between A1 and aPCX during trials, we 159 

calculated the phase lag index (PLI) (Stam et al., 2007) across trials. Phase lag index is a measure of phase 160 

synchrony with reduced bias from common sources and volume conduction (Stam, Nolte, & Daffertshofer, 2007). 161 

In brief, LFPs were band-pass filtered at log-spaced frequencies ranging from 1 to 30 Hz with a fixed bandwidth 162 

of 2 Hz. Instantaneous phase time series were extracted for A1 and aPCX using the Hilbert transformation. The 163 

resulting between-region phase difference time series were segmented into epochs from 0.5 sec prior to 2 sec 164 

following tone onset. Then, PLI was calculated at each time-frequency point and baseline corrected by subtracting 165 
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the baseline (0.5 sec before tone onset) average. Finally, the statistical significance of the PLI change was 166 

evaluated using a permutation method. For each permutation, the trial indices for one channel (A1/aPCX) were 167 

shuffled and the permuted PLI was calculated. After repeating this procedure 5,000 times, we obtained a 168 

distribution of permuted PLI values at each time-frequency point. The mean and standard deviation of this 169 

distribution was obtained by normal distribution fitting (Matlab's normfit). A z-score of the real PLI was then 170 

calculated by subtracting the mean of the distribution which was further divided by the standard deviation. 171 

Multiple comparison corrections were controlled using a cluster-based method. The p-value threshold for initial 172 

clustering was set at 0.001 (two-sided, corresponding to a z-score of 3.29). The maximal cluster size (sum of 173 

absolute z-score) was retrieved for each permutation, resulting in a permuted cluster-size distribution. Corrected 174 

p-values of each cluster from the real PLI z-score map were calculated as the proportion of permuted clusters that 175 

were larger than the real one.  176 

We also compared the PLI change between Go and No-Go trials, and between training and homecage 177 

sessions using a cluster-based correction method. In each permutation, trials from both conditions were pooled 178 

together and each trial was assigned to one of the conditions randomly. Then, permuted PLI (baseline corrected) 179 

was calculated for each condition and its between-condition difference was obtained. The real between-condition 180 

difference was tested against the permuted difference in a similar was described above using the same initial p-181 

value threshold (5,000 permutations). To account for the difference in number of trials between different 182 

conditions, we estimated the PLI for the condition with a greater number of trials using a bootstrapping method. 183 

In each bootstrap, the PLI was calculated for a subset of trials (same number of the other condition) was randomly 184 

extracted from all trials. The above procedure was performed 200 times, and the average of all bootstraps was 185 

used as the final result.  186 

  187 
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 188 

 189 

 190 
Figure 1 191 

 192 

 193 

Results 194 

 195 

The experimental design and behavioral results are shown in Fig. 1. Rats learned to associate an auditory 196 

tone of a specific frequency to a specific odor in order to receive a water reward (Go trials). As shown in Fig. 1D, 197 

rats attained a mean of 80% correct, though performance acquisition varied based on error type. As shown in Fig. 198 

1C, there could be two error types on Go trials. If for example, the Go stimulus was the association of the higher 199 

frequency and vanilla, then a Go response to the combination of high frequency and peppermint would be an 200 

odor-based error (correct frequency but wrong odor). If, in contrast, a Go response occurred to the lower 201 

frequency tone and vanilla, this corresponds to a tone-based error (correct odor but wrong frequency). In animals 202 

performing above chance on the task, the mean sampling duration was 688 ± 20 ms (mean ± SEM) on Go trials 203 

and 701 ± 19 ms on No-Go trials. Trial type had no significant effect on sampling duration (Go trials, No-Go 204 

based on tone, No-Go based on Odor, F(3,18) = 1.03, p = 0.37). Thus, rats (n = 10) sampled the tone for the full 205 

500 ms and the odor for nearly 200 ms. While rats ultimately had similar tone- and odor-based performance by 206 

the end of training (Fig. 1D), they learned odor-based correct responses significantly faster over the course of 207 

training than tone-based responses as shown by the significant interaction in a stimulus x trial, repeated measures 208 
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ANOVA (2 x 27 repeated measures ANOVA: stimulus x trial interaction, F(26,468) = 1.68, p = 0.02; main effect 209 

of trial F(1,26) = 37.24, p < 0.0001; main effect of stimulus, F(1,18) = 2.69, p = 0.12).  210 

  211 
Figure 2 212 

 213 

To examine the effects of learning and context on oscillations in auditory and olfactory cortices, a subset 214 

of animals (n = 6) was implanted with electrodes prior to training onset, while the rest were implanted after they 215 

had attained criterion behavioral performance (> 70% correct) (Fig. 2). Due to technical limitations, no animals 216 

were recorded throughout the entire 5–6 week training session. LFP activity during the tone sampling period and 217 

the odor sampling period were expressed as a ratio of baseline and separately analyzed in both A1 and aPCX. In 218 

addition to recording during the training session, responses to tones were also recorded while the animals were in 219 

their homecages. The homecages were placed next to the operant chamber during a training session for a different 220 

rat. The sound intensity was confirmed to be the same in the operant chamber and the homecage.  221 
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 222 
Figure 3 223 

 224 

As shown in Fig.’s 3 and 4, in Naïve animals (n = 6) during initial 2–3 training sessions when performing 225 

at chance levels, small stimulus-evoked beta band (15–35 Hz) oscillatory responses were observed in aPCX and 226 

A1. Fig. 3 displays the full FFT spectrum, while Fig. 4 shows the same data collapsed across the beta and gamma 227 

frequency bands for statistical analyses. Beta band oscillations were significantly enhanced from baseline in both 228 

PCX and A1 in response to the tone, and in PCX in response to the odor (Fig. 3; one sample t-tests vs. a mean of 229 

1, df = 5, p’s < 0.05). Gamma band (35–90Hz) oscillations remained near baseline levels (Fig. 4). 230 

  231 
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 232 

 233 
Figure 4 234 

 235 

 In contrast to these very weak sensory evoked responses in Naïve rats, in animals trained to criterion 236 

(Expert, n = 8, with one animal having a failed aPCX electrode), robust multi-sensory (tones and odors) beta band 237 

oscillations were evoked in both aPCX and A1 (Fig. 5). In contrast, responses to tones presented while the animal 238 

was in their homecage were greatly reduced in both structures compared to during active training. No gamma 239 

band response above baseline was detected, thus statistical analyses were focused on beta band activity. As shown 240 

in Fig. 6, both aPCX and A1 displayed significant evoked beta-band activity in response to both tones and odors 241 

(significantly greater than 1, one sample t-tests, all p’s < 0.05). This was true for both tones that were a 242 

component of the Go signal and tones that were a component of the No-Go signal. The same tones presented 243 

while the animals were in their homecage, however, evoked no significant beta band activity in either aPCX or 244 

A1 (one sample t-tests, p > 0.05). Similar to tones, both aPCX and A1 showed significant beta band activity to Go 245 

and to No-Go associated odors (Fig. 6). It should be noted that the animals were not asleep during the homecage 246 

stimulation, as assessed with the LFP (data not shown). 247 

 248 
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 249 
Figure 5 250 

 251 

  252 
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 253 

 254 

 255 
Figure 6 256 

 257 

 We next sought to determine whether there was elevated functional connectivity between aPCX and A1 258 

areas to indicate task- or context-dependent auditory-olfactory cortical communication. We compared the state-259 

dependent multi-sensory activity in aPCX and A1 during training, relative to home-cage activity (n = 7). aPCX–260 

A1 LFP coherence was determined for three conditions: 1) active sampling, 2) disengagement from the task but 261 

while still in the operant chamber (defined as periods with no task activity of  > 30 seconds; animals were mostly 262 

grooming or exploring during this time)  and 3) in the homecage while being exposed to tones generated during 263 

training by another rat. As shown in Fig. 7, while rats were in the operant chamber, either actively engaged in the 264 

task or not engaged, aPCX–A1 coherence was significantly enhanced compared to being in the homecage (state x 265 

frequency repeated measures ANOVA, main effect of state, F(2,132) = 23.37, p < 0.0001; main effect of 266 

frequency, F(10,132) = 3.65, p = 0.0007; post-hoc Tukey tests revealed a significant difference between both 267 

engaged and disengaged rats from homecage rats at the 0–10 Hz and 10–20 Hz frequency bins). 268 

 269 

 270 

 271 

 272 
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 273 
Figure 7 274 

 275 

 In addition to LFP coherence, we examined PLI between the LFP’s recorded in A1 and aPCX in each rat.  276 

As can be seen in Fig. 8, the PLI index (baseline corrected) between A1 and aPCX during Go trials was 277 

significantly elevated in a low frequency band (< 5 Hz) during trials. In most animals, this enhanced PLI began 278 

near tone offset/odor onset (0.5 sec) and extended through water reward (1–1.5 sec post trial onset). In most (5/7) 279 

animals this same pattern was observed during No-Go trials. However, a direct comparison between Go and No-280 

Go trials (Fig. 8 right column) showed rats OT1, OT2 and OT8 had significantly higher PLI during Go trials, 281 

primarily after the sampling period which may be related to reward consumption.   282 

 283 



 

 14 

  284 
 285 

 Figure 8 286 

  287 

We also analyzed A1–aPCX PLI in response to tones presented while the animals were in their homecage 288 

(n = 4). Again, similar to our LFP coherence analyses, the tone-evoked A1–aPCX connectivity increase that 289 

occurred during active training was significantly reduced when the animals were stimulated in their homecage 290 

(Fig. 9). Note, however, that while a consistent pattern is observed across OT7, OT8 and OT10, OT9 does not 291 

show any reduction. 292 
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  293 

 294 
Figure 9 295 

 296 

  297 
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Discussion 298 

 Here, we describe a novel auditory-olfactory associative learning task that requires rats to learn to 299 

associate specific sounds with specific odors. The rats acquire this task relatively well, though show an initial bias 300 

toward odor cues. Within this task, rats demonstrate learning- and context-dependent multisensory processing in 301 

aPCX and A1. In well-trained rats, A1 displayed a robust beta band oscillation in response to both learned tones 302 

and learned odors, as did the aPCX. These multisensory evoked responses were not observed in untrained rats. In 303 

addition to the multisensory evoked responses, functional coupling between aPCX and A1 was enhanced, as 304 

assessed with LFP coherence and phase locking. Importantly, both the evoked responses and the functional 305 

connectivity changes were only expressed while the rats were in the operant chamber, and not expressed when in 306 

their homecage. These results contribute to our understanding of multisensory processing  effects in olfaction. 307 

Recognizing and identifying odors relies on effectively using predictive cues from other senses (e.g. when being 308 

asked to smell milk to check whether it is spoiled, we predict what the milk will smell like prior to odor 309 

sampling)(Zelano, Mohanty, & Gottfried, 2011). Integration of matching non-olfactory and olfactory cues is 310 

assessed in common clinical olfactory assessments (Doty, Shaman, Kimmelman, & Dann, 1984; Hummel, Kobal, 311 

Gudziol, & Mackay-Sim, 2007), and thus understanding the neural processing underlying such behavioral 312 

performance is critical. 313 

In expert animals, both tone and odor stimuli evoked beta oscillations in both A1 and aPCX.  By 314 

definition, these appear to be multisensory evoked responses in classically unimodal cortices. In fact, links 315 

between the auditory and olfactory cortex in rodents have been well described (Zelano, Mohanty, & Gottfried, 316 

2011). Furthermore, beta band oscillations are typically associated with inter-regional communication (Tallon-317 

Baudry et al., 2001; Engel and Fries, 2010) including within the olfactory system (Kay, 2014), and are sensitive to 318 

learning, typically increasing with behavioral improvement (Martin et al., 2004; Martin et al., 2007; Kay, 2014). 319 

However alternative mechanisms of multi-sensory evoked responses in A1 and aPCX are possible. For example, 320 

responses need not be directly driven by sensory afferents to the cortex itself, but rather could reflect changes in 321 

activity due to very indirect or even neuromodulatory circuits. For example, the temporal structure of PCX unit 322 

activity is shaped by locus coeruleus activation, causing unit firing to be more strongly in phase with respiration 323 

(Bouret and Sara, 2002).  Thus, activation of the locus coeruleus, for example by an alerting stimulus like foot 324 

shock, could evoke a change in PCX activity that was not truly a somatosensory evoked response, but rather a 325 

more general response to a change in neuromodulatory tone. 326 

A role for involvement of neuromodulatory inputs in shaping the observed multisensory responses is 327 

further supported by the fact that they were context-dependent. The same auditory stimulus that evoked robust 328 

beta band oscillations in A1 and aPCX while the animal was engaged in the task evoked no such activity when the 329 

animal was in their homecage. The change in context could modify attention or alertness, which can directly 330 

modify sensory-evoked responses in the olfactory (Carlson et al., 2018) and other sensory systems (Fritz et al., 331 

2007; Dykstra et al., 2017; Moore and Zirnsak, 2017). Thus, it is difficult to distinguish between changes in 332 
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context or changes in state as the driver of these effects. Further work is necessary to explore the underlying 333 

mechanisms of these learned and context-dependent multisensory responses. 334 

In addition to the learned multisensory-evoked responses, functional connectivity between A1 and aPCX 335 

was also enhanced in a learning- and context-dependent manner. This effect was apparent using either LFP 336 

coherence over long (100 sec) periods of time while the animal engaged in the task, or in trial-related phase-337 

locking analyses (PLI). Given that the learned change in A1–aPCX functional connectivity was context-338 

dependent suggests that stable synaptic plasticity, such as long-term potentiation, is not a primary mechanism. 339 

Rather, the data suggest a flexibility in multisensory processing, where under specific conditions sensory systems 340 

are more likely to function coherently, while a change in conditions allows them isolate from each other. Similar 341 

context-dependent expression of learned changes in network connectivity have been previously reported within 342 

the olfactory cortex itself (Cohen et al., 2015; Cohen and Wilson, 2017). 343 

While the changes in aPCX and A1 LFP sensory-evoked power were in the beta frequency band, the 344 

changes in functional connectivity were in lower frequencies (< 10Hz). This may suggest that the sensory-evoked 345 

beta band oscillations in aPCX and A1 are not imposed on the two structures by a third beta band driving region, 346 

but rather locally generated. However, enhanced functional connectivity at low frequencies could contribute to 347 

local high frequency activity via cross-frequency coupling in the two regions, though this requires further 348 

investigation (Hyafil, Giraud, Fontolan, & Gutkin, 2015).  The mechanisms of the low frequency PLI coupling 349 

between A1 and aPCX during sampling/reward are not clear. Our LFP coherence measures peaked in a similar 350 

low frequency range but were present both while the animals were actively engaged in the task and when they 351 

specifically were not, and instead were generally grooming or exploring. This would argue that active sniffing (6–352 

9 Hz)(Kepecs et al., 2007; Wesson et al., 2008) may not be not a major generator of A1–PCX connectivity here, 353 

though we did not monitor respiration directly. Furthermore, in humans performing an auditory-word-cued odor-354 

matching task, high auditory-olfactory cortex coupling during the task was not respiration-dependent (Zhou et al., 355 

2019). However, respiration has been shown to be important for linking activity within broad networks beyond 356 

the olfactory system in both humans (Zelano et al., 2016) and rats (Yanovsky et al., 2014; Lockmann et al., 2016; 357 

Moberly et al., 2018; Tort et al., 2018), and this respiration entrainment is important for odor memory and 358 

cognition (Zelano et al., 2016; Arshamian et al., 2018; Nakamura et al., 2018).  359 

Finally, while odor detection and discrimination can be disrupted in a variety of disorders, odor 360 

identification – the linking of an odor sensation with a symbolic label – is generally most vulnerable to pathology 361 

associated with dementia (Murphy, 1999; Devanand et al., 2000) even in early and pre-clinical stages (Calhoun-362 

Haney and Murphy, 2005; Olofsson et al., 2016; East et al., 2018). Similarly, animal models of dementia and 363 

dementia risk factors often show no deficits in odor discrimination (Vloeberghs et al., 2008; Phillips et al., 2011; 364 

Xu et al., 2014), despite impaired odor memory (Wesson et al., 2010) and olfactory system electrophysiological 365 

dysfunction (Wesson et al., 2011; East et al., 2018). More complex animal model tasks, such as the auditory-366 

olfactory associative learning task characterized here, may more closely model multisensory links between 367 

olfaction and language that are so vulnerable in humans.   368 
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Figure Captions 510 

 511 

Figure 1. Experimental design and acquisition performance. A) Rats initiated trials by nose poking a port which 512 

caused B) onset of one of two 500 ms, 90 dB tones. At tone offset, one of two odors were presented through the 513 

port. C) Odors included vanilla and peppermint and the frequency of the tones were 0.1kHz and 1 kHz. Different 514 

tone-odor associations served as the Go-stimulus in different animals, though in all cases successful identification 515 

of the Go stimulus required matching the correct tone with the correct odor. D) Acquisition of correct 516 

performance, divided by error type. Rats relatively quickly learned to reduce odor-based errors, but took longer 517 

to reduce tone-based errors. The horizontal dashed line represents chance performance. Initial decrease in 518 

performance is due to the fact that the task became progressively more difficult during the first 10 days of training 519 

(see methods section).  520 

 521 

Figure 2. A) Location of aPCX electrode. B) Location of A1 electrode. C) Representative pseudocolor 522 

spectrogram (blue = low power, yellow = high power) of stimulus evoked oscillatory responses in A1 and aPCX 523 

during trial initiation in a well-trained rat. IR beam activity for the odor sampling port (Sample) and water 524 

reward port (Water) are shown at bottom aligned with the simultaneously recorded spectrogram.  525 

 526 

Figure 3.  Stimulus evoked LFP activity in Naïve rats (during the initial 2-3 training sessions). LFP activity was 527 

assessed while the animals were actively initiating trials. Activity was quantified 1) during the 500 ms of tone 528 

presentation (tone-evoked), 2) for 250 ms starting at tone offset and odor onset (odor-evoked) and 3) during 500 529 

ms of tone when the animals were in their home cage (passive tone-evoked). FFT analyses in each region to each 530 

stimulus were normalized as a ratio to baseline (disengagement from the task for at least 30 sec).  531 

 532 

Figure 4.  Quantification (Mean  1 SEM) of stimulus-evoked beta and gamma band LFP power in Naïve rats. A) 533 

Responses to Go-tone. B) Responses to Go-odor. Activity was quantified in the same way as in Fig 3. No 534 

significant evoked response was observed to either tone or odor during the task, though tone was associated with 535 

a significant gamma band response in aPCX. C) Responses to tone while rats were in their homecage. Asterisk 536 

signifies significant difference from 1, p < 0.05 (PCX tone-evoked beta, p = 0.044, A1 tone-evoked beta, p = 537 

0.047, PCX odor-evoked beta, p = 0.032). The gamma response in A1 was not significantly different from 1.0..  538 

 539 

Figure 5. Stimulus evoked LFP activity in Expert rats (Mean  1 SEM). Note the robust beta band activation in 540 

both aPCX and A1 in response to both the tone and odor while the animal was performing the task. This beta 541 

band response to the tone was reduced while the animal was in their home cage. No evoked gamma band activity 542 

was observed during training in either A1 or aPCX. FFT’s show power as a percent of baseline in 10 Hz bins 543 

starting at the frequency displayed. 544 
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 545 

Figure 6.  Quantification (Mean  1 SEM) of stimulus-evoked beta band LFP power to tone and odor in A1 and 546 

aPCX of Expert rats during the task and in the homecage. Both Go and No-Go tones and odors evoked significant 547 

beta band activity in the aPCX and A1, suggesting multisensory activation of these cortices. Presentation of the 548 

same tone while the animals were in their homecage, however produced no significant beta band activity.  549 

Asterisks signify significant differences from 1, p < 0.05. 550 

 551 

Figure 7. Spectral coherence between A1 and aPCX is state-dependent in well trained rats (Mean  1 SEM). 552 

Graph shows coherence in 10 Hz bins starting at the frequency displayed. Coherence is enhanced while the 553 

animals are actively engaged in the task and generating trials, and while the animals are in the operant chamber 554 

but not actively engaged in the task for at least 30 sec compared to when the animals are in their homecage while 555 

another animal is in the operant chamber and generating trials. Asterisks signify significant differences from the 556 

homecage condition, p < 0.05. 557 

 558 

Figure 8. PLI analysis for 7 individual rats for Go and No-Go trials, and the difference between trials. The PLI 559 

was baseline corrected ([−0.5, 0] s prior to tone onset). The significance of the increase was tested using a 560 

cluster-based permutation test. The threshold for initial clustering was p = 0.001. Outline regions indicate 561 

statistically significant clusters (p < 0.05). PLI increase difference between Go and No-Go trials. Most animals 562 

showed a significant increase in PLI beginning during the sampling period (sampling occurred 0–0.7 sec) which 563 

extended into the reward period (1–2 sec post trial onset). As shown in the right column, there was no consistent 564 

difference between Go and No-Go trials.  565 

 566 

Figure 9. Tone induced stronger PLI increase while the animals were exposed to tones in the training session 567 

compared to the homecage. Data from animals tested in both conditions are shown as a difference between active 568 

and home-cage conditions. The significance of the increase was tested using a cluster-based permutation test. The 569 

threshold for initial clustering was p = 0.001. Outlined regions indicate statistically significant clusters (p < 570 

0.05). 571 
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