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Abstract 27 

How an odor is perceived is to a large extent dependent on the context in which that odor is (or 28 

has been) experienced. For example, experiencing an odor in mixture with taste during 29 

consumption can instill taste qualities in the percept of that odor (e.g., vanilla—an odor—has a 30 

gustatory quality: sweet). How associative features of odors are encoded in the brain remains 31 

unknown, but previous work suggests an important role for ongoing interactions between 32 

piriform cortex and extra-olfactory systems. Here we tested the hypothesis that piriform cortex 33 

dynamically encodes taste associations of odors. Rats were trained to associate one of two 34 

odors with saccharin; the other odor remained neutral. Before and after training, we tested 35 

preferences for the saccharin-associated odor versus the neutral odor, and recorded spiking 36 

responses from ensembles of neurons in posterior piriform cortex (pPC) to intra-oral delivery of 37 

small drops of the same odor solutions. The results show that animals successfully learned 38 

taste-odor associations. At the neural level, single pPC neuron responses to the saccharin-39 

paired odor were selectively altered following conditioning. Altered response patterns 40 

appeared after 1 second following stimulus delivery, and successfully discriminated between 41 

the two odors. However, firing rate patterns in the late epoch appeared different from firing 42 

rates early in the early epoch (<1 second following stimulus delivery). That is, in different 43 

response epoch, neurons used different codes to represent the difference between the two 44 

odors. The same dynamic coding scheme was observed at the ensemble level. 45 

 46 

Significance Statement 47 

Odors carry important meaning beyond their chemical identity. One particularly salient 48 

example of this are food odors, which play an important role in determining flavor preferences 49 

and food choice behavior. How these extra-olfactory aspects of odor are represented is 50 

unknown. Using extracellular recordings in awake rats in the context of a flavor preference 51 

learning task, we show that learned taste associations of odor stimuli are represented in the 52 

dynamic firing patterns of posterior piriform cortex neurons. The results suggest that 53 

associative odor coding results from ongoing interactions between olfactory and extra-olfactory 54 

systems.   55 
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Introduction 56 

Smell is unique among the senses in that it faces an extraordinary large number of potential 57 

sensory qualities (Bushdid et al., 2014). To meet this challenge, olfactory space is not 58 

represented in fixed, topographically organized maps as in other sensory systems (Rennaker et 59 

al., 2007; Stettler and Axel, 2009). Instead, cortical odor coding is highly plastic and depends to 60 

a large extent on the context in which an individual experiences an odor (Wilson and 61 

Stevenson, 2003; Wilson et al., 2004).  62 

One particularly salient context in which olfaction plays a major role is consumption. 63 

During consumption, odor stimuli are typically experienced in mixture with taste. Behavioral 64 

work has shown that interactions between taste and odor components of flavor are highly 65 

adaptive in informing consumption decisions (Holman, 1975; Sclafani and Ackroff, 1994; 66 

Slotnick et al., 1997; Blankenship et al., 2019; Elliott and Maier, 2020; Maier and Elliott, 2020). 67 

One example of taste-odor interactions during consumption is the formation of taste-odor 68 

associations. Odors experienced in mixture with taste acquire qualities associated with that 69 

taste (Stevenson et al., 1995; Stevenson et al., 1998; Stevenson et al., 2000a; Stevenson et al., 70 

2000b; Stevenson and Boakes, 2004; Yeomans et al., 2006; McQueen et al., 2020). Taste-odor 71 

association learning is robust, rapid, and affects subsequent consumption behavior: odors that 72 

have been experienced in mixture with palatable tastes become attractive. 73 

Recent work aimed at elucidating how taste-odor associations are represented in the 74 

brain has indicated a role for the insular gustatory cortex (GC). Optogenetic inhibition of GC 75 

after rats learned to associate an odor with saccharin (a sweet taste) impaired their ability to 76 

express a preference for that odor (Maier et al., 2015; Blankenship et al., 2019). However, how 77 

GC exerts its effect on neural coding of taste-odor associations is unknown. Taste-odor 78 

associations may reside locally in GC. Alternatively, GC may support taste-odor associations by 79 

modulating sensory processing in olfactory areas. One potential area through which GC may 80 

affect olfactory processing is the piriform (olfactory) cortex—a large cortical surface that 81 

receives bottom-up input from the olfactory bulb representing a vast space of odorant 82 

molecules (Scott et al., 1980; Schwob and Price, 1984; Rennaker et al., 2007; Stettler and Axel, 83 

2009; Miyamichi et al., 2011; Sosulski et al., 2011). Moreover, the piriform cortex is ideally 84 
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situated to interact with extra-olfactory systems (Luskin and Price, 1983; Johnson et al., 2000; 85 

Haberly, 2001; Majak et al., 2004; Sadrian and Wilson, 2015), sculpting odor representations 86 

based on the context an odor is encountered in (Kadohisa and Wilson, 2006; Li et al., 2006; Calu 87 

et al., 2007; Roesch et al., 2007; Li et al., 2008; Barnes et al., 2011; Chen et al., 2011; Chapuis 88 

and Wilson, 2012; Gire et al., 2013; Meissner-Bernard et al., 2019; Wang et al., 2019). 89 

Interactions with extra-olfactory systems are particularly pronounced in the posterior piriform 90 

cortex (pPC) (Johnson et al., 2000; Majak et al., 2004; Zelano et al., 2005; Li et al., 2006; Calu et 91 

al., 2007). Indeed, pPC odor representations have been shown to be affected by experience and 92 

multisensory context (Karunanayaka et al., 2015; Avery et al., 2020). Previous work from our lab 93 

identified GC as a source of extra-olfactory input to pPC, as inactivation of GC affects pPC 94 

responses to taste stimuli, as well as odor stimuli even in the absence of concurrent taste input 95 

(Maier et al., 2015). Together, these findings suggest that encoding of taste-odor associations 96 

may be supported by ongoing interactions between GC and pPC. 97 

Here, we test the hypothesis that taste associations of odor stimuli are represented in 98 

pPC. Specifically, we predict that experience with taste-smell mixtures affects responses of pPC 99 

neurons to intraoral delivery of odor solutions. We further predict that the effect of experience 100 

is reflected in changes in response dynamics, consistent with the idea that odor coding in the 101 

context of consumption depends on ongoing interactions with the taste system. Alternatively, if 102 

taste associations are represented locally in GC, we do not predict any experience-dependent 103 

changes in responsiveness at the level of pPC. Associations may also be represented locally in 104 

pPC, independently of GC. In this case, we expect experience to be reflected in static pPC 105 

response patterns. To test our predictions regarding neural coding of taste-odor associations, 106 

we used extracellular electrophysiology to record spiking activity from ensembles of single pPC 107 

neurons of awake rats while they consumed odor solutions, before and after taste-odor 108 

association learning. We show that taste-odor association learning changes the temporal 109 

dynamics of odor responses, such that initial odor-selective response patterns are transformed 110 

over the course of seconds into a novel representation that distinguishes taste-associated from 111 

taste-naïve odors. These results suggest that pPC dynamically encodes both odor identity and 112 

taste association.   113 
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Methods 114 

Subjects 115 

A total of 30 adult female Long-Evans rats (www.criver.com), weighing between 250 and 300 g 116 

at the time of surgery served as subjects. All rats were individually housed and kept on a 12/12 117 

hour light/dark cycle (ZT0=06:00). Experiments were conducted during the light cycle. All 118 

animal procedures were performed in accordance with the Wake Forest Atrium Baptist Medical 119 

Center animal care committee’s regulations.  120 

Surgery 121 

Animals were injected intraperitoneally with the analgesic meloxicam (10 mg/kg) prior to 122 

surgery. Stereotaxic surgery was performed under intranasally administered isoflurane 123 

anesthesia (2-5%). First, the scalp was treated with lidocaine ointment, an incision was made, 124 

and the skin retracted from the skull. Using a dental drill, a craniotomy was made overlying the 125 

posterior piriform olfactory cortex (uni- or bilateral): 1.4 mm posterior to bregma, 5.2-5.6 mm 126 

lateral to the midline, 6.4-7.4 mm ventral from the surface of the brain (Paxinos and Watson, 127 

1986). Five additional burr holes were made, evenly spread across the skull, for the insertion of 128 

skull screws that provide stability to the implant. Electrodes were then lowered to the piriform 129 

cortex over the course of 30 minutes using a manually-driven stereotaxic arm. Once in place, 130 

the craniotomy was filled with Kwik-Cast (www.wpiinc.com), and the electrode connector and 131 

skull screws were covered in dental acrylic, fixing the electrodes in place. Electrode assemblies 132 

consisted of micro-wire arrays with 6 or 8 electrodes in circular arrangement, or 16 electrodes 133 

in square arrangement. Electrodes were 25 μm diameter stainless steel wires, spaced 100-200 134 

μm apart (www.microprobes.com), or multi-electrode silicon probes (2 shanks of 16 electrode 135 

contacts each, shanks spaced 500 μm apart; electrode contacts spaced 50 μm apart, 136 

www.neuronexus.com model A2x16-10mm-50-500-177-CM32). Intra-oral cannulae (IOC) were 137 

implanted to provide access to the oral cavity (Phillips and Norgren, 1970): Flanged microbore 138 

PE tubing (1.143 mm ID, 1.574 mm OD) was inserted behind the second molar using a 20 G 139 

needle, and guided under the skin overlying the zygomatic arch to exit at the edge of the cranial 140 

implant. Tubing was then attached to a coupler body (www.cpcworldwide.com, #SMF01) that 141 

could interface with a counterpart holding a manifold of fluid delivery tubes. Once in place, the 142 
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coupler was secured to the rest of the implant with dental acrylic. Animals recovered in their 143 

home cage with ad lib access to water and mashed rat chow for 4-5 days after surgery before 144 

the start of the experiment.   145 

Stimuli 146 

Unisensory odor stimuli were exemplars of monomolecular odorants (obtained from 147 

www.sigmaaldrich.com), >98% purity) that have been used in similar behavioral (Blankenship et 148 

al., 2019) and neural recording (Maier, 2017) paradigms in previous studies: methyl valerate 149 

and 2-hexanone in aqueous solution (0.025% volume/volume in distilled water). Saccharin 150 

(0.2%; www.fishersci.com) was used as an unconditioned stimulus during conditioning sessions. 151 

All stimuli were presented intra-orally in order to allow—as much as possible—natural sensory 152 

stimulation dynamics associated with intra-oral evaluation of flavor. There is no empirical 153 

evidence that the odorants used here completely lack gustatory and/or trigeminal qualities. 154 

However, similar concentrations of odor solutions have been shown to be below non-olfactory 155 

behavioral detection thresholds (Slotnick et al., 1997; Gautam and Verhagen, 2012), and are 156 

therefore unlikely to have contributed to the observed responses.  157 

Behavioral procedures 158 

Preference testing: Two-bottle tests were used to assess odor preferences before and after 159 

conditioning. During each preference testing session, animals were given free access to two 160 

odor solutions overnight (18:00 – 08:00). Animals received ad lib access to water in between 161 

two-bottle tests, ensuring that they were never deprived of fluid during preference testing 162 

sessions. Relative position of the odor bottles in the cage was alternated between sessions and 163 

counterbalanced across rats. In one preference test, consumption from one bottle could not be 164 

determined due to spillage (0.8% of all bottles); data from this animal was excluded from 165 

contributing to the behavioral dataset. Conditioning: One-bottle access was used for 166 

conditioning, performed over 4 consecutive days. Each morning (10 AM), animals had access to 167 

10 ml of one of the odors (odor A) in plain water, or the other odor (odor B) in saccharin 168 

solution for 30 minutes. Bottles alternated on an A-B-A-B schedule, and the identity of odors A 169 

and B (methyl valerate or 2-hexanone) was counterbalanced across rats.  170 

Stimulus presentation and recording procedures 171 
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The recording arena consisted of a 29×23×33 cm Plexiglas chamber encased in metal that 172 

served as a Faraday cage. Stimuli were delivered via syringe pumps directly onto the dorsal 173 

surface of the tongue while animals were moving freely around the arena. Syringes containing 174 

stimulus solution were connected to blunted needles fitted with strands of PE tubing (1.143 175 

mm ID, 1.574 mm OD) that fed into the recording arena via an opening in the roof. At the distal 176 

end of each strand of PE tubing, a 5 cm strand of PI microbore tubing (0.0254 mm ID, 0.0270 177 

mm OD) was glued, and all tubes were inserted into the through hole of a coupler body 178 

(www.cpcworldwide.com, #SMF02) and held together with glue. Before experimental sessions, 179 

the collection of PI tubes was fed into the IOC and secured in place by mating the coupler 180 

bodies on the tube manifold and IOC. Once connected, the tips of the PI tubes extended 0.5 181 

mm below the tip of the IOC into the oral cavity. Animals were habituated to the recording 182 

setup and stimulus delivery apparatus prior to recording by presenting drops of water through 183 

IOC in the recording arena. During recording sessions, airborne odorants were cleared by a 184 

continuously running fan mounted in the ceiling of the recording arena. To encourage 185 

consumption of stimuli, animals were deprived of water for 6 hours before recording sessions. 186 

During each recording session, odors A and B, as well as plain water were presented in random 187 

order (10 repetitions of each stimulus). Stimuli were always presented in random order. Intra-188 

oral stimuli were delivered in 30-50 μl aliquots (total duration of delivery <100 ms), with a 189 

random inter-trial interval ranging from 30-45 s, allowing sufficient time for animals to swallow 190 

the fluid and clear their mouth. Each session yielded between 1 and 16 (mean=5.0) single 191 

neurons (0.3 neurons/electrode on average). In a subset of animals, multisensory mixtures of 192 

odors A/B and taste compounds (saccharin and/or sodium chloride), as well as unisensory taste 193 

compounds in isolation, were presented in addition to the stimuli listed above (data not 194 

included in the present paper). During these sessions, both odorants were paired with the same 195 

tastant(s) for 10 trials per mixture. Recording and preference testing sessions were always 196 

performed according to the schedule listed in Figure 2. Given the limited and balanced nature 197 

of mixture exposure during recording sessions, it is unlikely to have impacted the results 198 

reported in the present study. Results from a subset of recordings in response to mixtures have 199 

been reported previously (Idris et al., 2023).   200 
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Electrophysiological recording and data processing 201 

The continuous extracellular signal recorded from each electrode was amplified, digitized and 202 

stored for offline analysis at a sampling rate of 25 kHz using INTAN RHD2000 hardware and 203 

acquisition software (www.intantech.com). Action potentials were extracted, clustered and 204 

sorted using the klusta/phy toolbox to obtain single neuron spike time stamps (Rossant et al., 205 

2016). For silicon probe recordings, spikes were clustered taking into account the possibility 206 

that the same action potentials could be recorded by up to three neighboring channels. Spike 207 

time stamps were then binned at 1 ms resolution and aligned to stimulus delivery before 208 

further analysis. Only action potentials that exceeded 3.5 standard deviation units of the high-209 

pass filtered (400 Hz) voltage signal were included in the clustering analysis, and only clusters 210 

that contained less than 2% of action potentials occurring at an inter-spike interval of 2 ms or 211 

less were included in the dataset (Gadziola et al., 2015). 212 

Data analysis 213 

Offline analyses were performed using Matlab (www.mathworks.com). For time-averaged 214 

analysis, responses were averaged over the following time windows relative to stimulus 215 

delivery: −2000-0 ms (baseline period), 0-2500 ms (total stimulus period), 0-1250 ms (early 216 

stimulus period), 1250-2500 ms (late stimulus period). For time-resolved analysis, responses 217 

were averaged in a sliding window over time (window size: 500 ms; step size: 50 ms). Cohen’s d 218 

was calculated to provide a continuous measure of effect size (discriminability) for each 219 

neuron: Cohen’s d=(meanA−meanB)/stdpooled, where stdpooled=([stdA
2+stdB

2])/2.  220 

To make the connection between firing rates of individual neurons and the amount of 221 

information present in the collective responses of ensembles of neurons, we performed single-222 

trial ensemble decoding analysis (Quiroga et al., 2007; Bolding and Franks, 2017). Specifically, 223 

we asked how well odors A and B could be discriminated based on the firing rates of all 224 

simultaneously-recorded single neurons during a given session. For each temporal analysis 225 

window (i.e., baseline, stimulus, sliding window over time), we first computed single-trial 226 

ensemble response vectors, consisting of the time-averaged response in that window for each 227 

simultaneously-recorded neuron. Each single-trial ensemble response vector was then 228 

compared to two templates (A and B), consisting of the ensemble response vectors averaged 229 
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across all odor A and odor B trials (excluding the trial to be decoded). Similarity of each trial to 230 

both templates was then quantified by calculating the Euclidean distance. Decoding accuracy 231 

was defined as the percentage of trials that showed greater similarity with the correct template 232 

(i.e., an ensemble response on an odor A trial showing higher similarity with the odor A 233 

template than with the odor B template, and vice versa).  234 

Histology 235 

Electrodes were labeled with a drop of Vybrant® DiI cell-labeling solution 236 

(www.thermofisher.com), applied with a needle tip before implantation, allowing post mortem 237 

reconstruction of the implant location. In order to do so, rats were perfused trans-cardially with 238 

saline and 10% formalin, their brains extracted and placed in 30% sucrose for 3-5 days. Brains 239 

were then frozen; coronal sections were cut around the implant location using a sliding 240 

microtome, mounted on glass slides in DAPI Fluoromount-G medium 241 

(www.southernbiotech.com) and a cover-slip was applied. Epifluorescence microscopy was 242 

used to visualize DiI and DAPI. Figure 1 shows histological reconstruction of electrode 243 

placement in pPC for two representative animals. 244 

Statistics 245 

Statistical tests involved comparing distributions of quantities (preference, firing rate, effect 246 

size, decoding accuracy) over animals, trials, neurons or sessions These distributions followed 247 

approximately normal distributions. Repeated measures (i.e., preference pre and post 248 

conditioning, activity during stimulus and baseline periods) were compared using a paired 249 

samples t-test. Other comparisons were performed using an independent samples t-test. 250 

Similarly, factors in analysis of variance (ANOVA) were treated as within- or between-subjects 251 

as applicable. Frequency of occurrence was compared between conditions using non-252 

parametric sign-test or chi-square test. All tests were two-tailed with α=0.05.  253 
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Results 254 

Behavioral assessment of taste-odor association learning 255 

The present study aimed to elucidate the neural representation of taste-odor associations. In 256 

particular, we tested the hypothesis that taste associations of odors are encoded in the activity 257 

of pPC neurons via ongoing top-down modulations. Odor-taste association learning was 258 

established and assessed using a two-bottle consumption task in which we measured relative 259 

preference for a test odor B versus a control odor A, before and after animals learned to 260 

associate odor B with 0.2% saccharin (a palatable sweet taste). An outline of the experimental 261 

protocol is shown in Figure 2A. Figure 2B shows preferences for odor B (relative to odor A) 262 

before and after conditioning. After conditioning, a significant majority of animals (23 out of 29, 263 

79%, sign test: p<0.01) increased their preference for the saccharin-paired odor (Figure 2C; t-264 

test comparing preferences before and after conditioning: t28=2.94, p<0.01). Thus, our training 265 

procedure was effective in conditioning a preference for the saccharin-paired odor relative to 266 

the control odor, consistent with previous work (Holman, 1975; Maier et al., 2015; Blankenship 267 

et al., 2019; Christensen et al., 2022).  268 

Responsiveness of single pPC neurons to odor solutions 269 

To investigate how neurons in pPC may encode taste-odor associations, we recorded responses 270 

from small ensembles of single pPC neurons to intra-oral delivery of odor A and B solutions 271 

before and after preference learning. Stimuli were presented intra-orally to allow—as much as 272 

possible—the natural dynamics of sensory stimulation that occurs during oral evaluation of 273 

flavor, including retronasal odorant delivery, concurrent somatosensory stimulation and 274 

orofacial behaviors associated with consumption. A total of 299 single neurons were isolated 275 

across the two recording sessions per animal (n=152 and 147 neurons before and after 276 

conditioning, respectively). Figure 3 shows examples of single pPC neuron responses, 277 

highlighting the main patterns observed across the population. The neurons in panels A-B were 278 

recorded before conditioning; the neurons in panels C-D were recorded after conditioning. 279 

Responses were often odor-selective (e.g., Figure 3A, C-D, where responses differed between 280 

odors A and B as determined by independent samples t-test comparing average responses in 281 

stimulus period [2.5 s window immediately following stimulus onset]); responses typically 282 
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exhibited sustained responses across the stimulus period; and could be excited (Figure 3A, C) or 283 

inhibited (Figure 3B) relative to baseline (as determined by paired samples t-test comparing 284 

average responses in the stimulus period versus baseline [2.5 seconds immediately preceding 285 

stimulus onset]). Some responses appeared to exhibit complex dynamics. For example, the 286 

response to odor B for the neuron shown in Figure 3D switched from being inhibited early in 287 

the response to being excited later in the response. In order to determine how pPC neurons 288 

may represent information about the odor stimuli, we first quantified the number of neurons 289 

that respond to each odor. Given the variable and protracted response dynamics observed in 290 

individual neuron response profiles (see Figure 3), we performed a sliding window analysis, 291 

comparing responses in overlapping 500 ms bins to baseline using a paired samples t-test. 292 

Figure 4A-B shows the number of neurons that responded significantly to odors A and B as a 293 

function of time following stimulus delivery. Overall, each odor evoked sparse responses in pPC 294 

(up to 20% of total neurons at any point in time during the stimulus period), in line with 295 

previous work using orthonasal as well as retronasal odorants. The number of neurons did not 296 

differ between odors, or between pre and post conditioning (Χ2 test: p>0.05 for all time 297 

windows).  298 

Dynamics of odor-selectivity in single pPC neurons changes after conditioning 299 

The example responses shown in Figure 3 demonstrate that single pPC neuron responses can 300 

respond to multiple odors in a more or less selective manner. This pattern is generally in line 301 

with previous work using orthonasal odorants showing that different odors elicit responses in 302 

partly overlapping ensembles of piriform cortex neurons. To determine how well individual 303 

neurons distinguish between odors A and B, we analyzed neurons that exhibited significant 304 

overall responsiveness, defined as a significant response to odor (pooled across odors A and B) 305 

in the stimulus period versus baseline (n=36 neurons before and after conditioning). Cohen’s d 306 

was used as a continuous measure of discriminability. We calculated discriminability in two 307 

time windows (0-1250 and 1250-2500 ms following stimulus delivery). Figure 5A shows average 308 

discriminability before and after conditioning during the early and late time windows, as well as 309 

during the baseline period. Two-way ANOVA on the magnitude of discriminability (i.e., the 310 

absolute value of Cohen’s d) with factors Window (early, late) and Epoch (pre, post) revealed a 311 
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significant Window × Epoch interaction (F1,279=4.48, p<0.05). Post-hoc comparisons (Bonferroni 312 

corrected) indicated that discriminability was significantly increased during the early portion of 313 

the response relative to baseline, and that during the late portion of the response, 314 

discriminability was significantly higher post versus pre conditioning. The increase in 315 

discriminability late in the response observed after conditioning could be the result of two 316 

scenarios. First, individual neurons could sustain their activity patterns established early in 317 

response (e.g., the neuron shown in Figure 3C that prefers odor B over A during both the early 318 

and late portion of the response). Alternatively, activity patterns could differ between the early 319 

and late portion of the response (e.g., the neuron shown in Figure 3D that is non-selectively 320 

early in the response, followed by an increase in firing rate in response to odor B over A later in 321 

the response). In the first scenario, raw Cohen’s d values obtained from the two response 322 

windows would be highly correlated. That is, the early and late portions of the response should 323 

exhibit similar odor selectivity. In the second scenario, raw Cohen’s d values obtained from the 324 

two response windows may be unrelated or even anti-correlated. Figure 5B shows raw Cohen’s 325 

d values obtained from the two response windows for all stimulus responsive neurons recorded 326 

pre and post conditioning. Pre conditioning, odor discriminability is highly correlated between 327 

the two response windows (r=0.68, p<0.001), suggesting that odor selectivity established early 328 

in the response is to some extent sustained during the late portion of the response. Post 329 

conditioning, correlation between the two response windows is significantly reduced (F-test 330 

comparing correlations obtained pre and post conditioning: z=1.78, p<0.05), despite the fact 331 

that discriminability is significant in the late portion of the response, and is—if anything—332 

increased relative to the early portion of the response. This pattern of results is consistent with 333 

the second scenario, in which odor-evoked responses undergo pronounced qualitative changes 334 

over the course of the response post conditioning. Thus, odor-taste conditioning is associated 335 

with changes in the pattern of responses during the late epoch, such that odor discriminability 336 

is increased. 337 

Odor information is present in single trial pPC ensemble responses 338 

The analyses described above assessed responsiveness and discriminability of odors A and B at 339 

the level of single pPC neurons that were selected based on arbitrary response properties (i.e., 340 
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significant responsiveness versus baseline). However, across the population of animals, few 341 

neurons exhibited significant responses, and the analysis presented above thus only takes into 342 

account a small sample of the total recorded neural activity. Next, we applied a more inclusive 343 

analysis, using all simultaneously recorded neural activity during individual sessions to 344 

determine whether odor identity could be decoded from the complete ensemble response on a 345 

single-trial basis. This analysis takes into account subtle variations in responses across 346 

conditions, and trials within conditions—variability that is lost in the single-neuron-based 347 

analyses presented above—and thus more closely mimics real-world conditions where animals 348 

need to identify an odor during a single encounter using the entire population of pPC 349 

responses. For each odor, we calculated an ensemble response profile consisting of a vector of 350 

firing rates (one for each simultaneously-recorded neuron, averaged across the stimulus 351 

period). Discriminability of odors A and B was calculated by comparing the distance between 352 

each single-trial ensemble response profile and each of two trial-averaged ensemble response 353 

templates (one for odor A; one for odor B). A trial was classified correctly if the distance 354 

between the trial and the matching template was smallest (i.e., when the distance between an 355 

odor A trial and the odor A template was smaller than the distance between the odor A trial 356 

and the odor B template, and vice versa). Figure 6A shows the average decoding performance 357 

over all sessions that featured at least 2 simultaneously recorded neurons (n=20 sessions both 358 

pre and post conditioning; mean number of neurons per ensemble [pre/post]: 6.3/6.7; range: 2-359 

16/2-12). Overall, the pattern of results is consistent with the one obtained from single neurons 360 

(see Figure 5A): Early in the response, ensembles recorded both pre and post conditioning 361 

performed above chance. However, whereas decoding performance pre conditioning dropped 362 

during the late portion of the response, performance post conditioning remained high. This 363 

pattern was confirmed by ANOVA, revealing a Window × Epoch interaction (F1,37=5.79, p<0.05). 364 

Next, we examined more closely the firing rate patterns on which decoding performance is 365 

based. Figure 6Bi shows decoding performance obtained from an example ensemble of 10 366 

simultaneously recorded neurons post conditioning in a sliding window over time. The 367 

dynamics of the binned ensemble response during the stimulus period is shown in Figure 6Bii. 368 

Even though decoding performance was mostly above chance during the entire stimulus 369 
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period, response patterns underwent profound changes over the course of the response, such 370 

that neurons preferring odor A early in the response switch to preferring odor B later in the 371 

response, and vice versa. Such changes in selectivity are consistent with the results from the 372 

single neuron analysis presented above (see Figure 5B), suggesting that odor representations 373 

change over the course of the response. To directly test whether this is true at the ensemble 374 

level, we compared single-trial ensemble responses to the same odor between two time 375 

windows (one early in the response; one late in the response). In other words, we asked the 376 

question: How well can we decode odor identity from late epoch ensemble responses using 377 

templates obtained from the early epoch? Figure 6C shows the result of this analysis. Ensemble 378 

responses to odor B during early and late epochs were easily distinguished, indicating that 379 

responses to odor B differed between epochs. In contrast, ensemble responses to odor A were 380 

more similar between epochs (t-test comparing discriminability of early and late epoch 381 

responses between odors A and B: t12=2.46, p<0.05). No differences were found in between-382 

epoch discriminability of responses to the same odors pre conditioning—a pattern that differed 383 

significantly from the one observed post conditioning (t-test comparing the difference in 384 

discriminability between odors A and B pre versus post conditioning: t19=2.60, p<0.05). 385 

Together, results from the decoding analysis demonstrate that odor identity can be read out 386 

early in the response using relatively small ensembles of pPC neurons, regardless of 387 

conditioning. Conditioning further enhances discriminability between conditioned and 388 

unconditioned odors in a manner that is selective to the late response epoch, and is 389 

characterized by a unique ensemble response code.  390 

Ensemble decoding accuracy does not depend on palatability 391 

The results presented above indicate that taste-odor association learning increases 392 

discriminability between the representations of odors A and B in the late portion of pPC 393 

ensemble responses. However, it is unclear what aspect of odors is reflected exactly in the 394 

response of pPC neurons. One possibility is that the late response epoch reflects odor 395 

palatability.  Our behavioral results (Figure 2) show that the palatability of the saccharin-396 

associated odor increases after conditioning, and this increase in palatability could therefore be 397 

driving changes in pPC ensemble response patterns. To directly test for this possibility, we 398 
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performed linear regression of ensemble discriminability during the late epoch on preference 399 

for odor B (Figure 7A). This analysis yielded no significant effect of preference on odor 400 

discriminability (F=1.46, p=0.24). Regression using pre versus post conditioning as a predictor 401 

(Figure 7B) confirmed that discriminability increased following association learning (F=5.70, 402 

p<0.05). Thus, these findings suggest that ensemble discriminability cannot be explained by 403 

odor palatability, but instead reflects other aspects of odor perception.  404 
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Discussion 405 

Our results demonstrate that taste-odor association learning changes responses of pPC neurons 406 

to odor solutions. Association-related changes in responsiveness appeared as changes in the 407 

dynamics of stimulus-evoked responses, leading to enhanced discriminability between 408 

representations of taste-associated and non-taste-associated odors. Learning-related activity 409 

patterns were selective to the late portion of the response, and qualitatively different from the 410 

patterns observed during the early portion of the response. We speculate that during oral 411 

evaluation of odor stimuli, association-related representations are generated by ongoing 412 

interactions with the taste system and can be read-out by downstream brain areas 413 

independently of chemical identity representations. 414 

Experience-dependent coding of olfactory information is supported by the organization 415 

of the primary olfactory (piriform) cortex. Information about odorant identity is relayed from 416 

olfactory sensory neurons to the piriform cortex via the olfactory bulb, and is represented in 417 

unique but partly overlapping ensembles of neurons that are distributed throughout the 418 

piriform cortex without apparent spatial organization (Scott et al., 1980; Schwob and Price, 419 

1984; Rennaker et al., 2007; Stettler and Axel, 2009; Miyamichi et al., 2011; Sosulski et al., 420 

2011). Besides bottom-up sensory input from the olfactory bulb, piriform cortex also receives 421 

inputs from various extra-olfactory systems (Luskin and Price, 1983; Johnson et al., 2000; 422 

Haberly, 2001; Majak et al., 2004; Sadrian and Wilson, 2015). Our findings are generally in line 423 

with previous work demonstrating that experience can shape cortical odor representations 424 

(Kadohisa and Wilson, 2006; Li et al., 2006; Calu et al., 2007; Roesch et al., 2007; Li et al., 2008; 425 

Barnes et al., 2011; Chen et al., 2011; Chapuis and Wilson, 2012; Gire et al., 2013; Meissner-426 

Bernard et al., 2019; Wang et al., 2019), and shed new light on the mechanisms underlying 427 

context-dependent cortical olfactory coding. One possible way of encoding experience is 428 

through plasticity in the local cortical circuit. In this scenario, experience affects how bottom-up 429 

inputs from the bulb are processed by the local cortical circuit, resulting in a static 430 

rearrangement of odor relationships. For example, Chapuis et al. (Chapuis and Wilson, 2012) 431 

showed that cortical representations of the components of an odor mixture may become more 432 

or less similar to each other, depending on whether rats were rewarded to respond to the 433 



 

17 
 

mixture in a configural or elemental manner, respectively. In addition to experience-dependent 434 

changes in the local representation of bottom-up input patterns, some studies have suggested 435 

that piriform cortex may explicitly encode associative features of odor stimuli independently of 436 

chemical identity (Calu et al., 2007; Roesch et al., 2007; Gire et al., 2013; Meissner-Bernard et 437 

al., 2019; Wang et al., 2019). Conversely, others have suggested that explicit encoding of 438 

associative features occurs elsewhere in the brain (Millman and Murthy, 2020; Wang et al., 439 

2020).  440 

The present findings suggest that pPC neurons explicitly encode taste associations of 441 

odors in the temporal dynamics of their response, uncovering new insight into the mechanisms 442 

underlying context-dependent cortical odor coding. Experience-dependent changes did not 443 

appear as static changes in odor representations. That is, changes were not uniform across the 444 

response period. Instead, experience-dependent changes were confined to the late portion of 445 

the response. Changes in response dynamics following conditioning did not simply sustain the 446 

representation observed during the early portion of the response, but led to the emergence of 447 

a new representation. Taken together, these findings suggests that pPC neurons multiplex 448 

information using a dynamic coding scheme, where different aspects of an odor stimulus are 449 

represented during different epochs over the course of the response. With respect to the early 450 

response period (initial 1 s following stimulus delivery), we speculate—in line with previous 451 

work on piriform cortical odor coding—that activity patterns reflect bottom-up input from the 452 

olfactory bulb containing information about odor identity (Rennaker et al., 2007; Poo and 453 

Isaacson, 2009; Stettler and Axel, 2009; Bolding and Franks, 2017). With respect odor 454 

information that appeared selectively after conditioning during the late response period (after 455 

1 second following stimulus deliver), activity patterns may encode taste associations of odors; 456 

alternatively, they may reflect hedonic value of odors. The former interpretation is consistent 457 

with the proposed role for piriform cortex in stimulus identity processing, and pPC neurons may 458 

dynamically represent chemical odor identity and associated taste identity. Indeed, behavioral 459 

work in humans suggests that taste associations of odors can be taste-specific (Stevenson et al., 460 

1995; Stevenson et al., 1998; Stevenson et al., 2000a; Stevenson et al., 2000b; Stevenson and 461 

Boakes, 2004; Yeomans et al., 2006). Moreover, we did not find any evidence that the late 462 
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portion of the pPC response reflects odor palatability. Future work in which animals learn to 463 

associate different odors with different tastes that vary in quality and hedonic value will more 464 

explicitly characterize the nature of information encoded in the different response epochs. 465 

Few studies to date have explicitly considered the temporal dynamics of cortical odor 466 

responses and their relation to associative coding. One notable exception is a study by Gire et 467 

al. (Gire et al., 2013), who recorded from neurons in the posterior piriform cortex of rats to 468 

rewarded and unrewarded odors. They considered the contribution of activity patterns at two 469 

temporal scales: inhalation-locked and non-inhalation-locked. Whereas information about 470 

chemical identity was present in fast, inhalation-locked responses that are thought to reflect 471 

processing of bottom-up inputs by local piriform cortical circuits (Bolding and Franks, 2018), 472 

information about reward value was present in slower activity patterns that were not locked to 473 

respiration. The slow dynamics of experience-dependent activity pattern observed in the 474 

present study and by Gire et al. suggest that they are conveyed to pPC by top-down inputs. 475 

Together, findings from both studies support a model in which associative odor coding emerges 476 

dynamically through ongoing interactions with extra-olfactory systems. More broadly, a 477 

dynamic model of odor coding in pPC is in line with previous observations of response dynamics 478 

at time scales beyond the sniff cycle (Rennaker et al., 2007; Wang et al., 2019). 479 

Dynamic multiplexing of sensory and associative information at timescales similar to the 480 

ones observed in the present study has previously been observed in other brain regions that 481 

process consumption-related sensory cues. For example, activity patterns in the insular 482 

gustatory cortex reflect taste identity during the initial second following intra-oral taste 483 

delivery; followed by activity patterns that reflect hedonic value of the taste stimulus, 484 

independent of stimulus identity (Katz et al., 2001; Sadacca et al., 2012). Moreover, EMG 485 

recordings of orofacial movements in response to intra-oral taste solutions demonstrate that 486 

changes in GC neuron response patterns precede the expression of palatability-related 487 

behavioral responses, suggesting a causal role for response dynamics in controlling behavior (Li 488 

et al., 2016; Mukherjee et al., 2019). These response dynamics arise from ongoing interactions 489 

with the basolateral amygdala (Fontanini et al., 2009; Piette et al., 2012; Lin et al., 2021). In the 490 

present study, we did not measure behavioral responses on a trial-by-trial basis, but the 491 
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temporal scale of the observed dynamics is broadly consistent with a role in oral evaluation of 492 

sensory stimuli. Future work measuring orofacial movements (e.g., mouth movements, sniffing) 493 

in real time will determine the temporal relation between behavioral and neural response 494 

patterns. 495 

The effects of conditioning observed in the present study constitute relatively subtle 496 

changes in neural response patterns. Odor responsiveness in individual neurons was overall 497 

sparse, and conditioning did not result in significant changes in responsiveness of individual 498 

neurons (i.e., we did not observe an increase or decrease in the number of neurons that 499 

responded significantly to odor stimuli). The lack of sensitivity in single neuron analysis may be 500 

due to a high degree of response variability. One factor that likely contributed to response 501 

variability across trials is the protracted nature of the response. Responses of single pPC 502 

neurons unfolded over seconds following stimulus delivery and are poorly locked to stimulus 503 

onset. Another source of variability is that neural activity appeared to change in a heterogenous 504 

manner, with some neurons increasing and others decreasing their activity levels in a dynamic 505 

manner. These issues underscore the value of ensemble analysis that takes into account 506 

correlated, heterogeneous changes in neural activity across multiple neurons on a single trial 507 

basis. Indeed, our ensemble decoding analysis was able to significantly discriminate between 508 

odor representations using responses from relatively small ensembles of pPC neurons.  509 

The changes in pPC responsiveness following taste association learning observed here 510 

are reminiscent of the changes in pPC responses to odor solutions when presented in mixture 511 

with taste compounds. We recently demonstrated that taste and odor components of mixtures 512 

interact to change responses of pPC neurons in real time (Idris et al., 2023). Multisensory 513 

modulations observed in that study resembled the experience-dependent modulations 514 

observed here in that they were mostly subtle at the single neuron level, heterogenous in 515 

nature, and led to greater discriminability of odor representations at the ensemble level. Also in 516 

line with the present findings, increased discriminability resulting from real-time multisensory 517 

modulation was not observed until later in the response, following an initial unisensory odor-518 

selective phase. The fact that we recorded from separate populations of neurons before and 519 

after conditioning precludes a direct comparisons between real-time and experience-driven 520 
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pPC response modulation, future work aimed at tracking the activity of single neurons across 521 

conditioning will determine whether real-time interactions between taste and smell 522 

components of mixture are predictive of experience-dependent modulations.  523 

Regarding potential extra-olfactory sources relaying associative input about taste, 524 

previous work has identified GC as a candidate region, as inactivation of GC prohibited the 525 

expression of preferences for sweet taste-associated odors (Maier et al., 2015; Blankenship et 526 

al., 2019). Based on previous findings, the influence of GC on olfactory processing appears to be 527 

specific to the context of consumption. Intra-oral delivery of odors in solution creates a unique 528 

context that has been shown to play a key role in mediating taste-odor association learning. 529 

Blankenship et al. (Blankenship et al., 2019) demonstrated that animals more readily learn 530 

preferences for sweet taste-associated odor when odors were presented intra-orally versus 531 

ortho-nasally, and that inactivating GC selectively affected the expression of preferences for 532 

intra-orally presented sweet taste-associated odors. Further evidence for unique processing of 533 

consumption-related odor signals comes from human imaging work, showing increased BOLD 534 

signal in GC in response to food odors versus non-food odors (Veldhuizen et al., 2010). 535 

Although it remains unclear whether the response patterns observed in the present study are 536 

unique to the context of consumption, pPC neurons have been shown to be sensitive to oral 537 

context: responses to the same odorant presented intra-orally and ortho-nasally can differ 538 

substantially (Maier, 2017). Together, these findings suggest that oral context may play a key 539 

role in generating the response patterns observed in the present study.  540 



 

21 
 

Figure Captions 541 

Figure 1. Histological reconstruction of recording sites. A. Schematic from a rat brain atlas 542 

(Paxinos and Watson, 1986) indicating the general region of the posterior piriform cortex layers 543 

I, II and III in a coronal view (1.4 mm posterior to bregma). B-C. Coronal sections taken from two 544 

rat brains showing DAPI (blue) and DiI (pink) staining of nuclei and electrode tracts, 545 

respectively. Scalebar indicates 0.75 mm. Electrode tips are indicated by arrowheads. Animal in 546 

B was implanted with a microwire array; animal in C with a silicon probe. 547 

Figure 2. Odor-taste association paradigm. A. Sequence of procedures in the experimental 548 

paradigm. B. Preferences for the saccharin-paired odor (odor B) obtained before and after 549 

conditioning for each animal (gray lines). Averages (±SEM) over animals (n=29) are shown in 550 

color. C. Change in preference (post–pre conditioning), averaged (±SEM) over animals. 551 

Figure 3. Responses to intra-oral odor solutions recorded from exemplar pPC neurons. A-D. 552 

Top panels show 100 randomly selected waveforms (grey) in the single neuron cluster; middle 553 

panels are spike raster plots showing all action potentials for all trials aligned on stimulus 554 

delivery (t=0); and bottom panels show average firing rate (±SEM) over trials in response to 555 

odors A and B. Rate plots are calculated using a 500 ms sliding window to illustrate the 556 

temporal profile of responses, but lack the temporal resolution of raster plots due to the size of 557 

the smoothing window. Neurons in A and B were recorded before conditioning; neurons in C 558 

and D after conditioning. Dashed lines indicate offset of “early” and “late” response epochs. 559 

Figure 4. Odor responsiveness in the population of pPC neurons. A-B. Proportion of pPC 560 

neurons exhibiting a significant response relative to baseline, before (A) and after (B) 561 

conditioning. Responsiveness was calculated using a 500 ms sliding window. Dashed lines 562 

indicate offset of “early” and “late” response epochs. No significant differences in 563 

responsiveness were observed (Χ2 test comparing proportions between groups). 564 

Figure 5. Discriminability between odors A and B at the single neuron level. A. Effect size 565 

(Cohen’s d) of the difference in the response to odors A and B, averaged (±SEM) over all 566 

neurons recorded before and after conditioning (n=152 and 147, respectively), during baseline, 567 

and early and late stimulus response epochs. B. Cohen’s d obtained from the early and late 568 
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response epochs for all odor-responsive neuron (n=36 before and after conditioning). Letters 569 

correspond to the example responses in Figure 3.  570 

Figure 6. Single-trial decoding of odor identity from ensemble responses. A. Discriminability 571 

between odors A and B, averaged (±SEM) over all sessions with n>1 neurons before and after 572 

conditioning (n=20), during baseline, and early and late stimulus response epochs. Bi. 573 

Discriminability as a function of time for an example ensemble recorded after conditioning 574 

(n=10 neurons). Stimulus period (2500 ms following stimulus onset) is highlighted. Bii. Firing 575 

rate patterns for all neurons in the example ensemble shown in Bi. Responses are shown in a 576 

series of sliding windows (500 ms window size, 100 ms step size). C. Discriminability of 577 

ensemble responses to the same odor in different response epochs. *t-test: p<0.05. 578 

Figure 7. Relation between ensemble decoding accuracy and odor palatability. A. Ensemble 579 

discriminability between odors A and B during the late response epoch as a function of relative 580 

preference for odor B for each animal (n=19). No significant relation was detected by linear 581 

regression. B. Ensemble discriminability between odors A and B during the late response epoch 582 

before and after conditioning for each animal (n=19). *Regression: p<0.05.  583 
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