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Abstract

Psychedelics are known to induce profound perceptual distortions, yet the neural mechanisms 

underlying these effects, particularly within the auditory system, remain poorly understood. In this 

study, we investigated the effects of the psychedelic compound 2,5-dimethoxy-4-iodoamphetamine 

(DOI), a serotonin 2A receptor agonist, on the activity of neurons in the auditory cortex of 

awake mice. We examined whether DOI administration alters sound-frequency tuning, variability 

in neural responses, and deviance detection (a neural process reflecting the balance between top-

down and bottom-up processing). Our results show that whereas DOI does not alter the frequency 

selectivity of auditory cortical neurons in a consistent manner, it increases trial-by-trial variability 

in responses and consistently diminishes the neural distinction between expected (standard) and 

unexpected (oddball) stimuli. This reduction in deviance detection was primarily driven by a 

decrease in the response to oddball sounds, suggesting that DOI dampens the auditory cortex’s 

sensitivity to unexpected events. These findings provide insights into how psychedelics disrupt 

sensory processing and shed light on the neural mechanisms underlying the altered perception of 

auditory stimuli observed in the psychedelic state.

INTRODUCTION

Psychedelics, a subclass of hallucinogenic psychoactive compounds, have long fascinated 

humanity by offering profound and often transformative experiences that alter perception, 

cognition, and mood (1, 2). Additionally, there has been a recent resurgence in the use 

of psychedelics as therapeutic agents for the treatment of conditions such as depression, 

anxiety, and trauma-related disorders (3, 4). These factors underscore the importance of 

understanding the neural mechanisms underlying the perceptual changes induced by these 

substances.
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Serotonergic psychedelics primarily exert their effects through the serotonin 2A (5-HT2A) 

receptor (5), leading to various perceptual distortions across sensory systems. With 

classical psychedelics, such as lysergic acid diethylamide (LSD) and psilocybin, perceptual 

distortions are dominated by visual phenomena, such as vividly colored, constantly changing 

geometric figures that can evolve into complex images and scenes at medium to high doses. 

True hallucinations, defined as perceptions that feel real despite the absence of external 

stimuli, are less common than perceptual distortions but can occur at higher doses. Although 

effects in auditory perception during the psychedelic state are generally reported to be less 

dominant than their visual counterparts, psychedelics can produce strong distortions in the 

passing of time and in the perception of sounds (6–8), suggesting direct effects on the 

auditory system.

Studies using human subjects provide invaluable information about the psychological effects 

of different classes of psychoactive compounds, yet a detailed understanding of the neural 

mechanisms underlying perceptual distortions requires the level of experimental access that 

animal models provide. Studies in animals have provided key insights into the molecular 

mechanisms of action of psychedelics (9); however, our understanding of how psychedelics 

influence neuronal activity in the auditory system to produce these perceptual distortions 

remains limited. Several processes have been proposed for the distortions observed during 

the psychedelic state, including disruption of thalamocortical connectivity, altered cortical 

network dynamics, and impacts on the default-mode network (10–12). A prevailing 

theory, compatible with the aforementioned mechanisms, suggests that psychedelics induce 

perceptual changes by altering the balance between top-down and bottom-up processing in 

the brain. For instance, researchers have proposed that psychedelics result in a relaxation of 

top-down control, leading to enhanced bottom-up sensory processing and novel perceptual 

experiences (13).

Here, we use systemic administration of the psychedelic 2,5-dimethoxy-4-iodoamphetamine 

(DOI) to evaluate the effects of the psychedelic state on the representation of sounds by 

auditory cortical neurons. We first test whether DOI affects the overall activity and/or 

selectivity to sound frequency of auditory cortical neurons. We then characterize the effects 

of DOI on a neural phenomenon that depends on the balance between bottom-up and top-

down processes, namely that of deviance detection (14). Our findings reveal that although 

DOI administration results in no net effect in frequency tuning across the population 

of auditory cortical neurons, it consistently diminishes the response difference between 

expected and unexpected stimuli in most of these neurons.

MATERIALS AND METHODS

Animals

Four adult C57BL/6J mice (JAX 000664, RRID:IMSR_ JAX:000664), two male and two 

female, were used for electrophysiological recordings. At the time of the recordings, three 

mice were 20 wk old and one mouse was 28 wk old. Two additional male mice of the same 

strain (19 wk old) were used to evaluate head-twitch responses under DOI. All procedures 

followed the National Institutes of Health animal care standards and were approved by the 

University of Oregon Animal Care and Use Committee.
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Sound Presentation

Experiments were performed inside a single-walled sound-isolation box (IAC Acoustics, 

North Aurora, IL). Auditory stimuli were presented in an open-field configuration from 

a speaker (MF1; Tucker-Davis Technologies, Alachua, FL) contralateral to the side of 

electrophysiological recordings. Speakers were calibrated with an ultrasonic microphone 

(ANL-940–1; Med Associates, Inc., Fairfax, VT) to obtain the desired sound intensity 

level for frequencies between 1 kHz and 40 kHz. Stimuli were generated with Python 

software developed in-house (https://taskontrol.readthedocs.io/). During sound presentation, 

mice were awake and head fixed on top of a freely moving wheel, leaving them free to move 

their limbs while their heads remained stationary.

Three different ensembles of stimuli were used in our experiments: one for evaluating 

frequency tuning and two different ensembles for evaluating deviance detection. To 

evaluate frequency tuning, we used pure-tone pips (100-ms duration) at 16 frequencies 

logarithmically spaced between 2 kHz and 40 kHz at 70 dB SPL (with a 2-ms amplitude 

ramp up and ramp down) presented in random order. A session consisted of at least 20 

repetitions per frequency with interstimulus intervals randomized in the range 1–1.4 s. For 

the first type of oddball paradigm, we used chords composed of 12 simultaneous pure tones 

(50 dB SPL each) logarithmically spaced in the range f /1.2 to f × 1.2, for a given center 

frequency f. Two center frequencies, 8 kHz and 13 kHz, were used. The sequence consisted 

of sounds 50 ms long spaced by 500 ms of silence, where one frequency (the standard) was 

repeated 9–11 times followed by a single presentation of the other frequency (the oddball) 

followed by another sequence of standards and so on. After the presentation of at least 50 

oddball stimuli, the sequence was repeated, but exchanging which stimulus served as the 

standard. For the second type of oddball paradigm, we used frequency-modulated (FM) 

sounds consisting of either an upsweep between 8 and 13 kHz or a downsweep between 

13 and 8 kHz, at an intensity of 70 dB SPL. Sounds in the sequence were 100 ms long 

spaced by 500 ms of silence and followed a repetition rate similar to the one for chords 

(9–11 standards for each oddball). After the presentation of at least 50 oddball stimuli, the 

sequence was repeated, but exchanging which stimulus served as the standard.

Surgical Procedure

Animals were anesthetized with isoflurane administered via a nose cone while positioned on 

a stereotaxic apparatus. Mice were surgically implanted with a head-bar and a Neuropixels 

1.0 probe in the auditory cortex (AC) (2 mice on the left hemisphere and 2 mice on the 

right hemisphere), using a design based on Ref. 15. The craniotomy was centered 2.65 mm 

posterior to bregma and 4.4 mm lateral to the midline. The probe was lowered 3 mm from 

the brain surface, and it spanned multiple subregions of the auditory cortex. All animals 

were monitored after surgery and recovered fully before electrophysiological experiments.

Electrophysiological Recordings and Administration of DOI

Electrical signals were collected with Neuropixels 1.0 probes (IMEC) via an NI PXIe-8381 

acquisition module and the Open Ephys GUI software (www.open-ephys.org, RRID: 

SCR_021624). During the experiment, mice were head fixed and allowed to run on top of a 

wheel. We performed electrophysiological recordings on five different days for each mouse. 
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No formal power analysis was performed to determine the sample size, but we estimated 

that our numbers of animals and sessions would yield ~100 neurons per condition given 

the strict criteria for inclusion of cells in the analysis described below. Each recording day 

consisted of multiple sessions before and after injections of reagents and while presenting 

the stimulus ensembles described above. We began with electrophysiological recordings 

before administering any reagents, during which we presented three stimulus ensembles 

to evaluate frequency tuning and deviance detection. We then injected a volume of 5 

mL/kg of sterile saline (0.9% concentration) subcutaneously and waited 15 min before 

another set of recordings during the presentation of all three stimulus ensembles. Finally, we 

injected 2,5-dimethoxy-4-iodoamphetamine, (±)-DOI hydrochloride (Sigma-Aldrich, D101) 

subcutaneously at a concentration of 10 mg/kg (diluted in sterile saline) and waited another 

15 min before the last set of recordings during the presentation of all three stimulus 

ensembles. The concentration of DOI used here for subcutaneous delivery matches that 

used in previous studies of the effects of DOI on sensory processing (16). This concentration 

is intentionally higher than doses used with intraperitoneal injections of DOI (17, 18) to 

account for differences in pharmacokinetics between these methods of administration (19). 

There was no blinding regarding the reagent used in each part of the experiment.

Estimation of Recording Location

Before the Neuropixels probes were inserted into the brain, the probes were coated 

with a fluorescent dye (DiI; Catalog No. V22885, Thermo-Fisher Scientific) to allow for 

identification of the recording locations postmortem (Fig. 1A). At the conclusion of the 

experiments, animals were euthanized with Euthasol and perfused through the heart with 4% 

paraformaldehyde. Brains were extracted and left in 4% paraformaldehyde for at least 24 

h before slicing. Brain slices (thickness 100 μm) were prepared under phosphate-buffered 

saline with a vibratome (Leica VT1000 S) and imaged with a fluorescence microscope 

(Axio Imager 2; Carl Zeiss) with a ×2.5 objective. To determine the location of our 

recording sites, we manually registered each brain slice to the corresponding coronal section 

in the Allen Mouse Brain Common Coordinate Framework (CCF) (20) and estimated the 

position of the electrode that showed the strongest signal for each neuron.

Estimation of Locomotion State

The locomotion state of the animal (running vs. not running) was estimated from video 

recordings during each session. Videos were collected with a USB infrared camera at 

30 frames per second and processed using the software package FaceMap v0.2 (21) 

(RRID:SCR_021513) to extract the average change in pixel intensity in the area containing 

the animal’s paws. The trace of pixel intensity change was smoothed with a 10-frame square 

window, and the value at stimulus onset was thresholded to determine whether the animal 

was in a running or not-running state.

Analysis of Neural Data

The spiking activity of single units was isolated with the spike sorting package Kilosort v2.5 

(22) (RRID:SCR_016422) and manually curated with the software Phy (23) (Fig. 1). The 

resulting data were analyzed with in-house software (https://github.com/sjara/jaratoolbox) 

developed in Python (www.python.org, RRID:SCR_008394). To ensure that differences in 
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neural responses between conditions were not merely due to the passage of time in the 

rig, we focused all analysis on neurons for which the cell’s firing, spontaneous or evoked, 

did not change >30% between the preinjection and the saline conditions. Responsiveness to 

sounds was evaluated by calculating whether there was a statistically significant difference 

between evoked firing (throughout the duration of each sound) and baseline activity (−200 

ms to 0 ms from sound onset), for any of the sounds presented, using a Wilcoxon signed-

rank test with Bonferroni correction for multiple comparisons. Evoked firing was evaluated 

in the period from 15 ms after stimulus onset to 15 ms after stimulus offset to account for the 

signal transmission delay from the ear to the auditory cortex.

To evaluate the pure-tone frequency selectivity of a neuron, a Gaussian function was fit to 

the spike counts in response to each frequency (using a logarithmic space for frequency). 

The best frequency (BF) of a neuron was defined as the peak of this Gaussian function. The 

width of tuning was defined as the full width at half-maximum of the normalized Gaussian, 

estimated as 2.355σ, where σ is the standard deviation of the Gaussian. The maximum 

change in firing (Max Δ firing) was estimated as the difference between the Gaussian peak 

and the baseline firing rate.

To estimate differences between the responses to oddball and standard sounds, we defined an 

oddball enhancement index, OEI = O − S / O + S , where O is the average response 

to the oddball and S is the average response to the standard. To quantify these effects 

of a specific reagent on the responses to either oddball or standard sounds, we defined 

a modulation index, MI = DOI − Sal / DOI + Sal , where DOI and Sal are the average 

responses under DOI and saline, respectively.

To estimate the trial-by-trial variability in neural responses, we calculated the Fano factor for 

the responses to each pure tone for each neuron: FF = σ2/μ, where σ2 is the variance of the 

evoked firing rate across trials and μ is the mean. We then calculated the average FF across 

stimuli for each neuron before comparing these values between saline and DOI conditions. 

To obtain reliable values of the FF when analyzing running and stationary trials separately, 

we included in the FF average only those stimuli with at least four trials in each running 

condition.

Statistical Analysis

Nonparametric tests were used throughout the study to evaluate differences in neural 

responses under different conditions, as indicated in the main text. We used a Wilcoxon 

signed-rank test to determine whether neurons were responsive to a particular sound, treating 

the spike counts during baseline and during the stimulus as matched samples for each 

trial. We used a Wilcoxon signed-rank test to determine differences between saline and 

DOI conditions, treating the average response of a neuron under each condition as matched 

samples. To compare the effect of DOI between neurons recorded during the first sessions 

and those recorded during the last sessions, we used the Mann–Whitney U rank test.
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RESULTS

DOI Decreased Spontaneous and Evoked Firing in AC

To evaluate the effects of the hallucinogen 2,5-dimethoxy-4-iodoamphetamine (DOI) on 

the representation of sounds by auditory cortical neurons, we recorded neural activity 

from awake head-fixed mice using Neuropixels probes while animals were presented with 

auditory stimuli before and after subcutaneous injection of either saline (as control) or 10 

mg/kg of DOI. Each experimental session consisted of three periods: one before saline 

injection, one after saline injection but before DOI injection, and one after DOI injection 

(Fig. 2A). During each period, we presented pure tones and frequency-modulated sounds 

to evaluate the overall responsiveness, frequency tuning, and deviance detection for each 

recorded neuron. We recorded five experimental sessions from each of the four mice. To 

confirm the effectiveness of the dose used in our experiments, we measured the rate of 

head-twitch responses (HTR) after injection of DOI (18, 24) in an additional group of two 

mice freely moving in their cage. Twenty minutes after injection of DOI, these mice showed 

a rate of 2 HTR/min and 1.8 HTR/min, compared to 0.2 HTR/min for either mouse after 

saline injection.

We first tested the effect of DOI on the overall firing rate of each recorded neuron. To ensure 

that any results would not be simply due to the passage of time during the experimental 

session, we focused our analysis on neurons that passed two criteria: 1) the cell’s firing, 

spontaneous or evoked, did not change by >30% between the preinjection and the saline 

conditions, and 2) the cell was responsive to pure tones during all three periods, with an 

evoked firing rate above 5 spikes per second. These strict criteria ensured that only cells that 

were stable during our recordings were included in the analysis. From the 1,590 isolated 

single neurons during our recordings, 279 passed these criteria. Approximate estimates of 

the location of these sound-responsive neurons, based on the Allen Mouse Brain Common 

Coordinate Framework (CCF) (20), yielded 84% of them in the main fields of the auditor 

cortex (42% in the primary field, 34% in the dorsal field, and 8% in the ventral field), 

9% in the temporal association area, and 7% in other neighboring cortical areas. We found 

that, on average, the population of neurons showed a decrease in both baseline spontaneous 

firing (Fig. 2B, top) and sound-evoked firing (Fig. 2B, bottom) after DOI injection compared 

to the saline control period (P < 10−5 for both spontaneous and sound-evoked conditions, 

Wilcoxon signed-rank test).

Because psychedelics like DOI can cause changes in locomotion (25) and locomotion can 

alter sound-evoked responses in auditory cortical neurons (26), we measured the effect of 

DOI on running behavior in the head-fixed animals. We found that after DOI injection 

animals were more likely to run on the wheel, with median percentages of trials (across 

sessions) of 44% before injections, 20% after saline, and 72% after DOI. However, we found 

that the effects of DOI on auditory cortical neurons could not be simply explained by the 

increase in running during DOI trials, since similar results were obtained from analyses of 

both stationary (Fig. 2D) and running (Fig. 2E) trials (P < 10−4 for all conditions tested, 

Wilcoxon signed-rank test).

Horrocks et al. Page 6

J Neurophysiol. Author manuscript; available in PMC 2025 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DOI Increased the Trial-to-Trial Variability in Neural Responses

Sensory neurons typically exhibit some variability in their responses to repeated 

presentations of the same stimulus. To assess whether DOI influenced this inherent trial-to-

trial variability, we measured the Fano factor (FF) for responses to each pure tone presented 

before and after DOI administration. For each cell, we estimated an average FF across tone 

frequencies and compared this measure of response variability between the saline and DOI 

conditions. We found that the median FF increased from 0.81 under saline to 0.87 under 

DOI (P < 10−6, Wilcoxon signed-rank test), with 65.2% of neurons exhibiting a higher FF 

under DOI compared to saline.

We next tested whether this increase in response variability was present during both running 

and stationary trials. Because animals occasionally had very few trials in a specific running 

condition during some sessions, we limited our analysis to stimuli with at least four trials 

in both running conditions. We found that the difference in response variability was clearly 

apparent during running trials, with the median FF increasing from 0.66 under saline to 0.79 

under DOI (P < 10−6, Wilcoxon signed-rank test) and 65.9% of cells showing larger values 

under DOI compared to saline during running trials. In contrast, we found little difference 

in response variability during trials when animals were stationary, with median FF of 0.72 

for both saline and DOI (P = 0.54, Wilcoxon signed-rank test) and ~47.7% of cells showing 

larger values under DOI compared to saline during not-running trials. These results suggest 

that although DOI increases the overall trial-by-trial variability of responses, these effects 

may vary depending on the state of the animal.

DOI Did Not Change the Frequency Tuning of AC Neurons in a Consistent Manner

We next tested whether DOI changed the frequency tuning of neurons in the auditory cortex. 

For each neuron, we estimated the responses to randomly presented pure tones (100 ms) of 

frequencies ranging from 2 kHz to 40 kHz. Consistent with the overall changes in firing 

quantified above, we found neurons that showed a decrease in evoked response to pure tones 

after DOI (Fig. 3A), neurons that had no change in firing across frequencies (Fig. 3B), 

and neurons that showed an increase in evoked responses after DOI (Fig. 3C). However, 

overall changes in frequency tuning curves seemed minimal. To quantify potential changes 

in frequency tuning, we fit a Gaussian curve to the evoked responses of each neuron and 

measured three parameters of this curve: 1) the best frequency (BF), 2) the width of tuning, 

and 3) the maximum change in firing evoked by the presentation of pure tones (Max Δ 

firing) (Fig. 3D). For this analysis, we focused on neurons that showed positive responses 

to pure tones and had a reasonably good Gaussian fit (R2 > 0.05). A total of 197 neurons 

passed these criteria.

We found that although the estimated best frequency changed for several neurons after DOI, 

these effects did not appear to follow a consistent direction, resulting in both increases and 

decreases in BF across the population (Fig. 3E) with no change in the median across neurons 

(P = 0.341, Wilcoxon signed-rank test). Similarly, we found no difference in the median 

values of frequency tuning width (Fig. 3F) between saline and DOI conditions (P = 0.092, 

Wilcoxon signed-rank test). Moreover, we found no correlation between the BF or tuning 

width for a neuron during saline and the change in evoked response magnitude after DOI 

Horrocks et al. Page 7

J Neurophysiol. Author manuscript; available in PMC 2025 May 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(r = 0.11, P = 0.13 for BF; r = 0.037, P = 0.61 for tuning width, Pearson correlation). 

The only consistent change we observed when quantifying responses to pure tones was a 

decrease in the magnitude of the evoked responses after DOI, measured as the height of the 

Gaussian fit (Fig. 3G). The median change across neurons was statistically significant (P = 

0.006, Wilcoxon signed-rank test), aligned with the reduction in sound-evoked firing rates 

described above.

DOI Reduced Sensitivity to Oddball Sounds

A robust and widespread phenomenon observed in sensory systems is an increased neural 

response to an infrequently occurring stimulus compared to the response to the same 

stimulus when it appears repeatedly (14, 27). Here, we tested whether DOI affects this 

deviance detection phenomenon by evaluating the difference in responses to a sound 

appearing frequently in a sequence versus the same sound occurring rarely in another 

sequence (Fig. 4).

We first used narrowband chords (50-ms duration) centered at two different frequencies (8 

and 13 kHz) to create a sequence of sounds where one of the chords (the standard) appears 

repeatedly while the other chord (the oddball) appears once every 9–11 presentations. In 

one recording session the high-frequency chord was presented as the standard, whereas in 

a subsequent session it was presented as the oddball (Fig. 4A). As expected for the saline 

control condition, we found that neural responses to a sound appearing as oddball were 

on average stronger than responses to the same sound appearing as standard (Fig. 4B). 

After DOI injection, however, this difference in responses between oddball and standard was 

greatly reduced (Fig. 4C).

To quantify this effect across the population of recorded neurons, we calculated for each 

neuron an oddball enhancement index (OEI) defined as O − S / O + S , where O is 

the average response to the oddball and S is the average response to the standard. For 

this analysis, we included only cells that met two criteria: 1) they were responsive to the 

evaluated stimulus, and 2) their OEI varied by <30% between the preinjection and the 

saline conditions. We found that the median OEI across the population of neurons was 

significantly lower under DOI compared to saline (Fig. 4D). This effect was observed for 

both the high-frequency chord (N = 128 cells, P < 10−5, Wilcoxon signed-rank test) and the 

low-frequency chord (N = 79 cells, P = 0.034, Wilcoxon signed-rank test).

Previous studies have shown that the auditory cortex of rodents plays a larger role in 

processing frequency-changing sounds compared to sounds of constant frequency (28–

30). With this in mind, we next aimed to test the effects of DOI on deviance detection 

phenomena using stimuli that are more likely to engage high-level processing in the auditory 

cortex. To this end, we created sequences of standards and oddballs with two frequency-

modulated (FM) sounds, one upsweep and one downsweep, where the frequency range (8–

13 kHz) and duration (100 ms) were identical. Similar to the results obtained with sequences 

of chords, we found a reliably positive OEI under saline (Fig. 4F) that decreased under DOI 

(Fig. 4G). Consistent with the results for chords, the median OEI across the population of 

neurons was diminished for downsweeps (N = 65 cells, P = 0.016, Wilcoxon signed-rank 

test) and for upsweeps (N = 95 cells, P = 0.006, Wilcoxon signed-rank test) (Fig. 4H).
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The difference in OEI observed between saline and DOI conditions could result from 

either a reduction in responses to oddballs or an enhancement of responses to standards. 

Figure 5A shows the data for the same example cell presented in Fig. 4F and Fig. 4G, but 

with responses to standard stimuli (Fig. 5A, top) and oddball stimuli (Figure 5A, bottom) 

shown separately. This example suggests that the observed changes in OEI after DOI were 

primarily due to a decrease in responses to the oddball rather than an increase in responses 

to the standard. To quantify these effects across the population of neurons, we calculated 

a modulation index, MI = DOI − Sal / DOI + Sal , separately for standards and for 

oddballs. Across the population, we found that the median MI was negative for both oddball 

and standards (consistent with the overall reduction in responsiveness described above) but 

that the change in response to the oddball was larger than the change in responses to the 

standard. This pattern held true for chords (P < 10−5 for high-freq and P = 0.039 for low-

freq, Wilcoxon signed-rank test) (Fig. 5B) and for FM sounds (P = 0.015 for downsweeps 

and P = 0.006 for upsweeps, Wilcoxon signed-rank test) (Fig. 5C).

Finally, to determine whether the reduction in responses to oddball sounds could be 

attributed to general response adaptation over the session, rather than the specific effects of 

DOI, we compared changes in responses from saline to DOI with changes from preinjection 

to saline conditions. For this analysis, we used all cells that responded to the stimulus 

(regardless of whether their OEI was stable between preinjection and saline). We found 

that there was no statistically significant change in the response to the oddball between 

the periods before and after saline for any stimuli but a statistically significant change 

between saline and DOI for all but one stimulus tested (high-freq, N = 523, Pre-Saline: 

P = 0.49, Saline-DOI: P = 0.004; low-freq, N = 510, Pre-Saline: P = 0.58, Saline-DOI: P 
< 0.001; downsweep, N = 469, Pre-Saline: P = 0.13, Saline-DOI: P = 0.16; upsweep, N 
= 514, Pre-Saline: P = 0.82, Saline-DOI: P < 10−6, Wilcoxon signed-rank test). We also 

found that the change in oddball response between saline and DOI was more negative than 

the change between preinjection and saline conditions [high-freq: MI (Sal-DOI) = −0.065 

vs. MI(Pre-Sal) = −0.054, P = 0.18, low-freq: MI(Sal-DOI) = −0.078 vs. MI(Pre-Sal) = 

−0.030, P = 0.001, downsweep: MI(Sal-DOI) = −0.072 vs. MI(Pre-Sal) = −0.034, P = 0.006, 

upsweep: MI(Sal-DOI) = −0.106 vs. MI (Pre-Sal) = −0.039, P < 10−6, Wilcoxon signed-rank 

test]. Together, these results indicate that the observed reduction in sensitivity to oddballs is 

primarily due to the effects of DOI and not merely the result of stimulus adaptation.

The Effects of DOI Were Present after Repeated Administration

Because our experiments included repeated administration of DOI to each animal tested, 

we investigated the possibility of drug tolerance, which would manifest as a smaller effect 

of DOI during the last experimental sessions compared to the first ones. To evaluate this 

possibility, we estimated the oddball enhancement index (OEI) for cells recorded during 

the first two sessions of each animal and compared this index to that calculated for cells 

recorded during the last three sessions (Fig. 6). The decision to use this specific number of 

sessions was driven by the goal of balancing the number of recorded cells between early and 

late groups.
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We found that the results from the first two sessions of each mouse (Fig. 6B) were as 

reliable as the effects for all cells combined. In contrast, the effects observed during the last 

sessions appeared much smaller, reaching statistical significance for only one sound type 

(Fig. 6C), despite the comparable number of cells recorded between early and late sessions. 

However, further analysis showed that the effect of DOI (the difference in OEI between 

saline and DOI conditions for each neuron) during early sessions was not statistically 

different from the effect during late sessions (high-freq: P = 0.54; low-freq: P = 0.18; 

downsweep: P = 0.10; upsweep: P = 0.62, Mann–Whitney U rank test). Moreover, we 

noticed that the OEI during the saline control condition was consistently lower in cells 

recorded during the last 3 days, suggesting that the apparent differences between early and 

late sessions could simply reflect the recording of a sample of cells with lower OEI. To 

address this possibility, we created a subset of neurons from those recorded in late sessions 

such that this new subset would have an average OEI during saline similar to that of 

neurons recorded in early sessions (Fig. 6D). The results for this new subset of neurons were 

comparable to those observed during the first 2 days, except for one condition not reaching 

statistical significance. Moreover, a comparison of the effect of DOI between early sessions 

and these saline-matched sessions yielded no statistically significant difference (high-freq: 

P = 0.93; low-freq: P = 0.46; downsweep: P = 0.57; upsweep: P = 0.95, Mann–Whitney U 
rank test). Furthermore, performing this resampling process 100 times resulted in the median 

OEI across cells for the saline condition always being larger than the median OEI under 

DOI. Overall, these results suggest that the effects of DOI were present even after repeated 

administration of the compound, provided the cells had relatively high OEI under the control 

condition.

DISCUSSION

In this study, we evaluated changes in the activity of auditory cortical neurons when an 

animal is under the influence of the psychedelic 2,5-dimethoxy-4-iodoamphetamine (DOI), 

a serotonergic hallucinogen. During the presentation of sounds, we found that the average 

firing rate of auditory cortical neurons decreased under DOI influence. This effect included 

a reduction in spontaneous firing, in the absolute sound-evoked firing rates, and in the 

relative evoked response with respect to baseline firing (Fig. 3G). We also found that 

in the presence of DOI the trial-by-trial response variability increased but the frequency 

tuning of auditory neurons was mostly preserved across the population. When evaluating 

changes in sound-evoked responses during an oddball paradigm (where sequences of sounds 

include expected and unexpected stimuli), we found that the classically observed difference 

in neuronal responses between oddball and standard sounds was reduced and that this 

reduction was primarily driven by a decrease in responses to oddball stimuli, suggesting a 

reduction in deviance detection in these neurons.

A potential limitation of working with C57BL/6J mice is that mice from this strain are 

known to develop progressive hearing loss, which can start as early as 10 wk of age (31, 32). 

We think, however, that this condition has a negligible effect in the results of our study, as a 

wide range of studies have demonstrated that young adult mice of this strain can be used for 

learning about the neural mechanisms of hearing, even with imperfect hearing. For example, 

several studies, including some from our laboratory, have demonstrated that young adult 
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C57BL/6 mice can be trained to perform auditory decision-making tasks (33–36) and that 

auditory cortical responses from mice of this strain show the expected selectivity to acoustic 

features (37–39). Moreover, the comparisons between the psychedelic state and control in 

this study were performed within each mouse on a given day, such that any progressive loss 

of hearing would affect both states equally.

Changes in neural activity in the auditory system after manipulation of the serotonergic 

system have been observed across several brain structures along the auditory pathway 

(40). A suppression of neural activity after application of either serotonin or serotonin 

receptor agonists has been reported in the cochlear nucleus (41), inferior colliculus (42), 

medial geniculate nucleus of the thalamus (43), and auditory cortex (44). Although activity 

suppression is more commonly observed, enhancement of activity was also seen for many 

cells in most of these studies. This suggests that characterizing the effects of psychedelics 

simply as a one-directional change on overall firing rates or a decrease in responsiveness 

is an insufficient model for the effects of psychedelics on sound processing. Moreover, a 

recent study in mice found that a systemic dose of psilocybin, a serotonergic psychedelic, 

resulted in an initial increase in movement and neural responses in the auditory cortex 

followed by a decrease in responses ~30 min later (45), suggesting that the dynamical nature 

of the psychedelic effect may also need to be integrated when modeling their effects on 

sound processing. The timeline of our measurements matches the late stage of that study and 

yields a similar decrease in responses. Importantly, our study demonstrates that the effects 

on neural activity in the auditory cortex are not fully explained by changes in behaviors 

such as running, since the overall decreases in activity were observed in running as well as 

not-running trials.

A potential mechanism for the perceptual auditory distortions that occur with psychedelics is 

a consistent sharpening or broadening of frequency tuning. Our data, however, indicate that 

on average there is no consistent direction for changes in tuning. This result is consistent 

with observations that psilocybin does not significantly change pure-tone frequency 

selectivity of auditory cortical neurons in mice (45). Similarly, experiments evaluating 

the effects of systemic DOI in the visual in mice found that the orientation selectivity 

was preserved after DOI (16). Together, these results suggest that the mechanisms behind 

psychedelic-induced perceptual distortions go beyond changes in basic features of sensory 

processing such as stimulus tuning.

Hallucinations resulting from schizophrenia and other mental disorders are hypothesized to 

arise from a change in the balance between external (bottom-up) and internal (top-down) 

signals in the brain (46). This mechanism has also been proposed as a key feature of 

psychedelic action (13). In the context of our experiments, a reduction in overall firing and 

evoked response magnitude suggests a dampening of bottom-up sensory input. This could 

be interpreted as a decreased ability of the auditory cortex to faithfully represent incoming 

auditory stimuli. However, our data also suggest alterations in top-down modulation. For 

instance, the reduced difference between oddball and standard responses, particularly the 

greater reduction in oddball responses, implies a disruption in deviance detection that relies 

on top-down predictive processes.
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In humans, the oddball paradigm is commonly used to estimate prediction error signaling 

by measuring the mismatch negativity (MMN) of event-related potentials or fields, an 

enhancement in the negative deflection of the waveform in deviant versus standard stimuli 

(47, 48). Manipulation of the serotonergic system in humans via acute tryptophan depletion 

(ATD), which reduces the brain synthesis of serotonin, resulted in an increased MMN 

(49), consistent with a role of the serotonergic system in deviance detection as observed 

in our study. Moreover, a study using lysergic acid diethylamide (LSD), a serotonergic 

hallucinogen, found a decrease in the MMN effect after administration of this compound 

(50). That study found a decrease in the response to deviant stimuli under LSD, consistent 

with our results for DOI, although they also found an enhanced response to the standard 

stimuli, something not present in our data. Studies using other serotonergic hallucinogens 

have also found significant decreases in evoked responses in humans but only minimal 

effects on the MMN when using psilocybin (51–53) or dimethyltryptamine (DMT) (54). 

These various results suggest that the effects of psychedelics on deviance detection may not 

be the same for all compounds or may depend on specific experimental conditions.

There are at least two mechanisms that can explain the enhanced responses to oddball 

sounds compared to standard sounds under normal conditions: an adaptation to standard 

sounds and/or the neural representation of prediction errors. The first mechanism is based 

on the principle of neural adaptation or habituation, such that when a sound is repeatedly 

presented as a standard, neurons responding to that sound may decrease their firing rate 

over time (due to short-term synaptic depression, activation of local inhibitory circuits, or 

depletion of readily releasable neurotransmitter pools). Previous studies suggest that this 

adaptation does not fully account for the effects observed in oddball paradigms (14). A 

second mechanism is that of prediction error representation, based on predictive coding 

theories of brain function. The brain constantly generates predictions about incoming 

sensory input based on recent history and context, and neurons in the auditory cortex may 

encode the difference between the predicted input and the actual input (i.e., the prediction 

error). In this framework, responses to standard sounds are reduced because they are well 

predicted, and oddball sounds elicit larger responses because they violate the prediction, 

generating a large prediction error. This mechanism involves both bottom-up sensory input 

and top-down predictive signals. Considering these mechanisms, we can interpret the effects 

of DOI on oddball responses in several ways: 1) if DOI primarily affects adaptation 

mechanisms, it might interfere with the normal habituation to standard sounds, reducing 

the contrast between standard and oddball responses; 2) if DOI impacts predictive coding 

processes, it could disrupt the generation or propagation of prediction errors, leading to 

a reduced differentiation between expected and unexpected stimuli; 3) DOI might affect 

both mechanisms, potentially through its action on serotonin receptors, which are known 

to modulate both local circuit dynamics and long-range connections involved in predictive 

processing.

In the context of our experiments, if DOI primarily affected adaptation, we would expect 

a reduction in the difference between oddball and standard responses, as observed in our 

data. However, we might expect this to occur primarily through an increase in the response 

to standards (due to reduced adaptation) rather than a decrease in the response to oddballs. 

The overall reduction in responses and the greater effect on oddballs suggest that something 
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more complex is occurring. If DOI primarily affected prediction error signaling, we would 

expect a reduction in the difference between oddball and standard responses but also a 

more pronounced effect on oddball responses, as these represent larger prediction errors. 

This aligns with our observation of a greater reduction in oddball responses. Moreover, the 

overall reduction in responsiveness is consistent with a general dampening of prediction 

error signaling. Therefore, we conclude that our results align more closely to the prediction 

error mechanisms being affected by DOI. This of course does not rule out effects on 

adaptation, but rather it suggests that the impact on prediction error signaling may be more 

prominent in our experimental paradigm.
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NEW & NOTEWORTHY

The neural basis of perceptual distortions induced by psychedelics remains poorly 

understood. This study demonstrates that the serotonergic psychedelic DOI increases 

neural response variability and impairs deviance detection in the auditory cortex by 

reducing sensitivity to unexpected sounds. These findings provide new insights into how 

psychedelics disrupt sensory processing and alter the balance between bottom-up and 

top-down neural signaling, contributing to our understanding of altered perception in the 

psychedelic state.
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Figure 1. 
Neuropixels recordings from the auditory cortex. A: coronal slice of mouse brain showing 

the red track left by a dye-coated Neuropixels probe used for recording neural activity. The 

penetration spanned multiple fields of the auditory cortex [dorsal (AudD), primary (AudP), 

and ventral (AudV) fields] and the temporal association cortex (TeA). B: two examples of 

templates estimated by the spike sorting software package Kilosort. Both neurons showed 

their largest signals around the same recording electrodes in the probes but had very 

different spike shapes. C: voltage trace for 1 recording electrode showing large spikes. The 

baseline noise level is illustrated by a gray band at 1 standard deviation (σ) above and below 

the mean of the signal. D: distribution of average spike amplitudes of neurons included 

in the study (measured on the channel with largest signal for each neuron), compared to 

the distribution of noise levels observed. Insets show examples of spikes from 3 different 

neurons of different quality, not at scale (black: 30 sample traces, white: average trace).
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Figure 2. 
2,5-Dimethoxy-4-iodoamphetamine (DOI) decreased spontaneous and sound-evoked firing 

in the auditory cortex. A: we recorded neural activity from the auditory cortex of awake, 

head-fixed mice during the presentation of auditory stimuli. Each experimental session 

consisted of 3 periods of sound presentation: 1 before saline injection, 1 after saline 

injection, and 1 after DOI injection. B: average spontaneous (top) and sound-evoked 

(bottom) neural activity decreased after DOI. Each dot represents 1 neuron. The magenta 

cross indicates the median value across neurons. C: the percentage of trials animals spent 

running increased after DOI injection. Each dot represents 1 period for 1 animal, with 

periods from the same session connected by lines. D: same as B but including only trials 

where the animal was stationary. The decrease in spontaneous and sound-evoked neural 

activity remains apparent. E: same as B but including only trials where the animal was 

running. The decrease in spontaneous and sound-evoked neural activity remains apparent.
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Figure 3. 
2,5-Dimethoxy-4-iodoamphetamine (DOI) did not change the frequency tuning of auditory 

cortex (AC) neurons in a consistent manner. A: frequency tuning for an example neuron 

under saline or DOI. Sound-evoked responses decrease under DOI, without a clear change 

in frequency tuning. B: example neuron showing no change in responsiveness or frequency 

tuning under DOI. C: example neuron showing an increase in sound-evoked responses 

under DOI and minimal change in frequency tuning. D: illustration of the parameters of 

frequency tuning quantified from a Gaussian fit for each neuron: best frequency (BF), 

width of frequency tuning at half-maximum normalized by Gaussian amplitude (Width), and 

maximum change in firing (Max Δ firing). E: BF for each neuron under DOI vs. saline. 

Magenta cross shows the median. There is no consistent change in BF. F: tuning width 

for each neuron under DOI vs. saline. There is no consistent change in tuning width. G: 

maximum change in firing evoked by sounds for each neuron under DOI vs. saline. There is 

a consistent decrease in the maximum firing after DOI.
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Figure 4. 
2,5-Dimethoxy-4-iodoamphetamine (DOI) reduced the difference between responses to 

oddballs and to standards. A: sequences of chords. The high-frequency chord appeared 

either as the standard (top) or as the oddball (bottom). B: responses to the high-frequency 

chord from an example auditory cortex (AC) neuron under the saline condition. The 

response to the sound was larger when it appeared as oddball. OEI, oddball enhancement 

index. C: responses to the high-frequency chord from the example neuron in B after DOI 

injection. The difference between responses to oddball and standard was greatly reduced. 

D: the OEI was smaller after DOI injection compared to the saline condition for both 

high- and low-frequency chords. Each dot represents 1 neuron. The magenta cross indicates 

the median value across neurons. E: sequences of frequency-modulated (FM) sounds. The 

upsweep sound appeared either as the standard (top) or as the oddball (bottom). F: responses 

to the upsweep FM sound from an example neuron under the saline condition. The response 

to the sound was larger when it appeared as oddball. G: responses to the upsweep FM sound 

from the example neuron in F after DOI injection. The difference between responses to 

oddball and standard was greatly reduced. H: the OEI was smaller after DOI injection 

compared to the saline condition for both downsweep and upsweep sounds. Each dot 

represents 1 neuron. The magenta cross indicates the median value across neurons.
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Figure 5. 
2,5-Dimethoxy-4-iodoamphetamine (DOI) reduced sensitivity to oddball sounds. A: 

responses of the neuron from Fig. 4F to the upsweep frequency-modulated (FM) sound 

when presented as the standard (top) or the oddball (bottom). Responses were almost 

identical between DOI and saline conditions for standards but smaller under DOI compared 

to saline for oddballs. MI, modulation index. B: there was a larger reduction in responses to 

oddballs compared to standards after DOI, for both high- and low-frequency chords. Each 

dot represents the MI from saline to DOI for each neuron. The magenta cross indicates 

the median value across neurons. C: there was a larger reduction in responses to oddballs 

compared to standards after DOI, for both downsweep and upsweep FM sound. Data 

presented as in B.
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Figure 6. 
Effects of 2,5-dimethoxy-4-iodoamphetamine (DOI) were present after repeated 

administration. A: oddball enhancement index (OEI) under saline or DOI conditions for 

all neurons responsive to each sound type tested. Bars represent mean ± SE across neurons. 

Numbers above bars represent the P value for each comparison (Wilcoxon signed-rank test). 

B: OEI for neurons recorded during the first 2 sessions from each mouse. C: OEI for 

neurons recorded during the last 3 sessions from each mouse. D: OEI for a subset of neurons 

recorded during the last 3 sessions, such that the average OEI during saline matches that 

observed during the first 2 days.
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