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Abstract

Psychedelic drugs have profound effects on perception, cognition, and mood. How psychedelics affect neural signaling to
produce these effects remains poorly understood. We investigated the effect of the classic psychedelic psilocybin on neural
activity patterns and spatial encoding in the retrosplenial cortex of head-fixed mice navigating on a treadmill. The place
specificity of neurons to distinct locations along the belt was reduced by psilocybin. Moreover, the stability of place-related
activity across trials decreased. Psilocybin also reduced the functional connectivity among simultaneously recorded neurons.
The 5-HT2AR (serotonin 2A receptor) antagonist ketanserin blocked the majority of these effects. These data are consistent
with proposals that psychedelics increase the entropy of neural signaling, and provide a potential neural mechanism contributing

to disorientation frequently reported by humans after taking psychedelics.
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Abstract

Psychedelic drugs have profound effects on perception, cognition, and mood. How psychedelics
affect neural signaling to produce these effects remains poorly understood. We investigated the
effect of the classic psychedelic psilocybin on neural activity patterns and spatial encoding in the
retrosplenial cortex of head-fixed mice navigating on a treadmill. The place specificity of neurons
to distinct locations along the belt was reduced by psilocybin. Moreover, the stability of place-
related activity across trials decreased. Psilocybin also reduced the functional connectivity among
simultaneously recorded neurons. The 5-HT2aR (serotonin 2A receptor) antagonist ketanserin
blocked the majority of these effects. These data are consistent with proposals that psychedelics
increase the entropy of neural signaling, and provide a potential neural mechanism contributing to

disorientation frequently reported by humans after taking psychedelics.
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Introduction

Psychedelic drugs have profound acute effects on perception, cognition, and mood. Molecules
affecting a variety of neurotransmitter receptor types have psychedelic properties. The serotonin,
or hydroxytryptophan (5-HT), 2A receptor has been identified as the primary mediator of the
psychedelic effects of classic psychedelics, such as psilocybin (Vollenweider et al., 1998;
Quednow et al., 2012). 5-HT can modulate neural activity in the brain’s neocortex through
presynaptic and postsynaptic neuromodulatory effects on cortical neurons (Andrade, 2011), which
express a variety of 5-HT receptor types. Several primary effects of psilocybin are blocked by the
5-HT>a antagonist ketanserin (Kometer et al., 2012; Torrado Pacheco et al., 2023). Ketanserin,
however, does not block all of its effects (Carter et al., 2005; Hesselgrave et al., 2021). Therefore,

non-5-HT»a receptors likely contribute to the effects of psilocybin on mentation.

The effects of psilocybin on neural encoding and brain dynamics have largely been studied using
non-invasive imaging in humans (Carhart-Harris et al., 2012; Carhart-Harris et al., 2017b; Daws
et al., 2022). This work suggests that the coordination of activity among brain regions becomes
less structured (Muthukumaraswamy et al., 2013; Varley et al., 2020). It remains to be determined
if this also occurs at the level of neurons, and if this is due more to corruption of the inputs to
cortical networks involved in perception, or more due to corruption of the dynamics within these
networks. The few existing studies of cellular-level effects in behaving animals report discrepant
effects. A recent study of visual cortex showed little effect of a classic psychedelic (2,5-dimethoxy-
4-iodoamphetamine; DOI) on responses to visual inputs in mouse primary visual cortex (Michaiel
etal., 2019). On the other hand, we reported that the non-classic psychedelic ibogaine significantly
degrades the encoding of spatial information in a cortical region called the retrosplenial cortex

(RSC) (Ivan et al., 2023). The discrepancy between these studies may involve differences in brain



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

region and/or the pharmacology of the psychedelic used. Here, we test if the classic psychedelic
psilocybin degrades spatial information similarly to ibogaine, and if this depends on 5-HT>a

receptors.

The RSC encodes the spatial state of animals within an environment and supports navigation in
freely moving animals (Keene and Bucci, 2009; Alexander and Nitz, 2015). Some RSC neurons
activate when an animal traverses specific regions of an environment, similar to ‘place cells’ in
the hippocampus (O'Keefe and Nadel, 1978). RSC neurons generate similar place cells in head-
fixed animals navigating virtual environments (Mao et al., 2017; Esteves et al., 2021). The RSC is
a key node in a network linking the hippocampus (HPC) with the medial prefrontal cortex (mPFC)
(Wyass and Van Groen, 1992; Fisk and Wyss, 1999; Shibata et al., 2004). This network is involved
in generating representations of environments via cognitive maps (O'Keefe and Nadel, 1978; Iaria
et al., 2007), and navigation decisions to achieve goals. 5-HT appears to affect this processing.
Psilocin, psilocybin’s active metabolite, causes a decrease in the BOLD signal relative to baseline
in the cingulate and retrosplenial cortical regions of rats (Spain et al., 2015). Conversely, resting-
state fMRI in anesthetized mice found an increase in functional connectivity (FC) between these
two regions and other structures expressing the 5-HT2a receptors, such as the ventral striatum
(Grandjean et al., 2021). RSC interactions with other structures thus appears to be modulated by
psychedelics. The spatial information encoded in this region provides a means to assess how these
psychedelics affect neural information processing at the cellular level. Here, we quantify how
psilocybin, with or without blockage of 5-HT2a receptors, affect spatial representation and neural

dynamics of large ensembles of neurons in RSC as head-fixed mice navigate a virtual environment.
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Methods

Animals

Adult (4-9 month old) Thy1-GCaMP6m mice (n=10; 2F/8M), weighing 19-28 g, were housed in
standard rodent cages, and maintained at 24 °C under a 12 h light/dark cycle. Mice had free access
to food and water before training. All experiments were performed during the light cycle (between
7:30 AM and 7:30 PM). Procedures were in accordance with the guidelines established by the
Canadian Council on Animal Care, and with protocols approved by the Animal Welfare

Committee of the University of Lethbridge.

Surgery

Before surgery, animals received buprenorphine (0.05 mg/kg SC) and dexamethasone (0.2 mg/kg
IM). They were then anesthetized with isoflurane (1-1.5%) and head fixed in a stereotaxic frame
with body temperature maintained at 37.0 = 0.5 -C with a heating pad. Mice received a 5 mm
bilateral craniotomy (AP: +1 to -4; ML: -2.5 to +2.5), which was then covered with three layers of
coverslips affixed with optical adhesive (NOA71, Norland). The coverslip was attached to the
skull using Vetbond, and a titanium head plate was fixed to the skull using metabond. Post-surgical
care included careful weight monitoring and subcutaneous injections of meloxicam (Metacam 1

mg/kg) and enrofloxacin (Baytril, 10 mg/kg) for three days after implant.

Drugs

Psilocybin was obtained from Toronto Research Chemicals, Canada, in powder form and diluted

in sterile water in order to achieve a dose of 1.5 or 15 mg/kg in a 0.1 ml volume for each mouse.
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Ketanserin tartrate salt was obtained from Sigma-Aldrich Canada, in powder form, and dissolved
in 20% DMSO, and the stock solutions were stored at —20 °C. The stock solutions were prepared
on the day of injection when possible and diluted in saline to achieve a dose of 1 or 5 mg/kg. The

control animals received 0.1 ml 0.9% saline solution. All injections were intraperitoneal.

Experimental procedure for behaviour

Head-fixed mice were trained to run on a treadmill using a positive reinforcement paradigm. They
received a drop of 10% sucrose solution on every trial, consisting of one lap of the treadmill belt.
Animals were water restricted during the training and testing. They had ad libitum access to water
for up to 30 minutes per day, and their body weight was carefully monitored throughout the
experiment to ensure the weight loss did not exceed 15% of their baseline value. The treadmill belt
consisted of a Velcro strip that was 150 cm long and 4 cm wide. Three tactile cues were placed in
different locations on the belt. Additionally, we used one auditory cue (1kHz) and one blue light
LED cue that each activated at a specific and constant belt position. An optical encoder attached
to the wheel shaft was used to monitor belt movement. A microcontroller was used to monitor the
encoder, licking sensor, and the reward delivery. Training continued in daily sessions until mice
performed at least 20 trials in 20 minutes. Mice were trained on one belt and then transferred to a

new belt for the imaging sessions.

Neural activity was imaged in daily sessions of the task for 15-20 minutes. For drug days, we
recorded first a baseline activity (+/- saline/ketanserin) for 10 mins in every session, then mice (n
= 7) were given an injection of psilocybin or saline and recorded again for 10 minutes. Recordings
were performed starting at 10 minutes after each injection. Each animal was imaged for one session

before any injections, for two days of saline injections, and then received 4 days of psilocybin
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every other day, with or without the ketanserin pretreatment. The control group (n = 3) received

only saline in the same schedule as the treatment group.

Two-Photon Imaging

Neural activity was imaged using a 2-photon microscope (Bergamo II multiphoton microscopy,
Thorlabs) through a 16x water-immersion objective lens (NA=0.8, Nikon). Excitation was with a
Ti:sapphire pulsed laser (Coherent) tuned to a wavelength of 920 nm, ~80mW power, and
controlled by a galvo-resonant X-Y scanner. Images were acquired at depths between 135 pum —
160 um (layer II/III), from a field of view of 835 x 835 um. Images were digitized at a sampling
rate of 19 Hz, and at a resolution of 800 x 800 pixels. Imaging data from all animals were acquired

from one hemisphere of either the left or right RSC (AP: -1 to -3 mm; ML: 0 to +/- 1 mm).

Pre-processing

Automatic image pre-processing was performed using the Suite-2P algorithm (Pachitariu et al.,
2017), as previously described (Mao et al., 2017; Mao et al., 2018). The regions of interest (ROIs)
detected were inspected manually and labelled as cells or non-cells by experienced users. For each
ROI, the AF/F time courses were deconvolved using constrained non-negative matrix factorization
(Pnevmatikakis et al., 2016), and all subsequent analyses were conducted using the deconvolved
time-courses. For injection days, the imaging sequences of both pre- and post-injection intervals
were combined during pre-processing so as to acquire the activity of the same set of cells (ROIs)

before and after injections.

Computing spatial encoding
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In order to identify spatially tuned neurons, we computed the adjusted mutual information (MI)
(Vinh et al., 2010) between the firing rate of each neuron and the position of the mouse in the belt.
We first divided the belt into 50 bins (3 cm each). For each bin and trial, we summed the neuron’s
activity and binned it into 4 levels, giving us the joint bin-activity discrete distribution, which we
use to compute the mutual information. The MI used here is an adjustment of mutual information
which accounts for the number of trials, which differs number among session, and thus is
appropriate to compare cells from different sessions on the same scale. The MI is upperlimited by
1 and takes an expected value of 0 when the firing and position are independent. Negative values

signify that the MI for that cell is lower than the MI one would expect solely due chance.

Unit functional connectivity

Computing the apparent functional connectivity among neurons involved several steps. First, the
spikes underlying the calcium fluorescence traces were inferred using a deconvolution algorithm
(Friedrich et al., 2017). Next, the data in which the mouse is slow or not moving (below the 10%
quantile of the velocity distribution over the track) is removed. The track is then divided into 50
spatial bins. The trial-averaged activity in each bin is computed for each cell to create a ‘tuning
curve’ over the belt. The Pearson correlation between the tuning curves of all cell pairs is then
computed. To visualize clusters in the cells x cells spatial correlation matrix, the columns/rows
were ordered so that highly correlated cells are adjacent. For each neuron, a vector of its
correlations with all other cells was generated. In order to determine the similarity between the
correlation structures, the pairwise euclidean distances between those vectors were
calculated. Using the unweighted pair group method with arithmetic mean (UPGMA), a

hierarchical clustering on these measures was conducted (Sokal, 1958). To assess the amount of
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clustering in the spatial correlation matrices, we computed the average clustering coefficient
(Saramaéki et al., 2007), a measure which quantifies how many cells with similar firing patterns are
similar between each other, averaged over all cells; this coefficient is independent of the ordering

of rows/columns.

Results

We used 2-photon imaging to record the activity of ensembles of individual neurons (112-732
simultaneous cells per session; mean = 380.6, STD = 100.1) in the superficial layers (135 — 160
um; layer II/IIT) of RSC in head-fixed mice (Fig. 1.A). Mice were recorded while running on a
treadmill belt that had narrow tactile cues laid across the width of the belt in three positions along
its length, as well as one auditory cue and one light cue that each activated at specific places in the
virtual environment (i.e. belt position). After running for one full lap of the belt, the animals
received a 10% sucrose reward. Mice were injected (i.p.) with saline 10 mins prior to task initiation
and neural recordings were performed for a 10-minute baseline (“before”) period. They were then
injected with either psilocybin (15 mg/kg) or the same volume of saline vehicle 10 mins prior to a
second neural recording period. We used both within-session (recording before & after 2"
injection) and within-animal (each received psilocybin or saline on different sessions) controls.
Statistical inference of drug effect was determined by 2-way (before/after injection x

psilocybin/saline) repeated measures (RM) ANOVA.

Psilocybin injection lowered the animals’ movement velocity (Fig. 1.B; RM two-way ANOVA; F
(3, 18) =9.962, p < 0.001; Sidak’s post-hoc for psilocybin p = 0.001), and reduced the number of

trials per minute completed (Fig. 1.C; Mixed-effects model; F (3, 18) =13.12, p <0.0001; Sidak’s
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post-hoc p = 0.002). Psilocybin did not affect the proportion of time the animals were stationary
between the start of a lap and the arrival at the feeder location (stop ratio; Fig. 1.D; RM two-way
ANOVA; F (3, 18) =5.609, p = 0.007; Sidak’s post-hoc for psilocybin p = 0.636). The psilocybin-
induced retardation of locomotion is consistent with previous reports (Halberstadt et al., 2011;
TylS et al., 2016). The average neural activity rate also decreased after drug administration (Fig.
1.E; two-way ANOVA; F (3, 18) =7.532, p =0.002; Sidak’s post-hoc p = 0.045). A second cohort
of animals that only ever received saline showed no significant effect of injection on any of these

measures (Supplemental Fig. 1).

Many RSC neurons have place-specific activity, activating at specific locations on the belt during
each trial (Fig. 2.A), whereas other cells are not selective to particular positions or have high
variability. In order to quantify the amount of spatial information conveyed by each neuron, we
computed an adjusted form of mutual information (MI) between each cell’s activity and belt
position (details in methods). This metric captures variance of activity along one lap of the belt, as
well as variance from trial to trial (Souza et al., 2018). We then restricted analysis of spatial
encoding to the cells that were most selective to position (top quartile of MI distribution).
Psilocybin significantly decreased the mean MI of these cells (Fig. 2.B; REML: F (1, 23) = 6.406,
p=0.019; ROUT (Q = 1%; n=1)). We also investigated the average cross correlation of position-
dependent cellular activity between trials to assess the stability of spatial tuning. These trial-to-
trial correlations decreased after psilocybin but not saline (Fig. 2.C; REML: F (1, 23)=19.51,p =
0.0002; ROUT (Q = 1%; n=1)), suggesting less stability of spatial representations after

administration of psilocybin as compared to saline.

We next sought to determine if psilocybin affected the functional connectivity among cells within

the RSC. We computed the pair-wise correlation of activity among all neurons recorded
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simultaneously during a session, and used hierarchical clustering to order the units so that
functionally similar units were adjacent. We applied the same matrix ordering to the activity of the
same cells collected after psilocybin administration to visualize any changes in correlation
structure (Fig. 2.D). We quantified psychedelic-induced changes in functional connectivity
patterns by computing the clustering coefficient of the correlation matrix. This quantifies the
statistics of functionally-similar units. It is high when there are multiple clusters, each of which
containing functionally-similar units. Psilocybin reduced the clustering coefficient (Fig. 2.E; RM
two-way ANOVA; F (1, 6) = 14.01, p = 0.009), indicating a loss of functional connectivity

structure. In other words, each neuron is activating more independently from the others.

We next investigated if these effects of psilocybin on neural activity were mediated by 5-HT2aR
by injecting ketanserin (an antagonist of this receptor) prior to the baseline recording period, and
then injecting psilocybin prior to the second recording period. We used a randomized schedule of
injection after baseline recordings. Treatments were: low dose ketanserin (k; 1 mg/kg) followed
by low dose psilocybin (p; 1.5 mg/kg; n=3); low dose ketanserin followed by high dose psilocybin
(P; 15 mg/kg; n = 4); or high dose ketanserin (K; 5 mg/kg) followed by high dose psilocybin (n =
3). Low dose ketanserin blocked the effects of high or low dose psilocybin on behaviour, firing
rate, M1, trial-to-trial correlation, and clustering of cross-correlations (Fig. 3. C-D; Supplemental
Fig. 2; Supplemental Table 1). The high dose ketanserin did not fully block the effects of high
psilocybin on MI (Fig. 3.A; RM two-way ANOVA; F (3, 6) = 13.53, p = 0.004; Sidak’s post-hoc
p = 0.046) or firing rate (Fig. 3.B; RM two-way ANOVA; F (3, 6) = 10.40, p = 0.009; Sidak’s
post-hoc p = 0.013). Nonetheless, it appears that ketanserin blocks or reduces the effects of
psilocybin on both behaviour and neural activity, suggesting that 5-HT>aR are involved in the

phenomena.
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Discussion

In this study, psilocybin reduced locomotion, decreased spatial information encoded by RSC cells,
and decreased functional connectivity among RSC neurons. The 5-HT2a antagonist ketanserin
blocked the behavioural effects and prevented the loss of spatial information at a dose of 1 mg/kg.
Unexpectedly, the higher dose of ketanserin (5 mg/kg) did not fully block effects of psilocybin on
firing rate and MI. Nonetheless, the preponderance of evidence suggests that the effects of

psilocybin in this study are primarily mediated by 5-HT2aR.

The administration of psilocybin reduced locomotion speed in the present data, similar to previous
reports (Halberstadt et al., 2011; Tyls et al., 2016). Psilocybin also decreased the mean activity
rate of RSC neurons in this study, which contrasts the increase in RSC activity rate by the non-
classic psychedelic ibogaine in our previous study using the same experimental apparatus (Ivan et
al., 2023). We are unaware of other prior studies examining effects of psychedelics on RSC neuron
activity, but there are some limited data in functionally related brain structures. Lower doses of
psilocybin (2 mg/kg) increased the firing rate of ACC neurons in head-fixed mice running on a
treadmill (Golden and Chadderton, 2022). Similarly, 5-MeO-DMT also increased activity rates in
a majority of neurons recorded in layer V of ACC in anesthetized rats (Riga et al., 2014). This
psychedelic and psilocybin increase excitatory post-synaptic currents of pyramidal neurons in
brain slices of prefrontal cortex (Shao et al., 2021; Vargas et al., 2023). In contrast, a psilocybin-
containing extract decreased neuronal spiking in the majority of CA1 pyramidal neurons in brain-
slices of HPC (Moldavan et al., 2000). It is unclear if these discrepant effects of psychedelics on

firing rate is due to dose, brain structure, locomotion, or other factors.

Psilocybin caused a large-scale reorganization of the relationship of activity among RSC neurons.

After psilocybin administration, the dominant motifs of pair-wise correlation structure are

12
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dispersed, indicating that the most common patterns of RSC activity during baseline largely
vanish. This pattern is consistent across sessions and animals, indicating that acute psilocybin
causes a restructuring of functional connectivity (FC) among neurons. This effect can be partially
explained by the destabilization of positional signaling. In human fMRI studies, psychedelic drugs
have been generally reported to increase the distribution of activity covariance motifs among brain
regions (Tagliazucchi et al., 2014; Atasoy et al., 2017), and promote cortical desynchronization
(Muthukumaraswamy et al., 2013; Riga et al., 2018). Psilocybin has been shown to particularly
affect the FC within the default-mode network (DMN), which includes RSC (Carhart-Harris et al.,
2012; Roseman et al., 2014; Daws et al., 2022). This effect of psilocybin to reduce FC in the DMN
has also been reported in fMRI studies of rodents (Grandjean et al., 2021). The psychedelic-
associated loss of functional connectivity is often associated with ego-dissolution, which was
shown to correlate with decreased FC between the parahippocampal and retrosplenial cortex
(Carhart-Harris et al., 2016; Lebedev et al., 2016). Both psilocybin and LSD significantly increase
the ‘complexity’ of functional connectivity networks in the neocortex (Varley et al., 2020; Girn et
al., 2022). Our results are consistent with these reports, and demonstrate similar dynamical changes

at the cellular level within the RSC.

Acute psilocybin administration decreased the stability of RSC neuron encoding of position,
shown by the reduced mutual information and trial-to-trial correlation of individual neurons. Many
RSC cells encoded specific locations on the belt before psychedelic administration, as shown
previously (Mao et al., 2017), but these cells are destabilized by psilocybin, similar to the effect
of the non-classic psychedelic ibogaine (Ivan et al., 2023). However, despite the high dosage of
psilocybin used here, the changes in spatial encoding were surprisingly weak as compared to those

evoked by a moderate dose of ibogaine (Ivan et al., 2023). Multiple regions in the neocortex encode

13



265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

position, environmental cues, and spatial information (Mashhoori et al., 2018; Esteves et al., 2021),
which can provide a framework for navigation and context-dependent learning (Gruber and
McDonald, 2012; Chang et al., 2020). Reports of human perceptual experience is consistent with
psychedelic-based disruption of this information. Psychedelics often disrupt the sense of space and
time, causing disorientation and a feeling of spacelessness (Carbonaro et al., 2016; Garcia-Romeu
et al., 2016; Smigielski et al., 2019). It is unclear if the altered encoding of space in RSC is more
due to the direct action of psilocybin in RSC, or to alterations of afferent information. RSC
positional information relies on hippocampal processing (Esteves et al., 2021) in order to form and
maintain the cognitive map (McNaughton et al., 2006). Psilocybin not only affects 5-HT receptors,
but also alters glutamate levels in both the mPFC and the HPC (Mason et al., 2020). Interestingly,
higher glutamate in mPFC correlated with negative experiences, whereas lower glutamate in HPC
was associated with a pleasant state of ego dissolution. Rodent studies have likewise found that
psilocybin or its active form psilocin can affect dopamine, serotonin, glutamate, and GABA levels
in the frontal cortex and/or striatum (Sakashita et al., 2015; Wojtas et al., 2022) . These data suggest
that the effect of psilocybin on RSC activity could involve modulation of several neurotransmitter

systems in RSC and afferent structures.

Despite affecting several neurotransmitter systems, psilocybin exerts its psychoactive effects
primarily through the 5-HT»a receptor. The occupancy of these receptors in the neocortex relates
closely to the intensity of the psychedelic effect (Madsen et al., 2019; Kringelbach et al., 2020).
We found that blocking these receptors with ketanserin reduced the majority of the behavioural
and neural activity effects caused by psilocybin. Interestingly, the low dose fully blocked effects,
whereas the high dose did not. Prior rodent work has similarly shown only partial blockade of

psilocybin effects at behavioural and synaptic levels with ketensarin or closely related molecules
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(Moldavan et al., 2000; Hesselgrave et al., 2021; Torrado Pacheco et al., 2023). Indeed, other 5-
HT receptors are involved in modulating behaviour. For instance, 5-HT1a and 5-HT»c receptors
also contribute significantly the suppressing effect of psilocin on locomotion and investigatory
behaviour in rats (Tyls et al., 2016) and mice (Halberstadt et al., 2011). Moreover, the effects of
5-HT blockade depend on cellular physiology and/or phenotype. For instance, systemic
administration of ketanserin reduced conditioned freezing in rats bred to display enhanced
freezing, but exerted the opposite effect in low-freezing animals (Leon et al., 2017). Besides the
possible involvement of multiple 5-HT receptor subtypes, it is also possible that the
pharmacodynamics contributed to the inability of ketanserin to fully block effects of psilocybin on
spatial encoding in the present data, as psilocybin was administered 30 min after the antagonist. In
previous reports, ketanserin pretreatment only partially reduced psilocybin-induced head-twitch
behaviour when administered 1h before the psychedelic (Hesselgrave et al., 2021), but abolished
it when administered 10 minutes before psilocybin (Shao et al., 2021). In sum, our data are
consistent with prior studies in that they suggest some involvement of 5-HT2a receptors in the

effects of psilocybin, but do not rule out contributions of other neurotransmitter systems.

Conclusion

Although several fMRI studies in humans and rodents have indicated that psychedelics alter
mesoscale brain activity levels and cross-regional coordination, little is known about how these
drugs affect information representation and processing at the cellular level. The present data
suggest that activity of individual RSC neurons become discoordinated from one another, and
overall activity rates are reduced. These data are consistent with mesoscale effects reported in
fMRI studies. Despite the discoordination among neurons, the representation of spatial position by

individual neurons was only mildly impaired. This was surprising because of the high dose of
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psilocybin administered (15 mg/kg), which in humans would evoke profound changes in
mentation. We therefore speculate that either the drug’s effect on mentation is less intense in these
mice than is typical in humans, or that psychedelics effects are manifested by subtle changes to

neural encoding that are difficult to identify in the present experimental design.
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Fig. 1. Behavioural effects of psilocybin. A. Illustration of experimental setup and location of the
field of view over RSC (inset). Symbols on the treadmill belt indicate approximate locations of
tactile cues, as well as locations of visual and auditory cues. B. Box plots of the belt velocity
before/after saline/psilocybin administration. C. Number of trials per minute. D. Proportion of time
that mice were stationary during a trial. E. Mean activity rate of all neurons recorded simultaneously
in a session. Statistical significance (p<0.05) is indicated by ‘*’, and (p<0.01) is indicated by “**’.

Dots are averages from each session.
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Fig. 2. Effects of psilocybin on spatial encoding by neurons in the RSC. A. Leftward panels
(black/white) show session-averaged activity of all position-tuned cells ordered by lag to peak
activity. The abscissa is treadmill belt position, the ordinate is individual neurons, and shade
indicates average normalized activity density of each neuron along the belt. Darker shade is higher
activity. Rightward panels (color) shows the mean autocorrelation of activity for the same cells.
Grouped panels show aggregated data from the same sessions before (left two panels) and after
(right two panels) injection. Sessions testing saline (top) were separate from those testing
psilocybin (bottom). The cue zones are indicated by red vertical lines. B. Box plots and individual
session-averaged values of percentage change of the mean mutual information (MI) with respect
to baseline within each recording session. C. Percentage change of the average trial-to-trial
correlation (AC) with respect to baseline within each recording day. D. Pairwise correlation
matrices of unit activity in one representative session before/after saline (top row) and before/after

psilocybin (bottom row). E. Percentage change of the means connectivity coefficients within each
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543  Fig. 3. Effects of ketanserin pretreatment on psilocybin-mediated changes in RSC spatial
544  encoding. A. Box plots and individual values of adjusted mutual information (MI) for the different
545  dose combinations with either low (k; 1 mg/kg) or high (K; 5 mg/kg) ketanserin pretreatment and
546  low (p; 1.5 mg/kg) or high (P; 15 mg/kg) psilocybin administration. B. Box plots and individual
547  values of average firing rates for each group. C. Mean trial-to-trial correlations (AC). D. Mean

548  connectivity coefficients. Statistical significance (p<0.05) is indicated by *’.
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551  Graphical abstract. Administration of psilocybin in head-fixed mice navigating on a treadmill

552  decreases the place specificity and functional connectivity among simultaneously recorded

553  neurons in the retrosplenial cortex.
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