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ABSTRACT

Psychedelics are psychoactive substances that evoke a characteristic set of mental
phenomena that include altered psychological experiences, unstable moods, and perceptual
distortions. These hallucinogens provide a means to study brain function. Analyzing their
functional effects on neural activity can provide us with important data about their effects on
information encoding. The retrosplenial cortex (RSC) is an excellent target to study the effects of
psychoactive drugs because it is a hub that integrates and coordinates the activity of distinct brain
regions that mediate cognitive processes. The present work indicates that two different
psychedelics (psilocybin and ibogaine) have similar short-term effects on neural encoding of
spatial position in the RSC. The data indicate that psychedelics disrupt the brain’s process of
internally keeping track of position. Furthermore, the RSC exhibited a reduction in the signal to
noise ratio of the spatial encoding with chronic amphetamine. Ibogaine administration did not
ameliorate this deficit. The data presented in this doctoral thesis are among the first to suggest that

cognitive maps are disrupted by psychedelic compounds.
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CHAPTER 1: GENERAL INTRODUCTION

Neuroscientists still have much to learn about how the brain encodes and processes
information. An important tool of neuroscience is pharmacology. Observing functional changes of
the brain, and concomitant changes in behavior, during and after drug administration provides
valuable information about information encoding and processing. A series of recent functional
magnetic resonance imaging (fMRI) studies in humans have revealed that psychedelic drugs evoke
profound changes in patterned brain activity. These changes include a reduction in the normal
correlation structure (i.e. functional connectivity) among structures. This has led to claims that
psychedelics increase the entropy of the brain and evoke other changes with important
ramifications on neural information coding. It is important to note that fMRI signals indirectly
reflect changes in activity of large groups of neurons, and cannot resolve the activity of individual
neurons. In this thesis, I test whether similar effects manifest among individual neurons using
techniques to record large ensembles of neurons in mouse neocortex. Other clinical data suggests
that psychedelics can ameliorate addiction and mood disorders for many months after
administration. It is speculated that such long-lasting effects involve drug-mediated synaptic
changes, but evidence of altered connectivity has never been shown to have functional effects on
brain dynamics or information processing. I test for such effects by administering a psychedelic in

mice that have previously received chronic administration of amphetamine.

My data indicate that two different psychedelics have similar short-term effects on neural
encoding of spatial position in a neocortical region. These changes are largely consistent with the
human imaging literature. The data indicate that psychedelics disrupt the brain’s process of

internally keeping track of position, a process called path-integration. Interestingly, some features

1



of network dynamics were not affected by the psychedelics, nor was encoding 24 hours after
psychedelic administration. Moreover, psychedelic administration did not ameliorate the deficit in
spatial encoding evoked by chronic amphetamine treatment. Thus, neocortical representations in
mouse revealed by several advanced analytical methods do not reflect processes that could account
for months-long remediation of mental disorders, such as addiction and depression, reported in

clinical studies.

1.1 PSYCHEDELICS

1.1.1 What is a psychedelic?

The term “psychedelic” in a pharmacological context refers to molecules that evoke a
characteristic set of mental phenomena that include altered psychological experiences, unstable
moods, and perceptual distortions spanning several modalities including visual, auditory, and
somatosensory domains. These molecules can evoke perceptions of stimuli that are not physically
present, which is why they are sometimes referred to as “hallucinogens”. Psychedelic drugs
encompass a variety of molecules with diverse structures and pharmacology. These can be grouped
in several ways, and the groups (and individual substances) can differ in their effects on mood,
perception, or cognition. For instance, classic psychedelics such as psilocybin, typically evoke
strong effects on visual processing, which often causes surrounding colors to appear brighter or
clearer, the appearance of fractal or geometric patterns, and static objects becoming dynamic
(Aday et al., 2021). Other psychedelics, such as salvinorin A, can evoke profound distortion of

space and time perception (Maqueda et al., 2015)



Despite strongly influencing perception and cognition, some aspects of reward
processing and decision making appear resistant to modulation by psychedelics. In one study,
administration of lysergic acid diethylamide (LSD) to healthy humans did not affect short-term
influence of reinforcement on choice; win-stay and lose-shift strategies were not different from
controls (Kanen et al., 2022). These subjects did, however, perseverate less after reinforcement
contingency shifts. These data indicate that despite intense cognitive effects, humans are able to
perform reinforcement-based choice tasks without significant deficits. This is an important
consideration for the experiments in this thesis, in which animals perform tasks for reward while

under the influence of psychedelics.

1.1.2. Classic versus non-classic psychedelics

Psychedelics have generally been divided into classic and non-classic categories based
on their principal mechanism of action. Classic psychedelics such as psilocybin, LSD, N,N-
Dimethyltryptamine (DMT), 2,5-Dimethoxy-4-iodoamphetamine (DOI), and mescaline act
mainly on 5-hydroxytryptophan (5-HT, also known as serotonin) receptors. Classic psychedelics
are distinguished by their agonist activity at the 5-HT2a receptor, which appears necessary for
psychedelic effects (Gonzalez-Maeso et al., 2007; Madsen et al., 2019), although they also have
affinity for other serotonin receptors. Based on their chemical structure and psychopharmacology,
classic psychedelics are divided into tryptamines (e.g. psilocybin, DMT) and phenethylamines
(e.g. mescaline, DOI) (Geyer et al., 2009). Lysergamines are a class of tryptamines which include
tetracyclic ergolines such as LSD. Classic psychedelics can also be divided into naturally

occurring, such as psilocybin and mescaline, and synthetic, including DOI and LSD, but what they
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all have in common is the fact that they exert their effects primarily through the serotonergic
system (Baumeister et al., 2014). It is worth noting the structural similarity of classic psychedelics

with 5-HT (Fig. 1.1).

In contrast to classic psychedelics, substances classified as non-classic have primary
effects on targets other than 5-HT. Examples of such substances are ibogaine, ketamine, 3,4-
Methylenedioxymethamphetamine (MDMA), and salvinorin A. Note that many of these do have
some activity at 5-HT receptors directly or indirectly (Helsley et al., 1998; Gigliucci et al., 2013).
The present work focuses on psilocybin and ibogaine, two representative substances from each

category (Fig. 1.1).
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Fig. 1.1: Illustration of the psychedelics and their metabolic pathways. A. Drawing of

Psilocybe cubensis, colloquially referred to as “magic mushrooms”. Image reproduced with
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permission from Hollye Eugenia Maxwell, Psilocybe cubensis, 2022, Maxwell Studios, LLC. B.
Metabolic pathway of psilocybin adapted form (Nichols, 2020). C. Tabernathe Iboga plant from
“Plants of the gods: their sacred, healing, and hallucinogenic powers” (Schultes et al., 2001). D.
Metabolic pathway of ibogaine, adapted from (Wasko et al., 2018). The structure of serotonin is

shown to illustrate the structural similarity of the exogenous ligands.

1.1.3 Psilocybin (classic psychedelic)

Psychotropic fungi of the genus Psilocybe have been used in Europe and the Americas
for centuries, largely for spiritual practices (Nichols, 2020). They are best known for their 1-
tryptophan-derived major natural product, psilocybin. After oral administration, this is
metabolized to psilocin, the dephosphorylated metabolite, in the acidic environment of the stomach
or by alkaline phosphatase (Fig. 1.1.B) in the intestine and kidneys (Dinis-Oliveira, 2017). Psilocin
is a compound that has the ability to cross the brain-blood barrier and acts primarily to agonize the
5-HT2a receptor, thereby impacting perception and consciousness (Madsen et al., 2019).
Interestingly, not all 5-HT2a agonists have psychedelic properties (Cao et al., 2022; Cunningham
et al., 2023). Rather, psychedelics appear to have modulatory action at this receptor that is
important for the psychedelic effect. Classic psychedelics interact with the 5-HT2a receptor to
induce a head-twitch response (HTR), a marker of psychedelic state in rodents (Erkizia-Santamaria
et al., 2022). In humans, the experience of psilocybin is described as being consistent with that of
other classic psychedelics described above. It is characterized by perceptual distortions, space—
time awareness alterations, and psychological experiences with spiritual connotations (Griffiths et
al., 2006). Some participants report experiencing ‘synesthesia’, a phenomenon in which the

sensory modalities are mixed, enabling the participants to ‘see sounds’ (Turton et al., 2014). Mood



effects can include a reduction in anxiety, a sense of joy and happiness, and even euphoria

(Griffiths et al., 2006).

1.1.4 Ibogaine (non-classic psychedelic)

Ibogaine is an indole alkaloid which is the major psychoactive component of the
Tabernanthe Iboga root bark, an Apocynaceous shrub found in West Central Africa, which has
long been used in spiritual rituals. Ibogaine is metabolized by cytochrome P4502D6 (CYP2D6) to
form its principal metabolite, noribogaine (Fig. 1.1.D) (Obach et al., 1998). The subjective effects
of ibogaine, reported by healthy or addicted individuals, differ from that of classic psychedelics
(Mash et al., 1998; Schenberg et al., 2014; Glue et al., 2015; Brown and Alper, 2018; Malcolm et
al., 2018; Mash et al., 2018; Noller et al., 2018). Most subjects describe strong spiritual
experiences, sometimes with negative connotations, heightened memory recollection and
prospection of one’s own future (Schenberg et al., 2017). The disruption in visual and auditory
perception is more often described as a “dream-like state”, and the oneiric effects can be
accompanied by increased sensitivity to light and sound and ego dissolution (Brown et al., 2019).
The immediate experience is followed by an extended period of contemplative state, which can be
accompanied by lucid dreaming, autobiographical memories, and introspection. Overall,
participants in ibogaine studies do not describe the drug as a pleasant or typical psychedelic
experience. Indeed, the majority report having to confront difficult personal past events, such as
childhood traumas, overdoses, and strong emotional events, either real or fictitious. Many have
posited that this effect on prospection, which appears to be specific to ibogaine, is the key for its

ability to produce positive outcomes in addicted patients.
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Even though ibogaine does show moderate binding with 5-HT2a (Helsley et al., 1998), it
does not produce HTR (Gonzalez et al., 2018). Ibogaine affects a wide range of neurotransmitters
and receptors in the dopamine (Maisonneuve et al., 1991; Sershen et al., 1992b), serotonin
(Broderick et al., 1994; Mash et al., 1995), and opioid systems (Codd, 1995; Glick et al., 1997).
Ibogaine has a variety of effects: it has a relatively low affinity for k- and p-opioid receptors and
02 receptors; it binds to both serotonin reuptake transporter (SERT) and dopamine transporter
(DAT); it is an antagonist to N-methyl-D-aspartate (NMDA) and o34 nicotinic acetylcholine
(nAChR) receptors; and it is a weak 5-HT2aR agonist (Alper, 2001; Sershen et al., 2001; Bulling
et al., 2012; Coleman et al., 2019). The effects of ibogaine could therefore be attributed to a

polypharmacological mechanism underpinning the effects on information processing.

In rodents, ibogaine suppresses sleep and promotes wakefulness (Gonzalez et al., 2018),
but this wakeful state has electrophysical properties similar to REM sleep state to such extent that
an artificial neural network classified awake ibogaine data as REM sleep (Gonzalez et al., 2021).
This dream-like dissociate state is distinguished by high-power local gamma oscillations that are
less complex than in normal wakefulness. These oscillations have been attributed to ibogaine’s
NMDA receptor antagonism because ketamine (an NMDA antagonist) administration induces

similar features (Manduca et al., 2020).

Ibogaine is reported to have long-lasting (up to a week) effects on behavior (Glick et al.,
1991; Sershen et al., 1992b; Sershen et al., 1994), and long-term impact on drug abstinence. These
effects may be related to its ability to promote the growth of dendritic arbors and spines in rodent
cortical neurons (Ly et al., 2018; Cameron et al., 2020). This is similar to other psychedelics that

have been shown to induce neuroplasticity, such as DMT (Lima da Cruz et al., 2018), psilocybin



(Shao et al., 2021), ketamine (Pryazhnikov et al., 2018; Treccani et al., 2019; Zhang et al., 2019),
and others (Calder and Hasler, 2023). Neuroplastic changes are thought to be the basis of learning
and memory and can affect neural dynamics (Yu et al., 2017). These effects inspired ibogaine’s
classification as a “psychoplastogen”. Importantly, no neural correlates of such synaptic
reorganization have been reported. Without such data, it remains unclear if synaptic changes are

functionally relevant.

1.1.5 Short and long-term mechanisms of psychedelic action in the brain

There are several theories that attempt to explain how psychedelics affect neural
processes to produce psychedelic effects (Swanson, 2018). Previous reports on the effects of
hallucinogens on human brain activity measured by fMRI are based on mostly classic
psychedelics, including psilocybin (Carhart-Harris et al., 2012; Muthukumaraswamy et al., 2013;
Tagliazucchi et al., 2014), LSD (Carhart-Harris et al., 2016; Atasoy et al., 2017), ayahuasca and
DMT (Alonso et al., 2015; Palhano-Fontes et al., 2015; Riga et al., 2018). Several common
denominators emerge throughout the human fMRI literature, such as an increase in connectivity
motifs (Tagliazucchi et al., 2014; Atasoy et al., 2017). Complex networks, such as biological
systems, can be decomposed into several patterns of connections within the network, which are
termed connectivity motifs. The activity dynamics of the network is often dominated by one or a
few of these at any one time. These motifs represent potential “processing modes” and can provide
insights into the functional properties of a networks (Sporns, 2006). An increase in the number of
connectivity motifs can indicate that the network transitioned from highly structured to

increasingly homogeneous. Another classic feature of the psychedelic brain is decreased activity
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in frontal regions, which is posited to cause a reduction of the top-down control (Carhart-Harris et
al., 2012), and increase in the ‘entropy’ of functional connectivity networks in the neocortex
(Carhart-Harris et al., 2014; Girn et al., 2022). Entropy is defined as a dimensionless quantity that
is used for measuring of the degree of complexity contained in a system. While entropy is not
identical to randomness in all circumstances, the implication is that it reflects the degree of disorder
or uncertainty in a system. Psychedelic states are also proposed to cause disruption of information

flow between cortical regions in humans (Carhart-Harris et al., 2012; Barnett et al., 2020).

In addition to the short-term effects described above, psychedelics also appear to have
effects on cognition and mood that can last for months after an acute dose. One of the best studied
is the effect of several individual psychedelics to produce elevated mood and remediate anxiety
and depression (Moreno et al., 2006; Griffiths et al., 2016; Rucker et al., 2016; Sanches et al.,
2016; Carhart-Harris et al., 2018b). This suggests that psychedelics can promote long-lasting
changes in the brain. Most of the attention has been focused on dendrites and spines. Psilocybin
has been shown to induce an increase in spine morphology in mice using in vivo 2-photon imaging
of layer V pyramidal neurons in the medial frontal cortex (Shao et al., 2021), and Golgi-Cox
staining histological assessment in the hippocampus (Du et al., 2023). Similarly, an increase in
the spine density was observed in the mouse medial frontal cortex with 5-MeO-DMT treatment
(Jefferson et al., 2023). Serotonin itself does not produce psychedelic-like effects on neuronal
growth when administered to cortical cultures (Ly et al., 2018). Activation of intracellular 5-HT2a
receptors could be an important factor in the neuroplastic changes and antidepressant properties of
psychedelic compounds (Vargas et al., 2023), and could explain the persistent effects after the
psychedelic is no longer present in the extracellular space. Conversely, plastic changes induced by

both psilocin and LSD in mouse HPC and PFC are associated with the high affinity of these
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compounds to bind to TrkB, the brain-derived neurotrophic factor (BDNF) receptor, and these
neurotrophic effects do not require 5-HT2a activation (Moliner et al., 2023). Some 5-HT2aR
ligands can cause behavioral and structural alterations in the absence of hallucinogenic effects
(Dunlap et al., 2020; Dong et al., 2021; Cao et al., 2022). However, there are many indications that
in humans, the beneficial properties of psychedelics in various conditions are closely linked to
their subjective effects (Yaden and Griffiths, 2021). To date, no studies have shown that the
neuroplastic changes have functional effects on neural dynamics, memory, or information

processing.

1.1.6 Ibogaine as a treatment for addiction

Ibogaine has a long anecdotal history as a treatment for addiction. Proper clinical trials
have only been conducted more recently. Ibogaine has been shown to have promising results in
treating substance use disorders, particularly for opioid use (Mash et al., 2018; Noller et al., 2018;
Kock et al., 2021). Ibogaine thus appears to have some efficacy in attenuating drug taking
behavior, but no evidence to date indicates how this is manifested though changes in neural
signaling. Ibogaine is effective in reducing measures of drug taking and drug seeking in rodents
as well. In rats, it reduces self-administration of cocaine, morphine, and heroin (Glick et al., 1991;
Cappendijk and Dzoljic, 1993; Glick et al., 1994; Dworkin et al., 1995). It also reduces alcohol

intake (Rezvani et al., 1995; He et al., 2005), and cocaine preference (Sershen et al., 1994).

Of particular interest to this thesis is ibogaine’s effect on animal models of addiction to
psychostimulants, such as amphetamine. Ibogaine diminishes amphetamine-induced place

preference (Moroz et al., 1997), and amphetamine-induced hyper-locomotion (Sershen et al.,
10



1992b). Amphetamine has been extensively researched in rodents, and its effects on behavior and
neural signaling have been described for various dosages, brain regions, and behavioral paradigms.
Particularly, prolonged administration of amphetamine has been shown to impair learning and
memory (Mandillo et al., 2003; Arroyo-Garcia et al., 2020) and promote patterned behavior such
as conditioned place preference, food hoarding, and hyperlocomotion (Creese and Iversen, 1974;
Spyraki et al., 1982; Dringenberg et al., 2000). Therefore, using chronic amphetamine
administration in rodents in order to observe the interaction between an addictive drug and a
psychedelic with anti-addictive properties can reveal important information about the effect of

both drugs on neural processing.

Several important features of ibogaine’s neural effects remain unresolved. It is still
unclear if ibogaine’s low affinity for the 5-HT2a receptor has a strong functional relevance,
whether the neuroplastic properties are responsible for the long-term effects in treating disorders,
and whether the psychedelic experience is germane for its therapeutic effectiveness in humans.
While this thesis does not directly address these questions, it does investigate whether it induces
long-lasting changes in neural signaling in the cortex in drug-naive and in chronic drug treated

mice, which can help expand our knowledge in the properties of this psychedelic.

1.2 SPATIAL ENCODING & THE RETROSPLENIAL CORTEX

Few studies have reported the effects of psychedelics on information encoding among
ensembles of neurons. One has investigated encoding of information in the visual cortex, finding
that DOI had a suppressive effect on sensory-driven responses (Michaiel et al., 2019). I am

interested in the effects of psychedelics on representations generated internally as well as those
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evoked by stimuli. The encoding of spatial position enables such investigation. The location of a
rodent is encoded by populations of ‘place cells’, first described in CA1 of hippocampus (O'Keefe
and Dostrovsky, 1971). Each of these cells activates when the animal locomotes through a
particular place in the environment. Similar place cells have been reported in the retrosplenial
cortex (RSC) (Mao et al., 2017). Intriguingly, rodents can update their estimation of position even
in the absence of location cues (such as landmarks) (Cooper et al., 2001). They use a process called
‘path integration’ to use motion signals in order to update their expected position (Sherrill et al.,
2013). This is reflected in the activation of place cells corresponding to the new expected location,
and extinguishing activity in place cells corresponding to former locations. The place cells
therefore provide a well-understood means to read out a phenomenon dependent on internal neural
dynamics (path integration). In general, the representation of the location of the animal and
environmental features is termed ‘cognitive map’ (O'Keefe and Nadel, 1978). It can be mentally

navigated to plan and execute navigation.

The rodent retrosplenial cortex occupies the caudal half of the cingulate cortex and is
divided in a dorsal dysgranular area (due to the presence of a rudimentary layer IV) and a ventral
granular area (van Groen and Wyss, 1992; Vogt and Paxinos, 2014). The two regions are heavily
interconnected, both with each other, and with other cortical and subcortical areas (Aggleton et al.,
2021). The RSC has been studied in the context of memory research for many decades, but later
work has focused on its role in navigation, landmark processing, and direction encoding. Lesion
studies in rodents revealed that it can be challenging to identify cognitive functions that depend
exclusively on the RSC (Mitchell et al., 2018), but that specific impairments can be observed,
particularly in spatial working memory (Sutherland et al., 1988; Cooper and Mizumori, 1999;

Whishaw et al., 2001; Vann and Aggleton, 2002; Keene and Bucci, 2009).
12



The RSC is involved in critical functions such as planning, memory, and navigation
(Vann et al., 2009). A large proportion of these functions are due to this brain region’s connections
to the hippocampus (HPC) (Wyass and Van Groen, 1992; Kobayashi and Amaral, 2003; Sugar et
al., 2011; Yamawaki et al., 2019), and the prefrontal cortex (PFC) (Fisk and Wyss, 1999; Shibata
et al., 2004; Shibata and Naito, 2008). Rats that learned a spatial navigation task showed an
increase in regional cerebral blood flow (rCBF) in the ventral hippocampus, which was positively
correlated with activation of the dysgranular RSC (Holschneider et al., 2019). This brain region is
therefore well positioned to integrate sensory, mnemonic, and cognitive information by virtue of
its strong connectivity with the HPC, which is integral to the processing of contextual memories
(Corcoran et al., 2011; Corcoran et al., 2018) and the cortical representation of space (Esteves et

al., 2021; Esteves et al., 2023).

As a hub that integrates and coordinates the activity of distinct brain regions that mediate
cognitive and emotional processes, the RSC is an excellent target to study the effects of
psychoactive drugs. Reports of human perceptual experience is consistent with psychedelic-based
disruption of 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). The loss of spatial
boundaries, resulting in a blurring of the distinction between self-representation and external
environment was described as an “ego dissolution” (Klee, 1963; Milli¢re et al., 2018; Mason et
al., 2020). This dissociative state in which affective responses are uncoupled from sensory percepts
is distinguished in mice by slow (1-3 Hz) oscillations in layer V of the RSC, which corresponded
with rhythmic coupling with the thalamus (Vesuna et al., 2020). Therefore, it is possible that

psychedelic drugs affect information processing in the RSC. The properties of the RSC location-
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encoding cells provide a model system to investigate the neural correlates of a drug’s effect on
navigation and memory. The RSC encodes stable landmarks in an environment (Auger et al., 2012)
and the animal’s orientation, even when head-fixed (Sit and Goard, 2023). These cells also
represent relationships between path elements. In rats traversing a track with a recurrent structure,
RSC neurons encode sub-route positions relative to the whole track, further indicating the role of

RSC in path integration by the extraction of path sub-spaces (Alexander and Nitz, 2017).

Executive processes that enable behaviors such as decision-making and strategy
flexibility depend on contextual representations of space in the PFC, where neurons remap in a
novel environment but conserve their tuning in familiar ones (Sauer et al., 2022), and RSC, where
contexts are associated with appropriate motor outputs (Franco and Goard, 2021). Furthermore,
RSC contextual representations provide information about the reliability of events occurring
within them (Auger and Maguire, 2018). RSC may also contribute to the formation of episodic
memory by linking sensory stimuli during learning. A study using rats trained in a sensory
preconditioning procedure in which a tone and light were paired in the absence of reinforcement,
and then paired with food, showed that chemogenetic silencing of RSC neurons during
preconditioning prevented the formation of an association between the tone and light (Robinson
et al., 2014). The rat RSC also contributes to learning about stimuli that are not explicitly spatial
(Robinson et al., 2011; Miller et al., 2014; Nelson et al., 2014; Jiang et al., 2018). These results
suggest that in the nonspatial domain, the RSC serves as a comparator between representations

from different frames of reference (Nelson et al., 2018).

Drug seeking involves neural processing in networks of brain structures that are essential

for navigation, reward processing, and decision making (Dalley et al., 2011). The RSC is important
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in drug seeking behavior through its involvement is spatial encoding, path integration, and its role
in emotional processes (Maddock, 1999). This brain region contains reward-responsive neurons
that encode reward value and preference (Vedder et al., 2017; Hattori et al., 2019). Recent data
indicate that reward associations may involve the RSC’s connection to the basolateral amygdala
(Lefner et al., 2021) and primary sensory cortices (Todd et al., 2016; Fischer et al., 2020).
Furthermore, a network of brain regions closely coupled with the RSC, including the ventral
tegmental area (VTA), substantia nigra (SN), and hypothalamus, show a strong correlation in
response to amphetamine administration (Schwarz et al., 2007). These regions are involved in
ethological behaviors (e.g. food foraging), but prolonged exposure to psychostimulants is thought
to induce structural and functional changes in order to elicit patterned responses such as drug
seeking (Koob and Le Moal, 2001). Furthermore, amphetamine-sensitized rats display increased
habit formation and motivation for reinforcement (Nelson and Killcross, 2006; Nordquist et al.,

2007; Mendez et al., 2009).

Serotonin plays an important role in the modulation of cortical electrical activity and acts
on cortical neurons (Andrade, 2011), which express a variety of receptors for 5-HT (Pazos et al.,
1985; Pompeiano et al., 1992; 1994; Beliveau et al., 2017), although the distribution of receptors
is typically lower in the RSC. While this brain region does not have a high incidence of 5-HT2a
receptors, it is strongly influenced by its connectivity with prefrontal and sensory cortices, which
do have a strong expression of 5-HT2aRs (Andrade and Weber, 2010). Serotonin was found to
increase the latency of intracortical synchronous discharges and interhemispheric propagation time
in the cingulate (anterior and retrosplenial) cortex of mice, and this effect was simulated by 5-

HTis and 5-HT2a receptor agonists (Rovira and Geijo-Barrientos, 2016). RSC interactions with
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other structures thus appear 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.

It is evident from both human studies and animal models that the RSC is involved in
various aspects of cognition. Overall, human fMRI studies indicate that psychedelics can
temporarily alter the activity and connectivity profile of the RSC (Lebedev et al., 2015; Carhart-
Harris et al., 2016). This could be linked to their ability to promote growth of dendritic arbors and
spines in rodent cortical neurons (Ly et al., 2018; Cameron et al., 2020; Shao et al., 2021), and
therefore inducing structural changes in the cortex. Because structural changes are expected to
persist over a long time (months), this should lead to long-lasting changes in functional
connectivity. Alternatively, the acute effects observed could be less reliant on anatomical
alterations and more on temporary functional changes. As described above, psychedelics promote
cortical desynchronization and increase the complexity of the brain activity. The evidence so far
points to psychedelic drugs acting upon specific receptors in order to exert their effects. This, in
turn, leads to functional and plastic changes which can alter behavior. The work presented in this
thesis is one of the first to test psychedelic effects on information processing at the level of neural

ensembles in the retrosplenial cortex.

1.3 HYPOTHESES

Based on the literature reviewed above, I have developed 5 primary hypotheses that

motivate the thesis experiments.
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Hypothesis 1: Psychedelics will corrupt encoding of RSC place encoding, as indicated
by reduced signal to noise ratio (SNR). Rationale: Humans experience psychedelic-based
disruption of the sense of space and time, causing disorientation and a feeling of spacelessness. |

expect this to be manifest as loss of signal in place-cell activity in rodents.

Hypothesis 2: Psychedelics will disrupt functional connectivity among single units in
RSC. Rationale: fMRI studies in humans have shown reduction in functional connectivity among

brain regions. I expect that this macroscopic phenomenon will be recapitulated at the cellular level.

Hypothesis 3: Psilocybin and ibogaine will show similar effects on RSC activity despite
differences in their molecular structure and pharmacology. Rationale: Both psychedelics have
similar effects on measures of large-scale activity, such as cortical desynchronization and
increased neuroplasticity. I expect the effects on neural dynamics in the RSC will be similar for

the two substances.

Hypothesis 4: Chronic amphetamine administration will reduce SNR of place encoding
in RSC neurons. Rationale: Rodents treated with repeated administration of amphetamine are

impaired in spatial tasks. I expect this to be reflected as reduced SNR.
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Hypothesis 5: Psychedelics will have long-term effects to improve SNR in rats treated
with chronic amphetamine. Rationale: Psychedelics appear to remediate depressive symptoms in
humans and reduce conditioned place preference for amphetamine in rodents. Moreover, they

appear to engage synaptic reorganization. I expect this to remediate deficits in RSC place encoding.

1.4 THESIS ORGANIZATION

Psychedelics provide a fascinating tool to study brain function, such as what neural
correlates change and how those are related to reported psychedelic states. Moreover, psychedelics
are a potential therapeutic for addiction, depression and other mental illnesses. Their rapid onset
and long-lasting efficacy contrast the several weeks or months required for efficacy by traditional
treatments. However, we know almost nothing about how psychedelics exert their effects. Testing
my theories in a rodent model has significant value because it allows recording of ensemble neural
activity with spatiotemporal precision not currently possible in humans. This will likely help
develop a much-needed cellular-level model of cognitive phenomena pertinent to psychedelic

research.

Clearly defining the precise molecular effects of psychedelics is extremely difficult (Ray,
2010). Analyzing their functional effects on neural activity can provide us with important
information about their effects on information encoding, the deviations they cause in healthy and
disordered brain, and the therapeutic potential they offer. This will allow us to move forward
towards well-controlled, highly regulated, and more successful treatment for a myriad of

neurological conditions such as addiction, chronic depression, anxiety, and others.
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Furthermore, despite tremendous amount of past research, we still have little knowledge
about how information encoding at the single-cell level is affected in addiction. Improving the
current treatment options is difficult in the absence of this knowledge. Using chronic amphetamine
administration as a rodent model of addiction can provide essential information regarding its effect

on the neural activity repertoire.

The present work aimed at investigating several hypotheses related to psychedelic action,
which were then tested in three studies I have conducted during my doctoral training, in an attempt
to enhance our knowledge on the functional effects of psilocybin and ibogaine on individual

neuronal level in the cortex.

Chapter 2: This experiment provides evidence that psilocybin disrupts cognitive
processes (at least those involved in place encoding and/or navigation) in the brain. The spatial
information encoded in the RSC provides a means to assess how information processing at the
cellular level is altered. I hypothesize that as the head-fixed mice navigate a virtual environment,
the spatial representation will become distorted and/or degraded, and I will observe decreased
functional connectivity among RSC neurons. Psilocybin exerts its effects mainly through serotonin

receptors and therefore blockage of 5-HT24Rs using an antagonist should counteract these effects.

Chapter 3: This experiment provides evidence that ibogaine evokes mental states with
psychedelic features in rodents. Despite it having a significantly broader neuropharmacological
action than classic psychedelics, I expect to observe a similar phenomenon linked to cognitive
maps. This should correspond with a loss of correlation structure, and increased responses to
cues, as the sensory signals will be encoded more reliably in the RSC. Together, these data test

proposals that compounds with psychedelic properties increase the entropy of neural signaling.
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Chapter 4: Amphetamine and other drugs of abuse have both short-term and long-
lasting effects on brain function, and chronic drug paradigms often result in cognitive
impairments. They may also affect the involvement of the RSC in cognitive control. I will test the
hypothesis that chronic amphetamine administration degrades the spatial encoding in the RSC. |
also aim to determine whether ibogaine can ameliorate amphetamine-induced signaling changes.
This hypothesis was inspired by many reports of ibogaine inducing prolonged facilitation of drug

cessation in humans with substance use disorders.

In the following chapters I will describe the experiments conducted to answer the
proposed hypotheses. The body of data presented in this doctoral thesis is one of the first to suggest
that cognitive maps are disrupted by psychedelic compounds and represents an attempt to

contribute to the fields of psychedelic research, path integration, and addiction.
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2.1 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
correlation among simultaneously recorded neurons. The 5-HT2aR (serotonin 2A receptor)
antagonist ketanserin blocked 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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2.2 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-HT2a 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-HT2a 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 et al., 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
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differences in brain region and/or the pharmacology of the psychedelic used. Here, we test if the
classic psychedelic psilocybin degrades spatial information in RSC similarly to ibogaine, and if

this depends on 5-HT2a 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
activity 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; laria 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
blood-oxygen-level-dependent (BOLD) signal of rat RSC (Spain et al., 2015). Conversely, resting-
state functional magnetic resonance imaging (fMRI) in lightly-anesthetized mice found that
psilocybin causes an increase in functional correlation (FC) between the RSC, cingulate cortex,
and other structures expressing 5-HT2a receptors, such as the ventral striatum (Grandjean et al.,
2021). RSC interactions with other structures thus appears to be modulated by psilocybin, and
likely other psychedelic drugs. The spatial information encoded in RSC provides a means to assess
how 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 the agranular RSC of head-fixed mice navigating a

virtual environment.
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2.3 METHODS

Animals

Adult (4-9 month old) Thyl-GCaMP6s 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.
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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. 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 behavior

Head-fixed mice were trained to voluntarily 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 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 with different textures were placed at 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 during each trial. An optical encoder attached to the wheel shaft was used to monitor
belt movement. A microcontroller was used to monitor the encoder, a 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 with a different cue

configuration for the imaging sessions (see Fig. 1 diagram of cue locations). The training and
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testing belts were similar, with the same length, same number of tactile cues, with similar size and
texture, placed in different locations along the belt. During testing, the visual cue was delivered on

80% of the trials, while the auditory cue was delivered on 100% of the trials.
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Fig. 2.1: Experimental timeline.

Neural activity was imaged in daily sessions of the task for 15-20 minutes. For drug days, we
recorded first a baseline activity for 10 mins in every session. In some sessions, mice (n=7) were
injected with either saline or ketanserin before the baseline recording (see Fig. 1). After the 10
minute baseline recording, mice were given an injection of psilocybin or saline. 10 minutes after
injection, mice were 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 every other day, with or
without the ketanserin pretreatment. All experimental animals received 15 mg/kg psilocybin on all
4 days (day 4, 6, 8, and 10). The animals were then assigned to one of two group to receive
ketanserin at either low dose (1 mg/kg; n=4) or high dose (5 mg/kg; n=3) before psilocybin. The
animals within each group received the same dose of ketanserin pretreatment on both testing days
(day 6 and 10). The animals that originally received high dose (n=3) also received 2 doses of low
ketanserin paired with low (1.5 mg/kg) psilocybin after day 11. A separate control group (n = 3)
received only saline in the same schedule as the treatment group. Statistical tests were performed

using GraphPad Prism 10.
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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 um
— 160 pm (layer II/III), from a field of view of 835 x 835 pm. 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

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
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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 among sessions, 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

The clustering method (Watts and Strogatz, 1998) measures how many of a given
neuron’s neighbors are themselves neighbors of each other. In our analysis, this corresponds to
computing, for a given neuron i, how many of the neurons that have high functional correlation
with 7 have high functional correlation (FC) between themselves. We chose this measure because

it neatly encapsulates the dissolution of the tightly interconnected neuronal clusters.

The clustering is computed as the geometric average of the subgraph edge weights

(Onnela et al., 2005):

1
U= deg(u) (deg(u) — 1))

D P B Pi)
vw

Where the edge weights W,,,, are normalized by the maximum network weight:

Wyy = Wy /max(w)
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We then took the mean over all the nodes in the network:

We used the networkx package (Hagberg et al., 2008) to perform these calculations.

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
clustering in the spatial correlation matrices, we computed the average clustering coefficient
(Saraméki 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.
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2.4 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 pm; layer II/IIT) of RSC in head-fixed mice (Fig. 2.2.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.
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 10 (2F/8M) head-fixed mice (Fig. 2.A). Mice were recorded while
running on a treadmill belt that had narrow and distinct 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
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sessions) controls. Statistical inference of drug effect was determined by two-way (session x
psilocybin/saline) repeated measures (RM) ANOVA. Unless stated otherwise, the reported source
of variation is the main effect of psilocybin computed as percentage change from baseline for each
session. If an outlier is identified using robust regression and outlier removal (ROUT; Q = 1%), or
a value is missing due to technical error, the RM two-way ANOVA is replaced by a repeated
measures mixed effects model with restricted maximum likelihood (REML). This mixed model is

a commonly used method when values are missing randomly (Berke et al., 2022).

Psilocybin injection lowered the animals’ movement as measured by belt velocity (Fig.
2.B; RM two-way (session x saline/psilocybin) ANOVA; main effect of drug: F (1, 6) = 12.01, p
= 0.013). The psilocybin-induced retardation of locomotion is consistent with previous reports
(Halberstadt et al., 2011; Tyls et al., 2016). Psilocybin did not affect the number of trials per minute
completed (Fig. 2.C; REML main effect of drug: F (1, 6) =2.58, p=0.159; ROUT (n=1)) or the
proportion of time the animals were stationary between the start of a lap and the arrival at the
feeder location (stop ratio; Fig. 2.D; RM two-way ANOVA; F (1, 6) = 0.27, p = 0.621). The
average neural activity rate had a non-significant trend to decrease after drug administration (Fig.
2.E; two-way ANOVA; F (1, 6) = 3.30, p = 0.118). A second cohort of animals that only ever
received saline (n=3) showed no significant effect of injection on any of these measures

(Supplemental Fig. 1), suggesting that these are effects of the drug.
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Fig. 2.2: Behavioral 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 and individual session-
averaged values of the percentage change of the belt velocity from baseline after saline
administration in one session, and after psilocybin administration in another session for the same
rats (n=7, two sessions of each condition per subject). C. Percentage change from baseline of the
number of trials per minute. D. Percentage change from baseline of the proportion of time that mice
were stationary during a trial. E. Percentage change from baseline of the mean activity rate of all
neurons recorded simultaneously in a session. Statistical significance (p<0.05) is indicated by “*’.

Dots are averages from each session.

Many RSC neurons activated at specific locations on the belt during each trial (Fig. 3.A),
whereas other cells were 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

45



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) in the baseline data. Psilocybin significantly
decreased the mean MI of these cells (Fig. 3.B; REML: F (1, 23) =6.41, p=0.019; ROUT (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 (AC) decreased after
psilocybin but not saline (Fig. 3.C; REML: F (1, 23) =19.51, p=0.0002; ROUT (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 correlation of activity
among cells within the RSC. We computed the pair-wise correlation of activity among all neurons
recorded 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. 3.D; Supplemental Fig. 2 shows an example from every subject). We quantified
psychedelic-induced changes in functional correlation patterns by computing the clustering
coefficient of the correlation matrix. This coefficient is high when there are multiple clusters, each
of which containing functionally-similar units. Psilocybin reduced the clustering coefficient (Fig.
3.E; RM two-way ANOVA; F (1, 6) = 14.01, p=0.009), indicating a loss of functional correlation
structure. In other words, each neuron is activating more independently from the others. 5-HT2aR
is a metabotropic receptor and may thus affect Ca?>" dynamics in neurons. This could affect the
dynamics of the GCaMP signal and thereby influence metrics such as AC. We therefore analyzed

the decay time constant of GCaMP fluorescence signal to assess such possible effects of
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psilocybin. Although the mean decay time constant was reduced more following psilocybin than
saline, the effect is small relative to the variance of time constants and is therefore unlikely to have

a meaningful effect on the AC values (Supplemental Fig. 3).
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Fig. 2.3: 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 (left) and before/after
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psilocybin (right). E. Percentage change of the means correlation coefficients within each
recording session. Statistical significance (p<0.05) is indicated by ‘*’, (p<0.01) is indicated by
%’ "and (p<0.001) is indicated by “***’,

We next investigated if these effects of psilocybin on neural activity were mediated by
5-HT24aR 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). For each treatment sequence, we recorded the neural activity twice in each
animal. One session for the k-P group was lost due to technical error. We therefore used the REML
model for statistical analysis. Ketanserin blocked the effects of high or low dose psilocybin on all
behavioral measures, firing rate, MI, trial-to-trial correlation, and clustering of cross-correlations
(Fig. 4. A-G), as reported by the percentage change in psilocybin from the ketanserin pretreatment.
REML main effect of drug for: belt velocity: F (2, 7) = 1.05, p = 0.39; number of trials per minute:
F (2,7)=0.62, p = 0.56; stop probability: F (2, 7) = 0.94, p = 0.43; mean activity rate: F (2, 7) =
1.65,p=025;MI: F (2,7)=1.71, p=0.24; AC: F (2, 7) = 0.33, p = 0.72; clustering coefficient:
F (2,7)=0.43, p = 0.66. The high dose ketanserin appears to be less successful at blocking the
effects of high psilocybin on MI or firing rate (Fig. 4. D-E), but these trends do not reach statistical
significance. Nonetheless, it appears that ketanserin blocks or reduces the effects of psilocybin on

both behavior and neural activity, suggesting that 5-HT2aR are involved in the phenomena.
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Fig. 2.4. Effects of ketanserin pretreatment on psilocybin-mediated changes in RSC spatial
encoding. A. Box plots and individual values of percentage change from baseline in belt velocity
for the different dose combinations with either low (k; 1 mg/kg) or high (K; 5 mg/kg) ketanserin
pretreatment and low (p; 1.5 mg/kg) or high (P; 15 mg/kg) psilocybin administration. B.
Percentage change in number of trials per minute for each group. C. Percentage change in the time
the mice were stationary during a trial. D. Box plots and individual values of percentage change
in average firing rates for each group. E. Percentage change in adjusted mutual information (MI).
F. Percentage change in mean trial-to-trial correlations (AC). G. Percentage change in mean

correlation coefficients.

2.5 DISCUSSION

In this study, psilocybin reduced locomotion, decreased spatial information encoded by
RSC cells, and decreased functional correlation among RSC neurons in the agranular region. The

5-HT2a antagonist ketanserin blocked the behavioral effects and prevented the loss of spatial
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information. Unexpectedly, the higher dose of ketanserin (5 mg/kg) had a diminished effect on
blocking the psilocybin effects 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. Treatment
effects were sufficiently strong as to overcome potential variance of sex and age. It is possible that
these independent factors play a role in effect magnitudes, but we do not have sufficient statistical

power in the present sample to robustly test for them.

The administration of psilocybin reduced locomotion speed in the present data, consistent
with previous reports (Halberstadt et al., 2011; Tyls et al., 2016). Psilocybin also showed a trend
to decrease 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 single unit activity of RSC neurons. Some indirect evidence is consistent with
our finding. Psilocybin’s active metabolite, psilocin, caused a decrease in the BOLD signal relative
to baseline in rat RSC (Spain et al., 2015). This paper also reported a decrease in the anterior
cingulate cortex (ACC), which contrasts other reports. 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-methoxy-N,N-dimethyltryptamine (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). 5-MeO-DMT 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 CAl 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.
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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 dispersed, indicating that the most common patterns of RSC activity during baseline largely
vanish. This response is consistent across sessions and animals, indicating that acute psilocybin
causes a restructuring of functional correlation (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). The psychedelic-associated loss of functional
correlation is often associated with ego-dissolution, which was shown to correlate with decreased
functional correlation 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 correlation 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. It is worth noting that 5-HT24R, as with nearly all neuromodulatory receptors,
affect Ca®" signaling. It is therefore possible that the fluorescent signaling is somehow degraded
by psilocybin via modulation of intracellular Ca**. We examined features of fluorescent transients
to assess this possibility (Supplemental Fig. 3). The time constant of GCaMP decay is lower after
injection of either saline or psilocybin. The effect for psilocybin is stronger than saline but it is
small compared to the natural variance. It is therefore unlikely that reduced FC in the present report

is due to degradation of the GCaMP signal.
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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 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, 2012b; 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 gamma-aminobutyric acid (GABA) levels in the frontal

cortex and/or striatum (Sakashita et al., 2015; Wojtas et al., 2022). These data suggest that the
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effect of psilocybin on RSC activity could involve modulation of several neurotransmitter systems

in RSC and afferent structures.

It is possible that the motoric slowing under the drug affected spatial encoding, even
though we normalized firing by belt position rather than time in order to minimize artifacts of
altered motoric output. We explicitly tested if belt velocity (a readout of motoric output) was
related to encoding of space and neural dynamics (Supplemental Fig. 4). We did not find that belt
velocity affected spatial encoding quality (MI) or the cluster coefficient in control animals,
suggesting that the degraded spatial encoding was not a second order effect of the motoric slowing
we observed in animals with psilocybin on board. Furthermore, while the belt velocity was
decreased with psilocybin administration, the distributions of velocity are similar for saline and
psilocybin (Supplemental Fig. 5.A). We note that the animals have extensive training on the
apparatus prior to imaging. Moreover, the cues convey little novel data about the task. It is
therefore likely the animals do not attend much to the cues. For instance, motoric output was not
different during cue traverses as compared to non-cue regions of the belt (Supplemental Fig. 5.B).
The distribution of MI over cells (Supplemental Fig. 5.C) reveals that there is not a high incidence

of cells that completely lose their place specificity.

Despite affecting several neurotransmitter systems, psilocybin exerts its psychoactive
effects primarily through the 5-HT2a 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
behavioral and neural activity effects caused by psilocybin. Interestingly, the low dose fully
blocked the effects of high dose psilocybin, whereas the high dose of ketanserin was less effective,

although not statistically significant. After the end of the experiment (the data presented in the
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paper), we ran a saline-ketanserin experiment. Mice (n=4) received a high ketanserin dose after
baseline. The motoric output of the animals was reduced, but no other measures were affected
(Supplementary Fig. 6). Prior rodent work has similarly shown only partial blockade of psilocybin
effects at behavioral and synaptic levels with ketensarin or closely related molecules (Moldavan
et al., 2000; Hesselgrave et al., 2021; Torrado Pacheco et al., 2023). Indeed, other 5-HT receptors
are involved in modulating behavior. For instance, 5-HT1a and 5-HTzc receptors also contribute
significantly the suppressing effect of psilocin on locomotion and investigatory behavior 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 behavior 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.

We used a dose of psilocybin (15 mg/kg) that is higher than the dose needed for
behavioral effects such as head twitch. We wanted to avoid a false negative result due to low dose
on the acute effects as well as any lasting effects that persisted for days after administration. Higher

doses have stronger effects on neurotransmitter release in the prefrontal cortex (Wojtas et al.,
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2022). Higher doses also have stronger effects on plasticity-related genes (Jefsen et al., 2021).
These may affect either acute or long-lasting effects (i.e. over days or weeks) of psilocybin on
information processing and neural dynamics. Although we found strong evidence for the former,

we found no evidence for the latter.

2.6 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. 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 psilocybin administered (15 mg/kg),
which in humans would evoke profound changes in mentation. We therefore speculate that either
psychedelics effects are manifested by subtle changes to neural encoding that are difficult to
identify in the present experimental design or the disruption of the agranular RSC activity is not a

major contributor to the classic effects of psilocybin on human mentation.
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Supplemental Fig. 2.5: Effects of saline on behavior and neural activity in a second cohort of
animals (n=3) that only received saline. Box plots and individual session-averaged values (dots)
of behavioral and neural measures. A. Belt velocity; F (1, 2) = 2.501, p = 0.255; B. Fraction of
time that mice were stationary during a trial; F (1, 2) = 9.480, p = 0.091; C. Number of trials per
minute; F (1, 2) =5.172, p=0.151. D. Mean activity rate of all neurons in each session; F (1, 2) =
0.083, p=10.801. E. Mean mutual information (MI); F (1, 2) = 15.92, p = 0.057; F. Average trial-
to-trial correlation (AC); F (1, 2) = 3.211, p = 0.215. G. Clustering coefficients within each

recording session; F (1, 2) =0.023, p = 0.894.
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Supplemental Fig. 2.6: Correlation matrices of unit activity in one representative session of
saline injection (left) and psilocybin injection (right) for each animal in the study (n=7). The

sorting of rows/columns is the same for each pair of plots.
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Supplemental Fig. 2.7: Analysis of the decay of the fluorescence signal. A. Top: Scatter plot of
the decay time constant before (horizontal axis) and after (vertical axis) psilocybin for each cell
with good fit, based on root mean squared error (RMSE). Some neurons (< 4%) could not be well

fit because their high activity rate did not provide a sufficient number of decay events of at least



200 ms that were not interrupted by a subsequent Ca2+ spike. Correlation coefficient R = 0.409;
Bottom: change in decay time constant A for all cells from baseline (saline) to psilocybin. Mean =
-0.004, STD = 0.010; test if mean is different from 0: t(2897) =-21.12, p = 3.14 ¢-92; B. Example
of the signal trace (blue) and exponential fit (magenta) for a cell before (top) and after (bottom)
psilocybin. C. Top: Scatter plot of the decay time constant before and after saline for each cell with
good fit (R = 0.538); Bottom: change in decay time constant for all cells from baseline to saline.
Mean = -0.001, STD = 0.0009; test if mean is different from 0: t(2925) = - 9.62, p = 1.25 e-21; D.

Example of the signal trace and exponential fit for a cell before (top) and after (bottom) saline.
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Supplemental Fig. 2.8: Effect of belt velocity on neural encoding and dynamics. Correlation
of belt velocity with MI (A) and cluster coefficient (B) for before (blue) and after (orange)
psilocybin. Dots represent averages from each session, and shaded region represents 95%

confidence interval.

65



A. x10* .
3r = Saline
= Psilocybin

-
c
=
o
(=)

0 10 20 30 40

belt velocity (cm/s)
== baseline
120 mmsaline

& 80
ol
L5}
35
o
(3]
&40

0.

-0.01 0 001 0.02 0.03 0.04 0.05

Ml

count

frequency

2500

2000

1500

1000

0 10 20

30
belt velocity (cm/s)
saline

120

(o]
o

iy
o

-0.01 O

Ml

40

count

2500 ™1 Cue

= Non-cue
2000
1500

1000

500

0
Q 10 30 40

belt velocity (cm/s)
psilocybin

20

== baseline
== psilocybin

0.01 0.02 0.03 0.04 0.05

Supplemental Fig. 2.9: Velocity and MI distributions. A. Belt velocity distributions for saline

(blue) and psilocybin (orange) groups. B. Belt velocity distributions for saline (left) and

psilocybin (right) when animals are traversing a cue (blue) or non-cue (orange) containing

portion of the treadmill belt. C. Distribution of MI over cells for saline (left) or psilocybin (right)

as compared to baseline.
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Supplemental Fig. 2.10: Effect of ketanserin on behavior and neural activity. The animals (n
= 4) received an injection of saline before a high dose (5 mg/kg) of ketanserin. While the animals
were slower (t(3) = 6.276, p = 0.008), the other factors were not affected by ketanserin (p values
range 0.14 - 0.36). Each dot is one session from 4 animals after saline injection but before

ketanserin (labeled ‘sal’) and after high dose ketanserin (K).
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3.1 ABSTRACT

Background: The ability of psychedelic compounds to profoundly alter mental function
has been long known, but the underlying changes in cellular-level information encoding remain
poorly understood. Methods: We used 2-photon microscopy to record from the retrosplenial
cortex (RSC) in head-fixed mice running on a treadmill before and after injection of the non-classic
psychedelic ibogaine (40 mg/kg i.p.). Results: We found that the cognitive map, formed by the
representation of position encoded by ensembles of individual neurons in the RSC, was
destabilized by ibogaine when mice had to infer position between tactile landmarks. This
corresponded with increased neural activity rates, loss of correlation structure, and increased
responses to cues. Ibogaine had surprisingly little effect on the size-frequency distribution of
network activity events, suggesting that signal propagation within RSC was largely unaffected.
Conclusion: Together, these data support proposals that compounds with psychedelic properties
disrupt representations important for constraining neocortical activity, thereby increasing the
entropy of neural signaling. Furthermore, the loss of expected position encoding between
landmarks recapitulated effects of hippocampal impairment, suggesting that disruption of
cognitive maps or other hippocampal processing may be a contributing mechanism of

discoordinated neocortical activity in psychedelic states.

3.2 INTRODUCTION

The retrosplenial cortex (RSC) is well positioned to integrate sensory, mnemonic, motivational,
and cognitive information by virtue of its strong connectivity with the hippocampus (Kobayashi

and Amaral, 2003), medial prefrontal cortex (Shibata and Naito, 2008), and primary sensory
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cortices (Todd et al., 2016; Fischer et al., 2020). The normal covariation of activity among these
structures revealed by fMRI in humans is disrupted by classic psychedelics such as LSD and
psilocybin (Carhart-Harris et al., 2016; Preller et al., 2019). Here we test if coordination of activity

among individual neurons within RSC is disrupted, and how this impacts information encoding.

Many neurons in the rodent RSC encode spatial position (Alexander and Nitz, 2015). In head-
fixed mice, such RSC neurons encode the virtual position of the animal on a treadmill by activating
reliably at specific belt positions (Mao et al., 2017). These neurons therefore have signaling
properties similar to place cells in the hippocampus, which appear to represent a ‘cognitive map’
of space (O'Keefe and Nadel, 1978; Behrens et al., 2018) and may provide a contextual/’index’
code to bind together attributes of experience represented in neocortex (Teyler and DiScenna,
1985; Teyler and Rudy, 2007). The present position of an animal is encoded by the activity state
of place cells comprising the cognitive map for a given environment. As an animal locomotes, it
uses an estimate of the distance and direction of movement to update the ensemble activity
according to the cognitive map, in order to reflect the new expected position (McNaughton et al.,
2006). This process is called path integration. Animals can correct for accumulated errors of path

integration when familiar landmarks are encountered (Jayakumar et al., 2019).

Head-fixed mice running on a treadmill belt are able to engage these systems. In this preparation,
RSC place cells have activity that is stable over multiple laps of the belt, even in the absence of
landmarks other than a start location (Mao et al., 2017). This suggests that head-fixed mice are
capable of using path integration to update the cognitive map to infer the virtual position on a
treadmill belt. Both RSC and hippocampus appear to be involved in this process. Inactivation of

hippocampus disrupts RSC place cell stability (Esteves et al., 2021), and RSC inactivation impairs
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path integration in freely moving animals (Cooper et al., 2001). Regardless of the relative roles of
these structures in the underlying computations, the positional signal in RSC provides a window
into the brain’s ability to maintain a cognitive map and update it appropriately to infer position
between landmarks. Here, we test the effects of ibogaine on the encoding of positional inference
and the associated coordination of neural firing in RSC as a means to test the theory that drugs
with psychedelic effects disrupt the brain’s ability to generate predictions and regulate neural

activity (Carhart-Harris and Friston, 2019).

Ibogaine evokes mental states with psychedelic features in humans (Kohek et al., 2020). It is
considered a non-classic psychedelic because it has significantly broader neuropharmacological
action than classic psychedelics (Sershen et al., 2001). Nonetheless, both classes affect phenomena
linked to cognitive maps, including navigation (Kesner et al., 1995; Rambousek et al., 2014) and
mood disorders (Johnson et al., 2019; Kock et al., 2021; Maxim and Brown, 2023). The present
work focuses on navigation because it is much better understood than mood regulation in animal

models.

3.3 METHODS

Animals

Adult (9-11 month old) Thyl-GCaMP6s mice (n=8; 3F/5M), weighing 30-35g, 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
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established by the Canadian Council on Animal Care, and with protocols approved by the Animal

Welfare Committee of the University of Lethbridge.

Surgery

The mice received a 5 mm bilateral craniotomy (AP: +1 to -4; ML: -2.5 to +2.5), which
was then covered with a coverslip, and a titanium head plate was fixed to the skull for head fixation.

Full description of the surgical procedure can be found in the Supplementary Methods.

Drugs

Ibogaine HCI was obtained from Toronto Research Chemicals, Canada, in powder form
and diluted in sterile water to a concentration of 10-12 mg/ml, in order to achieve a dose of 40
mg/kg in a 0.1 ml volume for each mouse (intraperitoneal administration). This dose is based on
previous reports (Blackburn and Szumlinski, 1997; Szumlinski et al., 2001; Marton et al., 2019).
Our pilot studies indicate that this concentration produced moderate levels of behavioral indicators
typical of psychedelics (tremors, ataxia) while allowing animals to complete trials of the task. The
control animals received 0.1 ml 0.9% saline solution. We chose saline instead of water for the
control at the recommendation of the University’s Animal Care Staff, to minimize any potential

issues with the IP injections.

Experimental procedure for behavior

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
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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. Licking behavior was recorded using a
capacitive sensor connected to the lick spout. 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.

Neural activity was imaged in daily sessions of the task. There were three 10-minute
epochs of recording while mice performed the task; one before drug or saline, and two afterward.
This allowed us to control for day-to-day variance in performance, and to test the effects of
injections on a well-isolated population of neurons. The first 10 min epoch in every session was
the baseline condition before injection. Mice were then given an injection of ibogaine or saline,
and waited 10 mins (while still head-fixed) for the drug to take effect. The second epoch of task
and recording began again for 10 minutes (minutes 20-30 of the experiment). The third 10-minute
recording epoch began 30 minutes after injection. All analyses were performed at the two post-
injection epochs independently. Remarkably, every analysis was consistent among these epochs.
For compactness and to reduce the complexity of figures, we therefore present only analysis of the
first 10-minute epoch in the main text. The supplemental figures show data at both time points.
Each animal was imaged in one session before any injections (Pre-drug day 1), for two days of
saline injections, and then either 3 days (Test day 1-3) of ibogaine HCI (40 mg/kg; n=6) or 3 days
of saline (n=2). The control group consists of the two animals that received only saline, and the

initial injection of saline in the six animals that later received ibogaine, for a total of 18 sessions.
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Neural Activity Analysis

Full description for the methods used for imaging, pre-processing, computing spatial
encoding, decoding error, and unit functional connectivity, along with the neuronal avalanche

analysis methods are provided in Supplementary Methods.

3.4 RESULTS

We used 2-photon imaging to record the activity of ensembles of individual RSC neurons
(153-702 simultaneous cells per session) in head-fixed mice (Fig. 3.1.A). Mice were placed on a
treadmill belt that had narrow tactile cues in three positions along its length. Mice received a liquid
reward on every lap of the belt. A within-session design was used in order to test drug effects

relative to baseline conditions in the same populations of neurons (Supplemental Fig. 3.4).

Ibogaine disrupts encoding of inferred position

Prior to any injections, some RSC cells activated at a specific position of the belt during
each trial (Fig. 3.1.B). Other cells were not selective to position, or were inconsistent from trial-
to-trial. We therefore computed the adjusted mutual information (MI) between activity and belt
position, which captures both sources of variance (Souza et al., 2018), to restrict analysis to those
cells that were most selective to position. The injection of ibogaine (40 mg/kg, i.p.) destabilized
the place firing of these RSC cells, and correspondingly led to a significant decrease in mean MI
relative to baseline (Fig. 3.1.B; Supplemental Fig. 3.5; Paired t-test, t(16)=5.135, p=9.978¢-05). In
contrast, there was a slight increase in mean MI following saline (t(10)=-2.86, p=0.017). The
distribution of position fields among the population of high-MI cells (top quartile) extended over

the entire belt prior to injections (Fig. 3.1.C).
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Fig. 3.1: Ibogaine disrupts encoding of virtual position. A. [llustration of experimental setup
(bottom) and sample image showing segmented neurons (indicated by colored patches) within the
field of view over the retrosplenial cortex (inset). Symbols on the treadmill belt indicate
approximate locations of tactile cues. B. Activity of 1 neuron as a function of position on the belt
for several consecutive trials. Vertical lines indicate locations of tactile cues. The neuron
selectively activates at one position prior to ibogaine but loses location specificity after injection.
The right panel shows the change in session-averaged adjusted MI from baseline for all sessions
(n =17). C. Session-averaged activity of position-tuned cells before (left panel) and after (center
panel) injection of ibogaine for all sessions. Cells in both panels are ordered by a lag to peak
activity before injection. The right panel shows the change in decoding error after injection of
ibogaine. D. The same as C, but for saline injection. *p, .001. IBO, ibogaine; MI, mutual

information; SAL, saline.

We next evaluated whether RSC encoded a map of the virtual location on the belt by
testing whether the belt position at any instant could be decoded from ensemble RSC activity.
Indeed, position was decodable with far less error than expected by chance (Paired t-test,

t(27)=11.724, p=4.218e-12), consistent with previous reports (Mao et al., 2017). Ibogaine
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disrupted the map encoded by ensembles, and led to significantly greater decoding error by a
classifier trained on baseline data (Fig. 3.1.C; Supplemental Fig. 3.6; Paired t-test, t(16)=-8.456,
p=2.683e-07), whereas saline did not (Fig. 3.1.D; Paired t-test, t(10)=-0.23,
p=0.823). Unsurprisingly, the increase in decoder error was proportional to the decrease of mean
MI values (Supplemental Fig. 3.7). Interestingly, the disruption by ibogaine was more prominent
in the ambiguous regions of the belt between the tactile cues. This is evident in the persistence of
place fields by some cells at the cue regions (Fig. 3.1.C). We tested this by comparing the MI of
cells responding at cue locations to those responding at positions between the cues. A rank-order
analysis of the top quartile of MI values in the four conditions (saline/ibogaine x cue/inter-cue)
revealed a significant interaction of cue and ibogaine on MI (Kruskal-Wallis t(7)=235.978,
p=2.66e-47; Supplemental Fig. 3.8). The MI values of cells was not different between cue and
non-cue locations prior to ibogaine (Nemenyi post-hoc; p=0.355), but there were more highly
informative cells at cue locations than non-cue locations after ibogaine (p=3.34e-03). Saline did
not produce this difference among cue and non-cue locations (p=0.556). Note that the MI of cue-
location cells did not decrease after ibogaine (p=0.265), whereas the non-cue cells did decrease
after ibogaine (p=1.44¢-09). These results indicate that ibogaine impairs signaling of position more
drastically at the ambiguous regions between cues, when position estimates depend on path
integration and cognitive maps. Despite the disruption of the cognitive map, mice continued to
perform the task after ibogaine with only moderate decreases in movement velocity and other
metrics (Supplemental Fig. 3.4). Lastly, we tested whether a new map of space forms after
ibogaine, by training a new classifier on the post-ibogaine data. The error of this classifier tested
on post-ibogaine data (cross-validated) was significantly higher than the error of the classifier

trained and tested on baseline data prior to injection (Paired t-test, t(16)=-7.119, p=2.436¢-006),
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indicating that there had not been a remapping of position. Rather, it appears that there was no

stable mapping of non-cue positions after ibogaine.

The mean activity rate during the task increased following ibogaine (t(16)=-5.112,
p=1.044e-04), but not saline (t(10)=1.345, p=0.208). Sensory inputs are proposed to become
disinhibited under psychedelics (Carhart-Harris and Friston, 2019) so we expected proportionally
greater increases of firing rate during traverses of the tactile cue patches than at positions between
the cues. Indeed, we found evidence for this prediction. On the cells with the MI in the 4™ quartile,
we computed the ratio between the cue and non-cue location activity of each cell. This ratio
increased after ibogaine (Paired t-test, t(16)=-2.983, p=0.009), but not saline (Paired t-test, t(10)=-
0.468, p=0.65). This indicates that the increased activity was greater during cue traverses than non-

cue regions of the belt.

Ibogaine reduces functional connectivity

Studies in humans show that covariance of activity among brain regions is reorganized
by psychedelic compounds so as to attenuate dominant motifs (Muthukumaraswamy et al., 2013;
Barnett et al., 2020). We therefore tested whether a similar reorganization occurs at the cellular
level. We computed the correlation of activity among all neurons recorded simultaneously during
a session before injection, and used hierarchical clustering to order the units so that functionally
similar units were adjacent. This matrix defines the functional connectivity. We applied the same
matrix ordering to the data collected after injection, so as to visualize changes in correlation
structure. Injection of ibogaine drastically changed the correlation structure, whereas saline
appeared to reduce the amplitude of correlations but preserve the overall pattern (Fig. 3.2.A-B).

We quantified injection-related changes by computing the clustering coefficient of all pair-wise
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correlations, which indicates how distinct clusters of correlated units are from one another (Fig.
3.2.C). Saline had no effect (t(10)=-0.794, p=0.446), but ibogaine significantly reduced the
clustering coefficient (Paired t-test, t(16)=6.477, p=7.639e-06). This analysis of pairwise
correlations indicates that the network has become functionally more homogeneous. We next
investigated covariance among larger groups of cells using principal component analysis to
decompose neural activity into a reduced space. In baseline sessions, the top 6 factors accounted
for 72.9 +/- 4.7% of the explained variance. After ibogaine administration, a new decomposition
revealed that the explained variance of the top 6 factors dropped significantly to 64.8 +/- 2.6%
(Fig. 3.2.D; Supplemental Fig. 3.9; Anova-RM, t(1,32)=21.86, p=5.096e-05). Saline did not have
this effect (EV =76.5 +/- 4.1 %; Anova-RM, t(1, 20)=0.099, p=0.755). This indicates a significant
reduction in the covariance of activity among groups of cells, such that activity is more
independent among units after ibogaine. These data suggest that functional connectivity is reduced

after ibogaine administration.
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Fig. 3.2: Population covariance. Population covariance. A. Pairwise correlation of unit activity
in 1 representative session prior to injection (left panel) and after saline injection. The middle panel
has the same ordering as the left panel, and the right panel shows a reclustering of correlation
patterns. B. Pairwise correlation before and after injection of ibogaine in 1 session, showing that
functional connectivity is reorganized and becomes less structured (fewer large blocks of high
correlation) after injection. C. Box plot of the change in clustering coefficient of the correlation
matrices from baseline. The reduced clustering after ibogaine reflects a loss of dominant functional
connectivity motifs. D. Cumulative explained variance as a function of principal component
factors, showing that signaling among neurons becomes more independent after ibogaine. *p,

.0001. EV, explained variance; IBO, ibogaine; PCA, principal component analysis; SAL, saline.
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Higher order statistics

The loss of spatial information could arise from disruption of processing within the RSC,
or from disruption of structured input to the RSC, such as from hippocampus. To shed light on
which is more likely, we next sought to determine how ibogaine affected the propagation of signals
within RSC. One approach to quantify such dynamics is to assess the size and duration of activity
burst events in the network, which are often called information cascades or neuronal avalanches
(Beggs and Plenz, 2003). The relationship between the size and duration follows power-law
statistics (Lombardi et al., 2016; Yaghoubi et al., 2018), which are characteristic of physical
systems near a critical state separating distinct dynamical regimes. The brain is proposed to be
‘self-tuned’ to lie at the boundary between an ordered and disordered phase that supports self-
sustained activity. Further, recent fMRI data suggests that brain networks shift toward criticality
(e.g. more disorganized) under psychedelics (Atasoy et al., 2017). We next tested if ibogaine has

a similar effect at the cellular level.

Avalanche events and quiescent periods between events were detected according to
previous work (Curic et al., 2021) (Fig. 3.3.A; see Supplemental Methods). Briefly, activity was
binned and summed across all units. Each excursion of summed activity over a threshold is a neural
‘avalanche’. The duration of the avalanche is the number of consecutive bins the summed activity
exceeds the threshold, and the duration of quiescent periods is the time between the end of one
avalanche and the start of the next one. The avalanche size is the area under the curve between the
summed activity and threshold. The distributions of normalized avalanche size, avalanche
duration, and the quiescent duration all exhibit hallmark features of near-critical systems (Fig.

3.3.B). Specifically, there is an approximately linear regime in the log-log plot, which then
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transitions at a cutoff point to a rapid decline as magnitude increases. The linear regime in the log-

log plot is referred to as a power-law, wherein the frequency of observing an event is inversely

proportional to its magnitude.
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Fig. 3.3: Neural avalanches. A. Diagram showing parametrization of avalanche size, duration,
and quiescent period duration from the sum of thresholded activity among simultaneously recorded
cells (blue trace). A is a scaling factor applied to each recording prior to generating grand averages
over recordings. It is the product of the number of neurons and the mean firing rate of the
population in the recording. B. Frequency distributions of normalized avalanche size (left panel),
avalanche duration (center panel), and quiet period duration (right panel) for baseline, saline
administration, and ibogaine administration. Data in all plots show mean £ 1 SD computed over
all sessions of each type. The arrow indicates the cutoff point for baseline. Insets show cumulative
densities from large to small values. C. Correlations among the size of an avalanche and the size
of future avalanches. Right-side panel shows mean and standard deviation for successive
avalanches in a window including the past 3 and future 3 events. D. Correlation among duration
of an avalanche and the duration of future quiescent periods. E. Cross-correlation of avalanche
size and the duration of past/current quiescent periods. These data show that ibogaine reduced
correlation structure among events, but the properties of the events themselves (e.g., power-law
slope of size, duration, and quiescent periods) were not affected much. This suggests that ibogaine
had little effect on the propagation of network activity within the retrosplenial cortex. #p, .05
(statistical significance of correlation values). ****p, .0001 (statistical difference of means). acorr,

autocorrelation; CDF, cumulative distribution function; Ibo, ibogaine; xcorr, cross-correlation.

Changes in the slope of the power-law or cutoff point are indicative of specific shifts in
the underlying dynamics. The slope of the linear portion of the size distribution was 1.8 £ 0.1 at
baseline, and was not different after ibogaine (one-way ANOVA: F (2, 19) = 0.1190, p = 0.88;
Tukey post hoc for ibogaine, p = 0.88, and for saline p = 0.98). The cutoff point, on the other hand,
was shifted following ibogaine (one-way ANOVA: F (2, 19) = 10.24, p = 0.001; Tukey post hoc
for ibogaine, p = 0.003, and for saline p = 0.92). Under ibogaine, the network generated fewer
large events, despite the increase in activity rate. This indicates that the additional activity occurs

outside of the large information cascade events.
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The first order avalanche statistics above do not provide information about the temporal
relationships between bursts of neuronal activity. To quantify these relationships, we computed
correlations among and between successive avalanche sizes and quiescent durations (see
Supplemental Methods). Avalanches tended to be followed by avalanches of similar size in the
baseline condition, and this tendency was weakened by ibogaine (Fig. 3.3.C; RM ANOVA: F (29,
1189) = 10.32, p < 0.001) but not saline (RM ANOVA F (29, 1218) = 0.8484, p = 0.69). This
effect was even more striking when averaging the autocorrelation over the past 3 and future 3
avalanches (right-hand panel in Fig. 3.3.C). This window-averaged avalanche autocorrelation was
affected by ibogaine (one way ANOVA: F (2, 56) = 22.94, p < 0.0001; Tukey post hoc for
ibogaine, p < 0.0001), but not after saline (p = 0.50). Similarly, quiescent periods of similar
duration tended to follow one another in both baseline and saline conditions (Fig. 3.3.D; RM
ANOVA: F (29, 1218) = 1.030, p = 0.42), but this trend was diminished by ibogaine (RM
ANOVA: F (29, 1189) = 7.754, p < 0.0001). This was recapitulated in the window-averaged
values; ibogaine decreased the autocorrelation (one way ANOVA: F (2, 56) = 26.01, p < 0.0001;
Tukey post hoc for ibogaine, p < 0.0001), while saline did not (p = 0.56). We reliably obtained
these results for many different binarizing threshold values, and even when a random cell sub-

sampling method was implemented.

The cross-correlation between avalanche sizes and subsequent quiescent-times was
negative, indicating that large avalanches tend to be followed by short quiescent periods, and short
avalanches are followed by long quiescent-times (Fig. 3.3.E). This relationship was not different
between baseline and saline conditions (Fig. 3.3.E; RM ANOVA: F (60, 2520) = 0.8442, p=0.79).
In contrast, ibogaine decreased the negative correlation (RM ANOVA: F (60, 2460) = 9.872, p <

0.0001). This, again, was even more striking when averaging over the window of 3 previous and
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3 future events; the cross-correlation was significantly reduced following ibogaine (main effect
injection ANOVA: F (2, 56) = 59.77, p < 0.0001; Tukey post hoc for ibogaine, p < 0.0001), but
not saline (p = 0.67). In sum, the temporal extent of all tested correlations was reduced after
ibogaine. It thus appears that ibogaine is shortening the temporal window over which signals are

integrated in RSC.

3.5 DISCUSSION

In this study, the non-classic psychedelic ibogaine destabilized the linkage between RSC
neuron activity and location on a treadmill belt, which significantly reduced the ability to decode
position from ensemble activity. Many RSC cells encoded positions between cues prior to
ibogaine, as shown previously (Mao et al., 2017). Ibogaine administration reduced the position-
related MI of individual RSC cells in the non-cue regions, and impaired position decoding from
the population. This indicates that RSC either cannot properly process positional information, or
more likely, that afferent positional information is corrupted. RSC positional information depends
on intact hippocampal processing (Esteves et al., 2021), and hippocampal place cells have long
been known to encode position in the absence of detectable landmarks, which involves using path
integration to update the cognitive map (McNaughton et al., 2006). The loss of positional
information between landmarks in RSC may therefore reflect ibogaine-mediated impairment of
path integration and/or instability of the cognitive map. Interestingly, cells that activated upon
traversal of the tactile cues were less affected by the drug than those activating at locations between
these cues. This could possibly reflect preservation of somatosensory signals to RSC, or re-

stabilization of the cognitive map upon traversing landmarks. The loss of spatial information under
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ibogaine may explain previous reports that ibogaine impairs spatial learning in rats (Kesner et al.,

1995).

Previous reports on the effects of psychedelic compounds on brain function are largely
based on human imaging using drugs such as psilocybin (Carhart-Harris et al.,, 2012;
Muthukumaraswamy et al., 2013; Tagliazucchi et al., 2014), LSD (Carhart-Harris et al., 2016;
Atasoy et al., 2017), and ayahuasca/DMT (Alonso et al., 2015; Palhano-Fontes et al., 2015; Riga
et al., 2018). The psychedelic actions of these drugs are due to agonism of the 5-HT2a receptor
(Smith et al., 1998; Madsen et al., 2019). In humans, these drugs generally 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). The
present data suggest similar effects at the cellular level. Note that although ibogaine agonizes 5-
HT2a, it has broader effects on 5-HT signaling and other neuromodulators than do classic
psychedelics (Bulling et al., 2012; Coleman et al., 2019). We cannot rule out the possibility that
these latter effects contribute to the loss of spatial information and discoordination of neural
activity. If these do contribute, then the effect might not be specific to psychedelics, and may be
produced by other psychoactive drugs. Correlation analysis showed that the dominant motifs were
abolished by ibogaine, and the newly emergent motifs were less distinct from one another.
Moreover, the explained variance of the top PCA factors was reduced, indicating that the neurons
became more functionally independent from one another. At least part of these effect can be
explained by the deterioration of positional signaling, meaning that cells with overlapping position
fields will exhibit covariation, which will be reduced by the destabilization of position fields by
ibogaine. The avalanche analysis, on the other hand, is more independent of information encoding.

Nonetheless, it likewise revealed a reduction in the timescale of correlations among bursting/pause
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events. In sum, these analyses show a loss of structure among units, and across time such that

causal relationships are diminished.

A recent report of the psychedelic 2,5-dimethoxy-4-iodoamphetamine (DOI), revealed a
decrease in the neuronal responses to visual stimuli in layer II/III of visual cortex (Michaiel et al.,
2019). Other features such as tuning properties and retinotopic organization were not disrupted.
The authors propose that these results suggest a reduction of bottom-up sensory drive, which
causes the system to rely more on top-down expectations. There are several possible explanations
for the discrepancy with our finding. First, DOl is a selective 5-HT2aR agonists, whereas ibogaine
affects a wider variety of neurotransmitters, such as dopamine (Maisonneuve et al., 1991; Sershen
et al., 1992a), serotonin (Broderick et al., 1994; Mash et al., 1995), and the opioid system (Codd,
1995; Glick et al., 1997). The effects of ibogaine could therefore depend on complex interactions
of these neuromodulators on neural activity. Secondly, the afferents to RSC and visual cortex
differ. It is possible that primary inputs to RSC, such as hippocampal formation or anterior
cingulate region of medial prefrontal cortex, are more affected than the primary inputs to visual

cortex.

Some recent analysis of functional connectivity in fMRI data suggests that brain
networks shift toward criticality under psychedelics (Atasoy et al., 2017). This is based on the
interaction between brain regions, whereas the present data are at the level of individual neurons
within a brain structure. We found that ibogaine had surprisingly little effect on network criticality,
as indicated by a lack of change in the slope of the size-frequency relationship of neural activity.
This suggests that the drug did not much affect the propagation of information within the RSC

network, at least in the superficial layers that were the target of the present recordings. This
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supports the notion that the disruption of positional encoding between landmarks arises from the
loss of structured input, such as the hippocampal cognitive map, rather than a change in RSC
processing. Indeed, the ibogaine-mediated disruption is strikingly similar to the effects of
hippocampal lesions on encoding of space in RSC (Esteves et al., 2021). They both degrade
positional encoding when animals are between landmarks. A recent study has shown that place
fields of hippocampal CA1 cells were relatively stable under high-dose LSD in a navigation task
that did not require path integration (Domenico et al., 2021). This supports our interpretation of
the present data that it is the processes needed for path integration, either the sensory inputs or the
cognitive map, that are affected by ibogaine. Regardless of the neural circuits involved, the present
data are consistent with proposals that psychedelics disrupt top-down predictions about future
inputs (Clark, 2013; Pink-Hashkes et al., 2017), which diminishes the inhibition of ‘bottom-up’
sensory information leading to increased entropy of neural activity (Friston, 2010;
Muthukumaraswamy et al., 2013). Here, firing rates during cue traverses increases proportionally
more than non-cue regions, consistent with disinhibition, and neural activity became disordered,

consistent with increased entropy.

Ibogaine somewhat reduced motivation and motoric output in the present study.
Although such changes could in principle modulate the firing rates of place cells (McNaughton et
al., 2006), no evidence suggests they could cause the severe degradation of place encoding
observed here. Spatial representation was not remapped as could be explained by modulation of

place cell firing rates, but was rather lost.

Positional signaling is widespread throughout the rodent neocortex (Mashhoori et al.,

2018; Esteves et al., 2021), and may serve as a framework for associative learning to impart context
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(Gruber and McDonald, 2012a; Mashhoori et al., 2018; Chang et al., 2020). Therefore, disruption
of positional signaling may have widespread effects on other sensory modalities as well as
cognitive function. Psychedelics often evoke disorientation (Garcia-Romeu et al., 2016),
suggesting that they disrupt positional signaling. The hippocampus, in particular, has been
proposed to bind together attributes of experience represented in neocortex (Teyler and Rudy,
2007). Disruption of this process by psychedelic drugs could provide a mechanism accounting for
their effects on perception and discoordination of neocortical activation, and should be included

in revised theories.
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Supplemental Fig. 3.4: Experimental design and behavioral measures. A. Testing procedure.
We recorded RSC activity as mice performed trials on the task for 6-20 minutes before any
injection to serve as a baseline epoch for each session. We then injected either saline or ibogaine,
paused behavior for 10 minutes, and then recorded for 10-15 minutes as the animal resumed the
task. For ibogaine sessions, we added a third epoch by again pausing the behavior, and then
recording during trials for 10 minutes starting at 30 minutes after injection. B. Rate of trial

completion for each testing epoch during the session (baseline, 10°, 30”). Each day had either one,
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two, or three epochs, which are plotted by connected dots within each daily block. Data represent
mean and SEM computed over all animals. Saline did not significantly alter trial completion rate,
whereas ibogaine did. Black markers indicate two animals that received saline on testing days.
Red dots are the six animals that received ibogaine on the test days. C. Average number of spout
licks for each epoch in the sessions. D. Average running speed. E. Probability that mice stopped
running between start of a lap, and arrival at the feeder-active position. Asterisks indicate statistical

significance at p<0.05 (*), p<0.01 (**), and p<0.0001 (****).
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Supplemental Fig. 3.5: Adjusted Mutual Information. A. Trial-based activity of randomly
sampled example cells. Each panel contains the normalized activity counts of a given cell in each

of the spatial bins (horizontal axis) and trials (vertical axis). Cells are sorted from highest to lowest
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MI. Cells in the upper quartile are highlighted with a green border, while other cells are shown
with a red border. As expected, high MI cells activate in one or more bins consistently across
multiple trials, and thus are informative of position. B. Percentage change of the mean MI after
injection, with respect to the baseline within each recording day. The average MI significantly
drops when ibogaine is on board, indicating a decrease in position dependent firing. We observed
this 10 minutes after IBO injection, (see text), as well as in separate trials collected 30 min after

IBO injection. Statistical tests:

Sal - IBO10: One-sided t-test, t(26)=4.589, p=9.946e-05

Sal - IBO30: One-sided t-test, t(24)=4.077, p=4.337¢-04

IBO10 — IBO30: Two-sided t-test, t(30)=0.734, p=0.469

C. Percentage change of the mean trial to trial correlation of each cell after injection, with respect
to the baseline within each recording day. As expected from the decrease in MI, the average cross
correlation between trials, a measure of similarity of spatial firing patterns across different trials,
significantly decreases 10 and 30 minutes after ibogaine injection as compared to saline. Statistical

tests:

Sal - IBO10 One-sided t-test, t(26)=5.938, p=2.887¢e-06

Sal - IBO30 One-sided t-test, t(24)=5.694, p=7.266¢e-06

IBO10 — IBO30 Two-sided t-test, t(30)=0.156, p=0.877

Asterisks indicate statistical significance at p < 0.01.
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Supplemental Fig. 3.6: Population decoding at 10 and 30 minutes after injection, showing
persistence of ibogaine effects. A. Trial average activity of the upper quartile of cells ordered by
MI in baseline (left), after 10 min of IBO injection (middle), and after 30 min of IBO injection
(right), ordered by lag to peak in baseline. As described in the text, neurons mostly lose their spatial
tuning. Cells in the cue zones (indicated by red vertical lines) are less affected. This effect persists

30 min after injection.

B. Position decoder error when training a decoder using the baseline data for each session, and
using it to decode position at baseline and after injection. The error increases towards chance at

both 10 and 30 minutes after injection of ibogaine. The saline control shows no significant
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decrease, showing that the encoding of baseline is preserved in the absence of IBO. Statistical

tests:

Sal: Paired t-test, t(10)=-0.969, p=0.355

IBO10: Paired t-test, t(16)=-8.583, p=2.202¢-07

IBO30: Paired t-test, t(14)=-11.39, p=1.821e-08

C. Position decoder error when training independent decoders for baseline and post-injection data
for each session. As reported in the manuscript, the average errors increase after 10 min of ibogaine
injection, indicating a decrease in the encoded spatial information. This effect is observed 30 min

after IBO injection, but not after saline. Statistical tests:

Sal: Paired t-test, t(10)=2.963, p=0.014

IBO10: Paired t-test, t(16)=-7.058, p=2.707e-06

IBO30: Paired t-test, t(14)=-6.353, p=1.789¢-05
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Supplemental Fig. 3.7: Relationship of MI, decoding error, and trial-by-trial correlation. A.
Position decoding error as a function of the average MI of the cell partition (decile of MI values).
For each recording session, neurons are divided into 10 deciles according to their MI, and the
decoding error of each quartile and the mean MI of the cells in the quartile is computed. As
expected, decoding error is negatively correlated with MI in each condition. There are fewer high-
MI cells after ibogaine at 10 and 30 minutes, reducing the correlation values. B. Correlation of
average unit activity before and after injection, as a function of its MI. For each neuron, its average

activity correlation between the baseline trials and the subsequent post-injection trials is positively
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correlated with the average MI of the neuron in both epochs. This relationship still holds after
ibogaine, indicating that highly position-informative neurons tend to preserve their activity
profile. C. Position decoding error as a function of the average MI of the cell partition, showing a
negative correlation. The relationship is shifted upward after ibogaine, indicating higher decoding
error even when the average MI is similar to a baseline/saline condition. In other words, even when
controlling for average MI, sessions under IBO tend to have a higher decoding error. This suggests
differences in the encoding of the position at the cell population level, and/or a disproportionate

effect of very high-MI cells on position decoding.
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Supplemental Fig. 3.8: Autocorrelation of ensemble activity. A. We constructed cell x position
vectors of average cell activity for each spatial bin (n=50) of the track. The cell order in the
columns is arranged by lag to peak activity. We then computed correlations across the vectors
(trial-averaged neuron activity) between each bin pair in the track (top row of plots). At baseline
and after saline, this autocorrelation shows a diagonal band with little off-diagonal activity. This

indicates that the ensemble creates a pattern of activity in each band that has some similarity to the

102



neighboring bins, but is distinct from distant bins. After ibogaine, off-diagonal correlations emerge
in the non-cue locations, indicating a loss of position specificity in these regions. Moreover,
ibogaine narrows the center band (middle panel). Lastly, the correlation of ensemble activity
appears to dip near the cue locations, particularly at the latter two (bottom panel). This persists
after ibogaine and indicates that the ensemble patterns of activity at each cue is more unique from
other positions, as compared to the uniqueness of patterns at inter-cue locations. These data suggest
a shift from a map initially tiled across the belt towards a map that retains accuracy mostly at the
cue locations after ibogaine. B. Baseline to post-activity correlations as a function of the average
MI for each cell. Each neuron is colored according to whether its activity peaks on a cue (green)
or not (black). For any given neuron, its average activity correlation between the baseline trials
and the subsequent session’s is positively correlated with the average MI of the neuron. This still
holds after ibogaine, indicating that highly position-informative neurons tend to preserve their
activity profile. As shown in the manuscript, there are fewer high-MI cells (black dots) at non-cue

locations after ibogaine, whereas the cue cells (green) are preserved.
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Supplemental Fig. 3.9: Effects of ibogaine on state space. A. State space formed by the two
first principal components (PC) of the average neural activity during the trial. Left: Baseline
session decomposition. Middle: The subsequent epoch (post-injection) PC projected to the same
space as baseline. While the trajectory in state space remains similar to baseline after saline, the
trajectory after ibogaine is markedly different. Right: Same activity as in the middle panel, but
using a new PCA projection on this data. Again, saline remains similar to baseline, whereas the
topology changes markedly after ibogaine. This is consistent with the changes in population

correlation. B. We next quantified the trajectories formed by the first 6 PCA factors. We computed
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the explained variance, decay parameter of an exponential fit to measure autocorrelation, and
volume enclosed by the trajectories, and computed the changes from baseline. We did this for
projections into the same space (left panel), and for independent decompositions for baseline and
post-injection (right panel). When using the same decomposition as for baseline, saline caused a
slight reduction in size and variance, but an increase in autocorrelation. Ibogaine, on the other
hand, produces a pronounced collapse in the space. Note that the dark blue regions in Panel A
indicate the cue regions, which are still separate in the space. Using a projection into a new space
after injection (right panels), the trajectory for post-saline is inverted in the horizontal axis, but
otherwise similar to baseline. The post-ibogaine data shows a more erratic trajectory in the space.
All three derived metrics of the trajectories tended to decrease in both decomposition schemes.
This indicates a loss of covariance of unit activity after ibogaine. Asterisks ‘*’ and horizontal lines
indicate statistically significant difference of means by t-test after Bonferroni correction of p <

0.001 (solid line), or p < 0.025 (dashed line).
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Supplementary Methods

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 dental acrylic. 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.

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 —
170 um (layer II/IIT), 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; ML: 0 to +/- 1).

Pre-processing

Automatic image pre-processing was performed using the Suite-2P algorithm (Pachitariu et al.,

2017) for MATLAB (MathWorks), as previously described (Mao et al., 2017). The regions of
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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

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. Visually,
the MI is a convincing measure of how predictive a neuron’s firing is of a particular position
(Supplementary Fig S2.1) and strongly correlates with decoding accuracy (Supplementary Fig

S2.3).

Computing decoding error
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Recordings of the daily session from each mouse are comprised of several epochs, such as the
baseline recording prior to injection, and the recording 10 minutes after injection. To compute the
decoding errors, we first bin and concatenate all trials in a given recording epoch (e.g. prior to
injection), yielding with a matrix of cells x bins, in which bins is the resolution of spatial binning
for one lap (25 for this analysis) multiplied by the number of trials completed in the epoch. To
accurately compare between epochs with different number of trials, we crop all epochs to the
minimum number of laps in any epoch for each mouse in the comparison set. We then do 10-fold
cross-validation by training and testing a decoder to predict in which of 25 bins was the animal
located given the vector of binned cell activities. We use a logistic regression for our decoder, and
the error is represented as the minimum distance on the unit circle between the bins. This is done
to correct for the label discontinuity of the boundary between the 25™ and 1% bins. The reported
decoding error is the root mean of the squared differences between the predicted and correct bins,

averaged over the 10 folds.

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
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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
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.

Quantifying neuronal avalanches

Neuronal avalanches are typically defined as successive time bins of non-zero neural activity,
delineated by at least one quiescent time bin between avalanches (Beggs and Plenz, 2003). When
the neural activity is high relative to the sampling rate of the data acquisition system, periods of
quiescence become rare, and so a non-zero threshold is typically employed. We take this approach
by using a threshold to binarize the deconvolved calcium signal. This approach was chosen
because the binarized signal has a more straightforward interpretation — an above threshold signal
indicates a probable firing event within that time bin. The size (S) of the avalanche is the number
of neuron firing events that contributed to the avalanche. Following the analysis in (Bellay et al.,
2015), we normalize the avalanche size by 4, the product of the number of neurons in an individual
recording and the firing rate averaged over the total population. This allows for comparisons across
recordings with variable cell numbers and population activity. The duration (D) is the number of
consecutive frames of above-threshold activity, divided by the sampling rate. Similarly, we can

define the quiet period (Q), to be duration of the quiescent intervals between two avalanches.
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Avalanche detection depends on our choice of the duration of a single time bin, and the threshold.
For this study, the time-bin (52.6 ms) is the minimum afforded by the scanning rate of the imaging
system (19 Hz). We follow a previously-described method (Priesemann et al., 2013; Bowen et al.,
2019) to set the threshold for each recording. The number, and size distribution of the avalanches
(as well as the quiet periods) depends on the threshold chosen. As the threshold 4 is increased from
zero, the number of avalanches initially increases because long events become segmented into
multiple shorter ones. If the threshold becomes very high, the number of avalanches decreases as
less of the global activity signal /(?) is above the threshold. This implies there exists a threshold
Amax that maximizes the number of avalanches. From the de-convolved calcium signals, we find
Ii(t; 1), i.e., the binarized signal of the i-th neuron, given the threshold 1. We then calculate the
time-varying intensity of the population /(#; 1) = Y, li(t; 4). From I(t; 4) we find the number of
resulting avalanches, and iterate this procedure to find Amax (Bellay et al., 2015). Typical values of
Amax are greater than the 95-th percentile of the variable spike data, which mean they are more
likely to correspond to actual neuronal events, rather than noise. This process is repeated for each
recording. Avalanche surrogates (shuffled data) were generated by independent random cyclic
shuffling of individual neuronal time series - which preserve autocorrelation but not cross-
correlation structure between neurons (gray curves in Fig. 3.B). Thresholds were recalculated for
the surrogate raster's and the subsequent avalanche analysis was performed in the same manner as

described above.

We determined the slope of the size distribution by maximum likelihood estimation. We
determined the cutoff by the customary technique of manual inspection (Miller et al., 2019). To
reduce bias, cutoff identification was done in a blind manner in which the distribution from each

session was scored in ignorance of the experimental condition (baseline, saline, ibogaine).
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Avalanche Correlation Analysis

As avalanches can be ordered chronologically, we define a list (Si1, Sz, ..., Sm) of avalanche sizes,
where S; is the size of the i-th avalanche. Similarly, we can also define a list of ‘quiet’ periods (Q1,
Q2, ... , Qm) with activity below the threshold, where Q; is the duration of the quiet period
following the i-th avalanche. Correlations were computed by either calculating the auto-correlation
functions of the ordered avalanche sizes or quiet periods, or by calculating cross-correlation

functions between avalanche sizes and quiet periods.
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4.1 ABSTRACT

Repeated administration of abused drugs causes structural and functional changes in the
brain. The effect of these changes on the neural activity mediating neural functions, such as goal-
directed navigation based on cognitive maps, is not well understood. We investigated this by using
2-photon microscopy to longitudinally record spatial encoding in the retrosplenial cortex (RSC) of
head-fixed mice navigating a virtual environment before, during, and after a 10-day course of
escalating amphetamine (AMPH) administration (0.5 — 2 mg/kg). We found that amphetamine
degrades spatial information and reduces signaling stability both when amphetamine was ON
board (1h after injection) and 24 hours later when AMPH was OFF board. We subsequently
administered ibogaine, a non-classic psychedelic used to treat drug addiction, to test its ability to
remediate the impaired spatial encoding. Ibogaine (40 mg/kg) acutely reduced spatial encoding
and correlation of activity among RSC neurons, but there was no effect observed 24 hours later in
mice that had previously received amphetamine. Interestingly, control animals that had previously
received saline instead of amphetamine showed enhanced spatial encoding the day after ibogaine
administration. In sum, chronic amphetamine persistently reduced the signal-to-noise ratio of

spatial encoding by RSC neurons, and ibogaine did not remediate these effects.
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4.2 INTRODUCTION

Drug addiction has been conceptualized as a disorder defined by an addiction cycle
involving intoxication, withdrawal, and craving (Koob and Le Moal, 2001). This cycle promotes
drug seeking behavior, which appears to be mediated primarily by neural systems that control
ethological behaviors such as resource foraging (Everitt et al., 2001; Milton, 2023). These systems
involve brain structures mediating navigation, reward processing, and decision making (Dalley et
al., 2011). Some investigators have proposed that drug abuse can be conceptualized as a disorder
of learning and memory (Milton and Everitt, 2012). Indeed, chronic administration of
amphetamine (AMPH) at high doses has been shown to impair learning and memory in a variety
of tasks, such as novel spatial and object recognition (Mandillo et al., 2003; Arroyo-Garcia et al.,
2020) and attentional set-shifting (Featherstone et al., 2008). These behavioral effects may be in
some part attributed to changes in synapses and/or cholinergic transmission. It also attenuates
attentional task-related increases of acetylcholine release in rat prefrontal cortex (Kozak et al.,
2007). It remains to be determined how such changes affect neural processing in brain networks

that encode environmental space and guide goal-directed navigation.

One important node of the navigation network is the retrosplenial cortex (RSC), which
encodes the state of the animal in an environment and supports navigational choices (Keene and
Bucci, 2009; Alexander and Nitz, 2015). Many RSC cells encode the location of the animal in a
virtual environment by activating at a particular location, similar to hippocampal place cells (Mao
et al., 2017). The properties of these cortical place cells thus provide a means to quantify how
information is affected by drug administration. Furthermore, the RSC is anatomically connected

to the hippocampus (HPC) (Wyass and Van Groen, 1992), the medial prefrontal cortex (PFC)
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(Fisk and Wyss, 1999; Shibata et al., 2004), and other related structures that regulate emotion,
memory, and spatial encoding (Corcoran et al., 2016). It is therefore well integrated into brain

networks known to be affected by psychostimulants and other drugs with abuse potential.

Mental representations of the environment allow animals to navigate and achieve goals.
This representation is often referred to as a cognitive map (O'Keefe and Nadel, 1978). The RSC is
involved in both the formation and the use of cognitive maps, and its contribution is comparable
to the HPC (Wolbers and Biichel, 2005; Iaria et al., 2007). The cognitive map is updated using
path integration, in which signals related to movement are used to update a mental estimate of the
animal’s position in an environment. The RSC works in conjunction with the HPC and other
structures for path integration in goal-directed spatial tasks (Sherrill et al., 2013). The location-
encoding RSC cells reflect this process (Mao et al., 2017). Here, we tested if repeated amphetamine
impairs the encoding of space by RSC cells, which may help account for the deficits in novel
spatial and object recognition after repeated AMPH administration (Mandillo et al., 2003; Arroyo-

Garcia et al., 2020).

Both recent clinical and animal studies suggest that an acute treatment of psychedelics
provide long-term efficacy in reducing substance abuse. The psychoactive alkaloid, ibogaine, has
been particularly of interest, as it is purported to disrupt the addiction cycle in humans (dos Santos
et al., 2017; Noller et al., 2018; Kock et al., 2021). Research in rodents likewise shows efficacy in
ameliorating cocaine, morphine, and heroin self-administration (Glick et al., 1994; Dworkin et al.,
1995; Havel et al., 2021), and to reduce the rewarding effect of a morphine, amphetamine, or
alcohol in rodents (Parker et al., 1995; Moroz et al., 1997; Henriques et al., 2021). Little is known

about how such treatment affects cognitive function. We therefore tested the effect of the non-
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classic psychedelic ibogaine on RSC spatial encoding in mice that have been exposed to repeated

AMPH treatment, and to controls.

4.3 RESULTS

We used 2-photon imaging to record the activity of ensembles of individual neurons
(133-786 simultaneous cells per session) in the superficial layers (~ 150 nm deep) of RSC in head-
fixed mice (Fig. 4.1.A). Mice were placed on a treadmill belt that had narrow tactile cues in three
positions along its length. Mice received a liquid reward on every lap. We used an amphetamine
(AMPH) x ibogaine (IBO) design with saline (SAL) as negative control. In the first phase of the
experiment, one group of mice (n=8) received escalating daily injections of amphetamine (0.5 to
2 mg/kg) over 10 days, and another group (n=6) received daily injections of saline. In order to
discriminate acute effects of AMPH on neural signaling from adaptations of signaling due to
repeated administration, we alternated the order of drug administration and recording among
successive recording days. This allows us to compare neural signaling effects when animals have
amphetamine on-board (ON; injection 1h before recording) or off-board (OFF; injections 10 mins

after recording).

4.3.1 Amphetamine

We observed no overall behavioral differences between the amphetamine and control
groups during the 10 days of chronic drug administration. These include animals’ speed, the
probability that the mice stopped running between the start of a lap and the arrival at the feeder
position, and the rate of trial completion, all reported as two-way ANOVA: Group (AMPH/SAL)
x injection (ON/OFF) (Fig. 4.1. B-D; belt velocity: F (3, 126) = 0.720, p = 0.542; stop probability:

F (3, 126) = 1.541, p = 0.207; trials/min: F (3, 126) = 0.799, p = 0.497). When amphetamine was
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ON board, the overall firing rate of the neurons in the RSC was decreased (Fig. 4.1.E; two-way
ANOVA:F (3, 126) =13.91, p <0.0001), as compared to both SAL ON (Tukey post hoc test, p =
0.0003) and AMPH OFF (Tukey post hoc test, p < 0.0001) groups, but the mean activity rate was
not different between the two groups during the OFF condition (Tukey post hoc test, p = 0.622).
This is consistent with previous reports of AMPH-induced reduction of activity in other cortical
regions of behaving animals (Homayoun and Moghaddam, 2006; Hashemnia et al., 2020),

although some groups of neurons exhibit an increase depending on dose and length of treatment.
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Fig. 4.1: Effects of amphetamine on behavior and neural activity rate. A. Experimental setup.
In each animal, we recorded RSC while the animal was running on a treadmill with tactile cues for
rewards. B. Box plots and individual values of the animals’ speed with either saline or
amphetamine ON or OFF board. C. Box plots and individual values of the stop probability. D. Box

plots and individual values for the number of trials per minute. E. Box plots and individual values
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for the mean activity rate of all neurons during each condition. Statistical significance (p<0.001)

is indicated by “***’ and (p<0.0001) is indicated by ****’,

We next sought to determine the effect of amphetamine on neural signaling. Many RSC
neurons have place-specific activity (Mao et al., 2017), activating at specific locations on the belt
during each trial (Fig. 4.2.A). Other cells do not activate at particular positions, or activate at
inconsistent positions from trial-to-trial. We computed an adjusted form of mutual information
(MI) between activity and belt position, which captures both sources of variance (Souza et al.,
2018). The AMPH-treated animals had significantly lower MI relative to the saline-treated animals
(Fig. 4.2.B; two-way ANOVA: F (3, 126) = 6.186, p = 0.0006), in both ON (Tukey post hoc test,
p = 0.008) and OFF conditions (Tukey post hoc test, p = 0.015). In other words, the encoding of

spatial position by neurons was reduced when AMPH was ON- or OFF-board.

The average correlation of each units’ activity over trials, a measure of signaling stability,
was also lower in amphetamine animals in both ON and OFF conditions (Fig. 4.2.C; two-way
ANOVA: F (3, 126) = 6.296, p = 0.0005; ON: Tukey post hoc test, p = 0.021; OFF: Tukey post
hoc test, p = 0.005). We previously found that the non-classic psychedelic ibogaine degraded
spatial representations in RSC when the mouse was between tactile cues on the belt, but not when
the animal traversed tactile cues (Ivan et al., 2023). This suggests that the presence of
somatosensory input overshadowed drug effects on spatial encoding in RSC. In the present
experiment, we did not observe such an effect. We tested this by computing the fraction of high-
information cells (those in the top quartile of MI) that encoded cue locations as compared to non-
cue locations. The ratio of cue and non-cue locations of these high-information cells was not

different between SAL and AMPH groups (Fig. 4.2. D; two-way ANOVA: F (3, 126) = 0.852, p
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= 0.468). This suggests that AMPH effects are not selective to non-cue locations, wherein animals
must rely on path integration to estimate position. In sum, the rate of activity was reduced when
AMPH was on board, and this corresponded with reduced location information, measured both by
MI and correlation. Although activity rate was no longer suppressed in AMPH-treated mice when

the drug was off, spatial encoding was still impaired.
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Fig. 4.2: Effects of amphetamine on mutual information. A. Session-averaged activity of
position tuned cells under amphetamine (top) or saline (bottom) for all sessions. Cells in both
panels are ordered by lag to peak activity. B. Box plots and individual values of mean mutual
information (MI). The average MI significantly drops in the amphetamine group. C. Average trial-
to-trial correlation (AC) for each session. D. Average of ratios between cue and non-cue location
encoding of cells across days (left) and box plots and individual values (right). Statistical

significance (p<0.05) is indicated by ‘*’, and (p<0.01) is indicated by “**’.
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Amphetamine affects catecholaminergic transmission throughout the brain, which may
have complex effects manifesting in the relationship of activity between cells. To assess this, we
first computed the pair-wise correlation of activity among all neurons recorded simultaneously
during a session. We then used hierarchical clustering to order the units so that functionally similar
units were adjacent (Fig. 4.3.A), and computed the clustering coefficient, which indicates how
distinct clusters of correlated units are from one another (Fig. 4.3.B). There was no significant
difference in the clustering coefficients, either between the AMPH/SAL groups or ON/OFF
condition (two-way ANOVA: F (3, 126) = 0.063, p = 0.979), which suggests the functional

connectivity revealed by neural activity covariance was not affected by amphetamine.
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Fig. 4.3. Effects of amphetamine on connectivity. A. Pairwise correlation matrices of unit
activity in one representative session (day 12) for saline (top row) and amphetamine (bottom row)

animals. The diagonal represents the autocorrelation coefficients. B. Connectivity coefficients
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across days (left) and box plots and individual values of the means for the 10 days of drug
administration. The results indicate that amphetamine does not affect the correlation structure.

4.3.2 Ibogaine

We previously showed that the non-classic psychedelic ibogaine acutely reduced spatial
coding by RSC position-coding cells (Ivan et al., 2023). We next investigated if ibogaine
administration affected RSC neural encoding differently in animals that previously received
amphetamine as compared to those receiving only saline injections. Ibogaine thus serves as a
perturbation to test differences in the stability of cognitive maps in treated animals, and if ibogaine
could exert a long-term amelioration of the degraded spatial encoding in animals treated with
chronic AMPH, as suggested by behavioral data indicating its efficacy in reducing drug seeking
(Moroz et al., 1997; Alper et al., 1999). To distinguish acute effects of ibogaine from lasting
effects, we alternated recording days ON drug (recorded 1h after ibogaine injection) and OFF
ibogaine (~24 hours later). Half of the AMPH-treated and SAL-treated mice received ibogaine,

starting 72h after the last dose of AMPH (or SAL).

When ibogaine was ON board, the mice were significantly slower, regardless of whether
they were pretreated with saline (Fig. 4.4.A; two-way RM ANOVA: F (1, 4) =20.63, p=0.011),
or amphetamine (F (1, 6) = 64.14, p = 0.0002). This effect was absent 24h later (F (1,4) = 1.660,
p=0.267; F (1,6) =0.038, p=0.852). Ibogaine administration did not affect the proportion of time
animals were stationary. There was, however, a difference the day after ibogaine (OFF condition)
between the SAL-IBO and AMPH-IBO groups (Fig. 4.4.B; two-way RM ANOVA: F (1, 5) =
13.86, p = 0.014). The lower belt velocity when ibogaine was ON board led to a reduced rate of
trial completion (Fig. 4.4.C; two-way RM ANOVA; saline: F (1, 4) = 8.506, p = 0.043;

amphetamine: F (1, 6) = 7.558, p = 0.033). Neural activity rate was higher in AMPH-naive mice
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after ibogaine than when these mice were given saline (Fig. 4.4.D; two-way RM ANOVA: F (1,
4) = 7.943, p = 0.048). This reproduces our previous results of acute ibogaine effects on drug-
naive animals (Ivan et al., 2023). In the present study however, ibogaine administration did not
affect firing rate relative to the off condition. The activity rate in the AMPH-naive mice that were
administered ibogaine was similar when the psychedelic was ON and OFF board (two-way RM
ANOVA; saline: F (1, 4) =1.501, p = 0.288). In contrast to these effects in the AMPH-naive mice,
ibogaine did not increase the activity rate in mice previously given AMPH (two-way RM ANOVA:

ibogaine ON, F (1, 6) = 0.415, p = 0.543; ibogaine OFF, F (1, 6) =0.041, p = 0.845).
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Fig. 4.4. Effects of ibogaine on behavioral measures in AMPH-treated and AMPH-naive
mice. A. Box plots and individual values of median moving speed with either saline or ibogaine
ON or OFF board for the 4 different experimental groups. B. Probability that animals were not
locomoting the belt. C. Rate of trial completion. D. Mean activity rate. Statistical significance

(p<0.05) is indicated by ‘*’, (p<0.001) is indicated by “***’.

We previously showed that acute ibogaine decreased place encoding in RSC (Ivan et al.,
2023), and so expected a similar effect here. Although administration of ibogaine did indeed
appear to lower MI for some treatment groups, the effect was not consistent in the full statistical
model (Fig. 4.5.A; two-way RM ANOVA; saline: F (1, 4) =0.676, p = 0.457; amphetamine: F (1,
6) = 2.124, p = 0.195). A similar phenomenon occurred for the stability of place cell firing over
trials, measured by trial-to-trial correlation (Fig. 4.5.B; two-way RM ANOVA; saline: F (1, 4) =
2.068, p = 0.224; amphetamine: F (1, 6) = 2.147, p = 0.193). We noted two possible technical
issues with this analysis. First, the variance of SAL-SAL animals is higher than other groups for
both measures. Secondly, there may be a floor effect, particularly in the MI for AMPH-treated
animals (Fig. 4.5.A, AMPH-IBO ON condition). We therefore performed a within-group
comparison to determine if ibogaine ON/OFF had an effect on the amphetamine animals, and
found that while there is no significant effect on MI (two-way RM ANOVA; F (1, 3) =5.060, p =
0.11), we can detect a difference in the trial-to-trial correlations (AC; F (1, 3) =31.49,p=0.011).
Of course, this evidence should be discounted by the negative result in the full model. In contrast,
there was a strong effect in both measures for the SAL-IBO group (two-way RM ANOVA; MI: F
(1,2)=1130,p=0.001; AC: F (1, 2) = 182.6, p = 0.005). Note the ‘rebound’ effect of ibogaine
in AMPH-naive animals in the OFF condition. In other words, control animals appear to have

higher MI and AC in the days after ibogaine (Supplemental Fig. 4.7).
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Fig. 4.5. Effects of ibogaine on mutual information. A. Mean mutual MI. B. Trial-to-trial
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significance (p < 0.01) is indicated by “**’.

Ibogaine administration reduced the clustering coefficients in the amphetamine group
(Fig. 4.6.B; REML: F (1, 6) =52.22, p=0.0004; ROUT (Q = 1%; n=1)). This effect occurred only
in the ON, and not the OFF condition (two-way RM ANOVA: F (1, 6) = 0.805, p = 0.404). It thus
appears to be an acute effect only. Likewise, ibogaine administration decreased the clustering
coefficient of AMPH-treated animals relative to the OFF condition (two-way RM ANOVA: F (1,
3)=11.6, p =0.042). This again may be a rebound effect by which the values are higher because
of receiving ibogaine the previous day. Similar to the MI analysis above, the variance of the
AMPH-naive animals is high, which may compromise statistical power. A within-group analysis
shows that ibogaine ON-board also reduces the clustering coefficient in SAL animals (two-way

RM ANOVA: F (1,2) = 117.9, p = 0.008).

The SAL-IBO group has a higher coefficient when the psychedelic is OFF board,
particularly when compared to the AMPH-IBO group (two-way RM ANOVA: F (1, 5)=18.51,p

= 0.008), which correlates with the increase in MI, suggesting that amphetamine blocks the
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increase in connectivity associated with the prolonged effects of the psychedelic. The decrease in

connectivity when ibogaine is ON board in the SAL-IBO animals as compared to the SAL-SAL

group does not reach statistical significance (two-way RM ANOVA: F (1, 4) = 1.915, p = 0.239),

but the results are similar with previous reports from our lab (Ivan et al., 2023).
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4.4 DISCUSSION

We used 2-photon imaging to record the changes in activity of mouse RSC neurons
associated with a 10-day course of escalating amphetamine administration. Despite having no
strong behavioral effect, amphetamine degrades spatial encoding by RSC neurons, but not
functional connectivity. This appears to be a long-lasting change because we observe it when
AMPH is not on board. In contrast, ibogaine tends to degrade spatial encoding when it is on board,
although the effect does not reach statistical significance. We found evidence that ibogaine may
produce a ‘rebound’ effect in which the encoding and functional connectivity are enhanced 24

hours after administration in AMPH-naive animals.

Amphetamine reduced the overall activity rate in the RSC when the drug is ON board.
To our knowledge, this is the first report on the effects of amphetamine in the RSC at the cellular
level. Amphetamine can have dose-dependent effects on the firing rate of cortical neurons. Most
previous work on AMPH effects has targeted the prefrontal cortex (PFC). AMPH can increase
firing rates of some PFC neurons and reduce that of others (Wood et al., 2012). Acute low-dose
amphetamine tends to cause excitation (Homayoun and Moghaddam, 2006; Lapish et al., 2015),
whereas repeated high-dose administration is more likely to suppress firing rates (Homayoun and
Moghaddam, 2006; Gulley and Stanis, 2010). The chronic exposure effects in the prefrontal cortex
are consistent with our findings in the RSC. These differences can sometimes be attributed to the
effects of movements and the variability in running speed but, this is unlikely for the present data
because we did not observe any behavioral differences between AMPH-treated and AMPH-naive
mice. We conclude the reduced neural activity is likely due to the direct effect of the drug on the

brain, rather than a byproduct of altered motoric output.
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Modulation of neural activity by monoamine neurotransmitters is thought to play an
essential role in shaping computations in the neocortex (Seamans and Yang, 2004; Gruber and
McDonald, 2012a; Lesch and Waider, 2012). Amphetamine and other drugs of abuse have both
short-term and long-lasting effects on brain function, and chronic drug paradigms often result in
chronic impairments in behavior. Acute low-dose AMPH can enhance memory in some situation
(Krivanek and McGaugh, 1969; McGaugh, 1973; Soetens et al., 1993). On the other hand, chronic
high-dose paradigms (such as psychostimulant sensitization) have been shown to impair learning

and memory (Mandillo et al., 2003; Arroyo-Garcia et al., 2020).

The RSC is relevant to drug seeking behavior because of its roles in spatial encoding
(Mao et al., 2017; Chang et al., 2020), path integration (Cooper and Mizumori, 1999), and
emotional processes (Maddock, 1999). A rodent pharmacological MRI study (Schwarz et al.,
2007) showed that the relative cerebral blood volume response to d-amphetamine can be resolved
into different groups of brain structures forming different networks. These groups exhibit a strong
within-group covariance in their response to the drug. One of these groups is consistent with
primary projections of the mesolimbic dopamine system and closely coupled with the RSC; this
network includes the ventral tegmental area (VTA), substantia nigra (SN), and hypothalamus.
These regions are important in arousal, motivation and navigation, which are engaged in
ethological behaviors such as food foraging. Psychostimulants, such as amphetamine, modify the
functions of these structures to promote patterned behavior such as conditioned place preference,
food hoarding, and hyperlocomotion (Creese and Iversen, 1974; Spyraki et al., 1982; Dringenberg
et al., 2000). Prolonged exposure is thought to convert these behaviors to drug seeking and drug
taking (Koob and Le Moal, 2001), as habit formation and motivation for reinforcement are

increased in amphetamine-sensitized rats (Nelson and Killcross, 2006; Nordquist et al., 2007). The
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increase in expression of stimulus-response over goal-directed actions have been associated with
a shift of cognitive control to sensorimotor areas (Everitt and Robbins, 2005; Lucantonio et al.,
2014), particularly the dorsolateral striatum (DLS) (Everitt and Robbins, 2013). This transition of
may be produced by plastic changes in the striatum, as amphetamine sensitization increases
dendritic spine density and branching in the DLS (Jedynak et al., 2007; Wong et al., 2016). This
may also affect the involvement of the RSC in cognitive control, as this area supports the use of

contextual cues in response conflict, as shown by lesion studies in rats (Nelson et al., 2014).

The changes in RSC spatial encoding observed in the present study may reflect a
component of this process. Our data revealed that 1h after administration (when the drug is ON
board), amphetamine reduces spatial information and trial-to-trial correlation of single unit
activity. One possible explanation is that the mice are not engaging the navigation systems as
much, due to the shift of control towards the sensorimotor system. Animals can use allocentric
(‘goal-directed’) or egocentric (‘habit’) navigation when exposed to spatial tasks. The
predominance of the habit system associated with prolonged psychostimulant exposure means that
the allocentric system is less engaged. The role of the RSC in allocentric navigation and path
integration has been well established (Vann and Aggleton, 2002; Holschneider et al., 2019),
although recently its ability to integrate both allo- and egocentric information to support navigation
has been emphasized (Hindley et al., 2014; Alexander and Nitz, 2015; Stacho and Manahan-
Vaughan, 2022; Alexander et al., 2023b). The shift towards a more egocentric system is reflected
in the lower MI and AC values associated with amphetamine administration, as the encoding of
spatial information in the RSC is diminished. This is not likely simply due to decreased firing rates
because the MI and AC remain at the same decreased levels in the OFF condition even though the

firing rates are significantly higher.
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Another possible explanation for the observed effect on spatial encoding may rely on a
loss of motivation for sucrose. Repeated and escalating AMPH may reduce the salience of the
reward in the present task, which may affect the fidelity of the navigational systems to acquire it.
AMPH is well known to reduce motivation for natural rewards (Koob and Volkow, 2010) and this
is contaminant with reduced encoding of reward in medial PFC (Hashemnia et al., 2020). AMPH
can also increase the salience of cues for sucrose reward, but not necessarily the hedonic reaction
associated with reward consumption (Wyvell and Berridge, 2000; Wyvell and Berridge, 2001). In
other words, it is possible that the altered spatial encoding is due to changes in motivational states.
An alternative explanation to our findings is that the chronic treatment altered intracellular
physiology, as AMPH and related compounds cause oxidative stress and inhibition of LTP in the
hippocampus (Chen et al., 2021). This could mean that the decrease in spatial encoding can be
attributed to a lower signal to noise ratio (SNR), rather than remodeling of synaptic networks, and
would account for both the lower activity rates and the preservation of functional connectivity.
This is consistent with previous data showing lower SNR at similar (1.5 mg/kg) doses (Hashemnia
et al., 2020). Indeed, AMPH did not affect the clustering among RSC neurons, suggesting the

absence of large-scale synaptic remodeling.

An aim of this study was to determine whether ibogaine could ameliorate AMPH-induced
signaling changes. This hypothesis was inspired by many reports of ibogaine inducing prolonged
facilitation of drug cessation by reducing craving and drug seeking behavior in humans with
substance use disorders (Kock et al., 2021). Although we did observe a rebound effect (24 hours
after IBO) of increased place signaling and functional connectivity in AMPH-naive animals, we
did not observe such an effect in AMPH-treated animals. There are several potential explanations

for this. It could be associated with a change in the motivational state, but there were no significant
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changes in behavioral output, which renders this explanation unlikely. This could also be a
spurious effect, given the variability between animals but, as the MI correlates with increased trial-
to-trial correlation, it indicates that the heightened spatial neural encoding stability is due to the
psychedelic effect. Alternatively, these effects could be related to ibogaine and other analogues’
ability to promote growth of dendritic arbors and spines in rodent cortical neurons (Ly et al., 2018;
Cameron et al., 2020). The changes in physiology associated with chronic amphetamine could
render the RSC less susceptible to the ibogaine-induced neuroplasticity alterations. This premise
is supported by the fact that the MI values remain similar for day 7 and day 12 post-ibogaine
(Supplemental Fig. 4.7). This could mean that the increase in MI and AC we observe in drug-naive
animals in the OFF-board condition is a result of the cortical reorganization enabled by the
psychedelic, a reorganization that is rendered ineffective by prolonged exposure to amphetamine.
These possibilities are not necessarily independent from one another. When ON-board,
psychedelics have also been shown to cause an “ego dissolution”, induce a feeling of loss of spatial
self-location (Milliere et al., 2018; Mason et al., 2020), and sensory inputs are proposed to become
disinhibited (Carhart-Harris and Friston, 2019). In the current data set, this may reflect the trend
toward lower MI under acute (ON) ibogaine administration, similar to our previous results (Ivan

etal., 2023).

Ibogaine increased activity rate in saline animals when the drug is on board, similar to
previous results (Ivan et al., 2023), but not in the amphetamine treated mice. Other psychedelics
with strong 5-HT24R affinity such as TCB-2 and DOI can both up- and down-regulate neural
activity in the PFC (Dearnley et al., 2023), and visual cortex (Michaiel et al., 2019). In the present
data, ibogaine could have similarly bidirectionally modulated individual neurons, but the overall

population activity is increased. However, once the psychedelic was OFF board, the higher mean
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activity rate dissipates. It is therefore likely due to a short-term modulatory effect, rather than long-

term change in connectivity or cellular metabolism.

Classic psychedelics, such as LSD, ketamine and psilocybin cause an increase in
spontaneous signal complexity and entropy of humans brain activity recorded via
magnetoencephalography (Schartner et al., 2017), electroencephalography (Li and Mashour, 2019;
Farnes et al., 2020), and fMRI (Herzog et al., 2023). In the present data, ibogaine appears to lower
the functional connectivity in the amphetamine animals when ON board, and increase it at 24h
after the last administration in saline animals. The biphasic effect suggests that the reduced
clustering after ibogaine reflects a stronger loss of functional connectivity motifs in amphetamine
animals, but the long-term rebound effect of ibogaine in drug-naive animals is also revealed in the
connectivity within the RSC. This response correlates with the effects on spatial encoding, linking
the correlation of activity among all neurons with the position information encoded at cellular

level.

4.5 CONCLUSION

The present data suggest that chronic amphetamine administration degrades the spatial
encoding in the RSC and decreases the signal-to-noise ratio, but does not affect the functional
connectivity among the recorded neurons. This may reflect physiological changes in the RSC, or
possibly a shift of behavioral control to sensory motor (e.g. habit) systems such that the animal
relies less on cognitive maps during the task. Whatever the mechanism, the brain’s adaptation to
repeated amphetamine attenuates the neurophysiological effects of the non-classic psychedelic

ibogaine.
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4.6 METHODS

Animals

Adult (4 - 6 month old) Thyl1-GCaMP6s mice (n=14; 11M/3F), weighing 30-35g, 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 2:00 PM and 2:00 AM). 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 with a
closed-loop control system. Once the skull was exposed, a titanium head-plate was fixed to the
skull using adhesive cement (Metabond, Parkell) and dental acrylic. 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 rubber ring was fixed over the head-plate to form a well to hold water
between the imaging region and the immersion objective. Post-surgical care included careful
weight monitoring and subcutaneous (SC) injections of meloxicam (Metacam 1 mg/kg) and

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

For the chronic amphetamine administration, we diluted d-Amphetamine sulfate (Sigma
Aldrich) in 0.9% saline solution. We used an escalated dose paradigm, in which each AMPH
animal (n = 8) received a volume of 0.1 ml SC of solution in a schedule of 2 days of 0.5 mg/kg, 2
days of 1 mg/kg, and 6 days of 2 mg/kg. The amphetamine was administered subcutaneously at
the University of Lethbridge’s veterinarian recommendation, to minimize possible side effects due
to multiple IP injections (e.g. peritonitis). The control animals (n = 6) received the same volume
of saline. Ibogaine HCI was obtained from Toronto Research Chemicals, Canada, in powder form
and diluted in sterile water to a concentration of 10-12 mg/ml. The stock concentration was
determined so that each animal (n = 7) received 0.1 ml IP and received the appropriate dosage per
weight. IP route has been shown to be preferable to IV administration, as it results in higher
bloodstream concentrations of noribogaine (Baumann et al., 2001). The control animals (n = 7)

received 0.1 ml 0.9% saline solution.

Experimental procedure for behavior

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. Licking behavior was recorded using a

capacitive sensor connected to the lick spout. An optical encoder attached to the wheel shaft was
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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.
Neural activity was imaged in either the left (n=6) or the right (n=8) RSC in subsequent daily
sessions of the task for 23-28 minutes (recording schedule shown in table 1). Mice were trained

on one belt and then the imaging sessions were recorded while they ran on a new belt.

Supplemental table 4. 1: Experimental protocol.

Day1  baseline IMG 28’

Day 2 Saline SC IMG 28’

Day3  AMPH 0.5 mg/kg OR Saline  IMG drug ON 23’
Day4  AMPH 0.5 mg/kg OR Saline  IMG drug OFF 23’
DayS  AMPH 1 mg/kg OR Saline IMG drug ON 23°
Day6  AMPH I mg/kg OR Saline IMG drug OFF 23’
Day7  AMPH 2 mg/kg OR Saline IMG drug ON 23’
Day8  AMPH 2 mg/kg OR Saline IMG drug OFF 23°
Day9 AMPH 2 mg/kg OR Saline No IMG

Day 10 AMPH 2 mg/kg OR Saline IMG drug ON 23’
Day 11 AMPH 2 mg/kg OR Saline IMG drug OFF 23’
Day 12 AMPH 2 mg/kg OR Saline IMG drug ON 23’

Day 13  baseline IMG 23°

Day 15 Ibo 40mg/kg OR Saline IMG drug ON 23°
Day 16 Ibo 40mg/kg OR Saline IMG drug OFF 23’
Day 17 Ibo 40mg/kg OR Saline IMG drug ON 23’
Day 18 baseline IMG 23’

Day 33  perfusion

Based on the drug protocol used, the animals were randomly assigned one of 4 groups:
AMPH - SAL (n=4), AMPH - IBO (n=4), SAL — SAL (n=3), SAL — IBO (n = 3). The imaging
sessions during drug administration were performed either one hour after the injection (IMG drug

ON), or 24h after the last injection (IMG drug OFF).
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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 um
— 170 pm (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; ML: 0 to +/- 1).

Neural Activity Analysis

Pre-processing

Automatic image pre-processing was performed using the Suite-2P (Pachitariu et al.,
2017) algorithm, as previously described (Mao et al., 2017). 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.
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Computing spatial encoding

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. Visually, the MI is a convincing measure of how predictive a neuron’s firing is of a
particular position and strongly correlates with decoding accuracy. For trial-to-trial correlations
we computed for each neuron its average activity correlation between the baseline trials and the
subsequent post-injection trials is positively correlated with the average MI of the neuron in both

epochs.

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
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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
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.

Statistical tests

Due to technical difficulties during the recordings, we are missing 2 sessions in the
amphetamine ON group and one session in the saline OFF group, and we were therefore unable to
employ Repeated Measure ANOVAs to compare the effects of chronic exposure to amphetamine.
Ordinary two-way ANOV A was used to detect the main effects of the drugs, with Tukey post-hoc
multiple comparison test. For the ibogaine administration we used a RM two-way ANOVA design

for each comparison.
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Supplemental Fig. 4.7. Long-term effects of ibogaine on information encoding. A. Mean
mutual information (MI), trial-to-trial correlations (AC), and clustering coefficient in SAL-IBO
group before, during, and after ibogaine administration B. Mean mutual information (MI), trial-
to-trial correlations (AC), and clustering coefficient in AMPH-IBO group before, during, and after

ibogaine administration.
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CHAPTER 5: GENERAL DISCUSSION

In order to identify common neural features of psychedelics with varied pharmacological
effects (i.e., receptor binding profiles), I chose to test the effects of the classic psychedelic
psilocybin and the non-classic psychedelic ibogaine. I recorded the activity of individual neurons
in the superficial layers of the agranular retrosplenial cortex in head-fixed mice running on a
treadmill with tactile cues. My thesis aimed to determine if the psychedelic compounds degraded
location encoding and functional connectivity of neural ensembles. Additionally, I tested the
hypothesis that ibogaine administration will have long term effects to help recover the loss of
spatial information in mice chronically administered amphetamine. Throughout the 3 experiments
presented, common denominators for both psychedelics emerged. The data indicate that the two
psychedelics have similar short-term effects on neural encoding of spatial position in the
retrosplenial cortex. The psychedelics disrupt the brain’s ability to maintain the integrity of the
cognitive map by interfering with path-integration, a process used to keep track of the position in
an environment. These effects dissipate 24 hours after psychedelic administration, and I did not
find a meaningful interaction between chronic amphetamine and ibogaine. The results I obtained
complement the research in humans, and also raise interesting new questions for future research.
In the following sections I will discuss my key findings in a broader context than in previous

chapters in order to synthesize a better understanding of psychedelic action on the brain.

5.1 WHAT ARE COGNITIVE MAPS?

The concept of “cognitive maps” was first introduced in 1948 by Edward Tolman
(Tolman, 1948) as a systematic organization of knowledge of the environment which determines

behavioral responses. This term has evolved to encompass mental representation employed to
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acquire, recall, and decode information about the relative locations and attributes of phenomena in
the environment. The maps are used to form ‘schemas’, abstractions and inferences that are
separate from sensory representations and therefore generalize across different events (Behrens et
al., 2018). There are many parallels between acquiring non-spatial and spatial information. The
encoding of spatial information is much better understood, so I chose this system to assess the
effects of psychedelics on information encoding. Cognitive maps have strongly influenced
research of spatial navigation (O'Keefe and Nadel, 1978). It has been found that animals (and
humans) use path integration to constantly update the cognitive map during movement. This is
achieved by tracking the starting point, using contextual cues, and registering active movement to
update expected location (Chrastil et al., 2015; Mao et al., 2020). The retrosplenial cortex (RSC)
has long been implicated in path integration (Takahashi et al., 1997; Cho and Sharp, 2001; Wolbers
and Biichel, 2005), along with the hippocampus (HPC) and prefrontal cortex (PFC) (Wolbers et
al., 2007; Sherrill et al., 2013). These regions work in conjunction to support navigational choices.
Although their function may overlap, it has been shown that: (1) the PFC is important for goal
tracking, adapting behavior to new contingencies, and record the abstract location within the task
constraints (Yu et al., 2018; Patai and Spiers, 2021); (2) the hippocampal place cells encode the
actual position within the environment (Wilson and McNaughton, 1993); and (3) the RSC serves
as an information bridge between PFC and hippocampus important for tracking direction,
movement correlates, and integrating inputs from sensory and motor cortices in order to update

the cognitive map (van Groen and Wyss, 1992; 2003; Iaria et al., 2007; Hindley et al., 2014).

Psychedelic drugs have demonstrable effects on mentation, but the neural correlates are
poorly understood. Human fMRI studies suggest that these substances cause a reduction of

functional connectivity between brain structures involved in the construction and maintenance of
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cognitive maps. The cognitive map can therefore be used as a system to understand the effects of

psychedelics on information encoding.

5.2 PSYCHEDELIC EFFECTS ON SPATIAL ENCODING AND NEURAL
FUNCTIONAL CONNECTIVITY

The identification of place-cells in the CA1 of hippocampus of freely moving animals is
relatively straight-forward because these cells have a large signal-to-noise profile. They have a
low background firing rate when outside of the place field, but reliably increase firing substantially
while traversing the place field. I found more variability in our experimental design, which used
head-fixed mice and neural recording in RSC. In particular, neurons that had a clear place field on
most trials, would fail to fire on other trials. I therefore searched the literature for a method that
would quantify this variance and other sources of variance such as spatial selectivity (place field
width). An adjusted version of mutual information (MI) captures both sources (Vinh et al., 2010).
MI is a computational method used to identify spatially tuned neurons. Using the firing rate of
each neuron and the position of the mouse on the belt for each trial, I was able to determine which
cells respond to a specific location. This method has been validated, and can also be used for
identifying hippocampal place cells from calcium imaging data (Gobbo et al., 2022). The MI
reveals changes in the accuracy and stability of spatial information encoding when the system is

perturbed, such as when administering neural dynamics-altering substances.

In the present data both psychedelics reduced the position-related MI of individual RSC
neurons while the drugs were on board, reflecting an impairment of the path integration stability.
Interestingly, in the case of ibogaine, this effect was stronger for the non-cue regions. The RSC
provides an anchoring to fixed landmarks for the cognitive map (Epstein et al., 2017), and therefore

this effect could reflect a preservation of sensory signals to RSC, indicating a potential mechanism
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for stabilizing the cognitive map. Other hallucinogens that are selective 5-HT2aR agonists did not
alter previously established CA1 place cells (Zhang et al., 2017), and therefore this may be a RSC-
specific effect. It is important to note that the decrease in MI was a transient effect because it was

absent when testing 24 hours after injection.

Psilocybin and ibogaine caused a decrease in the clustering coefficient of the correlation
matrix. This coefficient was calculated from the hierarchical clustering of the Pearson correlation
matrices of all cell-pairs recorded in a session, a method previously described for assessing the
similarity between the population activity structure (Chang et al., 2020). This method differs
slightly from functional connectivity as described in fMRI literature, which determines temporal
correlations between the blood-oxygen-level-dependent (BOLD) signals from different brain
regions. If two or more brain areas show synchronized activity over time they are described as
functionally connected. The functional connectivity described in these studies shows a similar
analysis at cellular level, with the caveat that the activity of each neuron is averaged across all
trials to create the ‘tuning curve’ over the belt. Therefore, the animals’ position is factored in when
generating the correlation matrices. This is an important step for this type of data, in which the
behavior and movement of the mouse must be considered. High correlation between two neurons
indicates similar activity profiles, which suggests they are functionally connected. After the
psychedelic administration, the correlation structure exhibits fewer dominant motifs, indicating
that the neurons became more functionally disconnected from one another. Saline administration
appeared to slightly reduce the amplitude of correlations but preserve the overall pattern. The
minor decrease in amplitude could be due to a reduction in motivation or as an effect of the

injection itself.
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The cortical desynchronization and increase in the entropy of functional connectivity
has been previously reported in humans using fMRI and magnetoencephalography (MEQG)
(Muthukumaraswamy et al., 2013; Tagliazucchi et al., 2014; Girn et al., 2022). The data presented
here is one of the first to show a similar effect at neuronal level. The decoupling between the RSC
and the parahippocampal gyrus has been particularly implicated in the psychedelic-induced loss
of functional connectivity in fMRI studies (Carhart-Harris et al., 2016; Lebedev et al., 2016), and
our results are consistent with these findings. The decrease of the clustering coefficient can be
partly explained by the destabilization of positional signaling, but the avalanche analysis
performed in Chapter 3 is independent from the neuronal information encoding, and showed a
decrease in the correlation between bursting/pause events, indicating a loss of structure among
units and across time. Human imaging data suggests that brain networks shift toward criticality
under psychedelics (Atasoy et al., 2017). The concept of criticality refers to a state where a
complex dynamical system operates at the boundary between order and disorder. Because the brain
is a complex system, the criticality framework has been heavily featured in psychedelic brain
theories, which propose that under the influence of psychedelic drugs the complexity of brain states
increases, bringing the system closer to a critical point. Such systems often display critical
phenomena, such as power-law distributions of network properties, self-organized criticality, and
activity bursts (avalanches) of network events that can occur spontaneously (Beggs and Plenz,
2003). Analyzing neuronal avalanches can provide information into the system’s intrinsic memory.
Despite its prominent role, there are few studies directly investigating psychedelic effects as they
relate to a critical neural system. One such study from Varley et. al. used fMRI data from
participants under the influence of psilocybin and LSD to show that both psychedelics increase the

complexity of cortical functional connectivity networks, bringing the system closer to a critical
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point (Varley et al., 2020). Functional MRI is an indirect measure of neural activity over spatial
scales much larger than individual neurons and it was undetermined if a similar shift toward
criticality would occur among neural ensembles. Ibogaine did not affects the slope of the power-
law distributions or the cutoff point, which would indicate a shift in the underlying dynamics.
However, the psychedelic did cause the network of neurons to generate increased activity outside
of large avalanche events, suggesting a reduction in the temporal window during which signals are
integrated in the RSC. The present data provide important information for the critical brain state

theory, but further work is required in order to determine specific transition states.

The results discussed in this section reveal that psilocybin and ibogaine have similar
acute effects on information processing and network dynamics in the RSC in freely behaving mice,
despite heterogeneous receptor binding profiles. These effects were absent upon testing 24h later,
and we were unable to find any prolonged effects at day 7 and 10 post-administration for either
psychedelic. These (null) results indicate that the long-term effects of the psychedelics might not
encompass changes in the RSC cognitive map or that they might not be distinguishable within the
current experimental design. In particular, the design did not include paradigms, such as fear
conditioning or drug self-administration, reported to be affected days after psychedelic

administration.

5.3 PSYCHEDELIC EFFECTS ON NEURAL ACTIVITY RATE

The acute effects on neural encoding and functional connectivity are similar for the two
psychedelics investigated, despite divergent effects on neuronal firing rates. Ibogaine increased
the activity rate in drug-naive animals when the drug is on board, whereas psilocybin decreased it.

There are no prior studies examining effects of psychedelics on RSC neuron activity, but there are
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some limited data in functionally related brain structures. The majority of the hallucinogens
investigated, such as PCP, MK-801, and 5-MeO-DMT cause an overall increase in population
activity in the PFC (Suzuki et al., 2002; Wood et al., 2012; Llado-Pelfort et al., 2018). Lower doses
of psilocybin (2 mg/kg) have a similar enhancing effect (Golden and Chadderton, 2022), which
differs from our findings in the RSC. However, different psychedelics can also have divergent
effects on mean activity rates in the PFC. Some studies showed that DOI causes a decrease in
spiking activity in the mPFC (Wood et al., 2012; Rangel-Barajas et al., 2017; Brys et al., 2023).
Other work has found that DOI has a bidirectional modulatory effect on firing rate in the PFC
(Dearnley et al., 2023) and visual cortex (Michaiel et al., 2019). In contrast, in vitro studies showed
that psilocybin can decrease neuronal spiking in hippocampal pyramidal neurons (Moldavan et al.,
2000). In the present data, the psychedelics could have bidirectionally modulated individual
neurons, but the overall population activity is increased with ibogaine and decreased by high doses
of psilocybin. The discrepancies between the effects of psilocybin on firing rate in the present data
and previous studies could be due to dose differences, physiological variations between the RSC
and PFC, and/or functional connectivity variance for the two cortical regions. At the 24h point, the

changes in mean activity rate dissipate, indicating that the effects are transitory.

Despite divergent effects on mean activity rates, both ibogaine and psilocybin slowed
behavioral output while the drugs were on board. The mice continued to perform the task after the
psychedelic administration with only moderate decreases in movement velocity and other metrics.
The reduced locomotion in the present data is similar to previous reports (Halberstadt et al., 2011;
Tyls$ et al., 2016). However, the changes in behavior are not solely responsible for the effects I

observed in the neural information processing measures. This is primary because the measures are
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binned by position, not time. Furthermore, the adjusted MI method used to assess the spatial

encoding controls for the difference in number of trials.

5.4 THEORIES OF PSYCHEDELICS

The brain appears to have some hierarchical organization of information processing in
which sensory data is transmitted through so-called ‘lower-level’ inputs and more complex
information processing occurs in ‘higher-level” systems (Gilbert and Sigman, 2007; Wacongne et
al., 2011). I will use these terms because they are prevalent in the literature. The higher-level
systems are associated with cognition. There are many theories that attempt to explain different
aspects of cognition and, particularly relevant for the body of work presented in this doctoral thesis,
how psychedelics affect the neural processes (Swanson, 2018). The leading framework of
psychedelic action has been proposed by Carhart-Harris and Friston and has been termed the
REBUS (RElaxed Beliefs Under pSychedelics) model (Carhart-Harris and Friston, 2019) and is
based on the predictive coding theory (Friston, 2010). This theory is predicated on the notion that
the neocortex is organized in a hierarchical manner, in which top levels produce a prediction about
upcoming events, which propagates down the hierarchy. These top-down predictions constrain the
bottom-up propagation of sensory information. Thus, if events are fully expected, the sensory-
related perturbation to ongoing brain dynamics is small. Hallucinogenic drugs are proposed to
disrupt the balance between the top-down/bottom-up information flow. Psychedelics are proposed
to impair the top-level predictions such that sensory inputs cause large perturbations of neural
activity, thereby increasing the entropy of neural signaling (Carhart-Harris and Friston, 2019).
Psychedelic states are associated with disruption of information flow between cortical regions in
humans (Carhart-Harris et al., 2012; Barnett et al., 2020). This is particularly evident in brain

regions involved in the default mode network (DMN), which regulates mental processes when
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subjects are not engaged in tasks (Palhano-Fontes et al., 2015). While these proposals generally
agree that psychedelics disrupt the top-down control, it is still unclear whether this is due to a
reduction of precision of high-level predictions, thereby liberating bottom-up information flow
(Carhart-Harris and Friston, 2019), or if the top-down activity is increased due to a
pharmacological hyperactivation of top-down synaptic transmission (Muthukumaraswamy et al.,
2013). The REBUS model indicates the bottom-up signaling originates in the limbic system,
including the hippocampus and the parahippocampal gyrus, among other structures. In this state,
the mismatch between predictions and sensory information causes an increase in the prediction
errors (Pink-Hashkes et al., 2017), which generates many of the symptoms associated with the
psychedelic state (e.g. hallucinations). For example, a classic feature of the psychedelic experience
is perceiving static objects as moving, such as walls breathing or colors in motion. Carhart-Harris
and Friston argue that this could be viewed as a loss of high-level constraint (walls don’t usually

breathe) on visual perception, which is driven by heightened sensory signaling.

If we consider the present data through this framework, it could explain the modulation
of spatial encoding. The theory has focused on sensory processing and the interaction with high-
level association regions, such as the DMN. The effect on navigation and spatial information
encoding has not been fully explored but certain inferences can be made. The RSC is an association
cortex within the DMN and has been posited to be central to generating top-down signals
predicting perceptual information to guide behavior (for review see (Alexander et al., 2023a)). The
predictive coding theory posits that deep layers of association cortices encode expectations of
upcoming sensory states, and the expectation inhibits sensory inputs in the superficial layers.
Psychedelics are proposed to impair the top-level predictions. Because many psychedelics affect

the serotonergic system, the effects are purported to stem from a 5-HT2a receptor-mediated
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hyperactivation of the pyramidal cells in layer V (Muthukumaraswamy et al., 2013), which cause
an increase in the number (and details) of the predictions in the system. It is possible that the
dysregulated predictions in layer V fail to properly counteract inputs to superficial layers from
other cortical regions, causing an increase in prediction errors. Therefore, the decrease in the
spatial encoding could reflect an impairment in generating accurate predictions for the position of
the animal on the belt and the associated increase in prediction errors in the superficial layers of
the RSC. This proposal is still speculative and requires additional testing but fits within the
literature, although some studies have shown a psychedelic-induced reduction in sensory inputs in
the visual cortex (Michaiel et al., 2019). Additionally, in psychopathologies such as depression,
it has been proposed that high-level priors are overweighted and biased toward negative
expectations (Kiang et al., 2017). This can cause a suppression of bottom-up signaling, and a
“rigid” system (Carhart-Harris and Friston, 2019). Consistent with this proposal, depression has
been showed to cause a decrease in frontal activity and a lack of reward-related prediction errors
(Ubl et al., 2015). Administration of several psychedelics has been reported to decrease the
negative bias (Palhano-Fontes et al., 2019; Zeifman et al., 2020). Mechanistically, weaker top-
down signals should be observed. Although the on-board data are consistent with this theory, the

longitudinal data showed no effect.

5.5 MORPHOLOGICAL EFFECTS OF PSYCHEDELICS

A central idea associated with psychedelic action is the fact that many psychedelics can
induce plastic changes in the brain. Although this thesis does not directly assess plasticity, the
correlation structure of cellular activity can be used to generate inferences on the overarching
theory. Various psychedelics have been posited to alter spine and dendritic morphology, such as

DMT (Lima da Cruz et al., 2018), ketamine (Pryazhnikov et al., 2018; Treccani et al., 2019; Zhang
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et al., 2019), and others (Calder and Hasler, 2023). At a cellular level, structural plasticity includes
dendritic and synaptic plasticity, and possibly neurogenesis (in hippocampus). Both psilocybin
(Shao etal.,2021) and ibogaine (Ly et al., 2018; Cameron et al., 2020) have been shown to promote
structural markers of synaptic plasticity, particularly in cortical neurons. It is important to note that
it is not yet clear if the anatomical evidence of synaptogenesis has functional consequences. In
other words, it is not known if new synapses play a functional role in information processing.
Some neurological conditions such as depression are associated with atrophy of neurons and a loss
of synapses in the frontal cortex (Liu et al., 2017; Holmes et al., 2019). The therapeutic effects of
psychedelics can last for up to 6 months after administration (Andersen et al., 2021) and therefore
it has been posited that these effects could be linked to their synaptic effects in the neocortex. A
direct, conclusive correlation has yet to be demonstrated. To our knowledge, no psychedelic
studies have investigated synaptic alterations in the RSC, but the HPC also appears to be a target
for increased structural neuroplasticity (Du et al., 2023). However, psilocybin can also have an
inhibitory effect on hippocampal neurogenesis (Catlow et al., 2013), an effect that does not

correlate to behavioral effects on fear extinction.

At a molecular level, neuroplasticity encompasses changes in gene and protein
expression, which trigger morphological changes. Studies in rats have shown that psilocybin
causes dose- and region- dependent transcriptional regulation of genes that have been linked to
synaptic plasticity (e.g. Arc, Egr2), with a general trend of lower levels found in the HPC, and
increased levels in the PFC (Jefsen et al., 2021). A single dose of psilocybin can alter the
expression of several genes associated with plasticity and cognition (e.g. neuroplastin, brain
derived neurotrophic factor) in the mouse PFC (Fadahunsi et al., 2022). Conversely, diminished

BDNF levels have been found in pathological populations suffering from depression (Karege et
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al., 2002). Similar results have been shown with ibogaine. Glial cell derived neurotrophic factor
(GDNF) and BDNF are neurotrophic factors that promote the growth, synaptogenesis, and survival
of neurons. They have been shown to mediate neuronal processes that occur during drug-seeking
behavior in animal models (Ghitza et al., 2010; Koskela et al., 2017). One interesting study showed
that in rodents, ibogaine increased the expression of GDNF in the ventral tegmental area (VTA),
which correlated with reduced ethanol self-administration (He et al., 2005). An iboga synthetic
analog was shown to induce the release of GDNF in cell culture systems (Gassaway et al., 2016).
A more recent study demonstrated that ibogaine causes a site and dose-specific upregulation of
BDNF and GDNF transcripts in several brain regions implicated in addiction, such as the VTA,
PFC, nucleus accumbens (NAcc), and substantia nigra 24h after administration, particularly at a
dose of 40 mg/kg (Marton et al., 2019). These observations led to the idea that the ibogaine-
induced GDNF expression may persist beyond the elimination of the drug which can be the
mechanism of action underlying the anti-addictive effect of ibogaine. Few studies directly
investigate if structural changes lead to behavioral outcomes and therefore a causal inference is

difficult to assess.

Synaptic changes would purportedly also correlate with alterations in neural dynamics.
In the data presented in this thesis I did not find such psychedelic-induced long-term effect on
spatial encoding. Several hypotheses could explain this discrepancy. The changes in neural
encoding that result from increased synaptic plasticity might not be reflected in the RSC cognitive
map. While that is certainly possible, I argue the RSC’s strong reciprocal connections with the
PFC and HPC should reveal meaningful effects on RSC spatial encoding via synaptic changes in
these other structures, which have been repeatedly reported. Alternatively, perhaps new spines

might not be integrated quickly enough to reveal changes in the present study. Clinical data,
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however, reveals a rapid (within 24h) onset of positive cognitive effects associated with
psychedelic administration. Moreover, | tested at several timepoints post-treatment: 1, 3, 7, and 10
days (data not shown). It is therefore unlikely that the duration of the investigation relative to
psychedelics synaptogenic actions accounts for the negative finding. Another possibility is that the
synaptogenesis hypothesis might not fully explain the prolonged behavioral and neural effects. In
mice treated with psilocybin, the rate of dendritic spine formation in dopaminergic areas was
elevated for the first 3 days and returned to baseline by day 5 post-administration (Shao et al.,
2021). Note that the ibogaine-induced increase in neurotrophic factors in dopaminergic areas
(VTA, NAcc) might not be particularly relevant in the current task. The dopaminergic signaling
might not affect the path integration systems in the present study because the mice are well trained

and complete trials without engaging the goal-directed systems.

If plastic changes would be the driving force of the long-term effects that last days-to-
months after treatment, I would expect that the neural encoding and/or dynamics will be more
strongly affected after the drug is cleared, but that was not the case for the present data. The only
prolonged (>24h) effect detected is the increase in the information encoding indicators in the
control animals that were administered ibogaine in Chapter 4. This finding is singular to this group
and was not observed in the first ibogaine study (Chapter 3). Such long-lasting effects may involve
psychedelic-induced synaptic changes. However, the low number of animals in this group and lack
of replicability make it difficult to determine if morphological changes are the primary cause for
this result. They could be the result of a different, unobserved factor. No such effect was found in
the amphetamine-treated mice. Overall, the absence of discernible long-term alterations reinforces
the interpretation that the psychedelic effects observed in these experiments are more likely caused

by the functional changes in network dynamics, rather than structural effects on neuronal synapses.
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5.6 PSYCHEDELIC PHARMACOKINETICS

The selected epochs for the neural recordings were chosen based on the pharmacokinetics
of ibogaine and psilocybin. The ‘on-board’ epoch (20-60 mins after i.p injection) occurred when
the psychoactive metabolites noribogaine and psilocin are above concentration thresholds in blood
plasma for psychoactive effect (Baumann et al., 2001; Sakashita et al., 2015; Rodriguez et al.,
2020). The second ‘off-board’ epoch was at 24 h post administration, when no significant amounts
of the psychedelic compounds would be present in the system. This allowed us to record both the
acute and long-term effects elicited by the drugs. At 40 mg/kg i.p. administration of ibogaine in
rats, its blood half-life is slightly less than 2h (Baumann et al., 2001) and both ibogaine and
noribogaine are present at highest concentration (18-22 uM) levels in the rat brain within this
window (Rodriguez et al., 2020). Because ibogaine is metabolized quickly, the long-term effects

are likely due to the prolonged presence of noribogaine in the brain (Mash et al., 2000).

There are reports that acute, high doses (100 mg/kg) of ibogaine have a toxic effect on
the Purkinje cells in the cerebellum (O'Hearn and Molliver, 1993). This effect is not evident with
lower doses of 40 or 10 mg/kg (Molinari et al., 1996; Helsley et al., 1997). The dose investigated
in the current work (40 mg/kg i.p.) is the standard used in rodent literature because: (1) it exerts
psychomimetic effects; (2) does not show changes in heart rate or blood pressure (Glick et al.,
2000); (3) does not cause cerebellar degeneration, and (4) is much lower than ibogaine’s LDso of
145-175 mg/kg (Schep et al., 2016). The investigation of the effects of a higher (15 mg/kg) dose
of psilocybin was motivated by reports showing that higher doses have stronger effects on
plasticity-related genes (Jefsen et al., 2021) and on neurotransmitter release in the prefrontal cortex
(Wojtas et al., 2022), while not causing any toxic effects. Psilocybin’s LDso is 285-293 mg/kg

(Gable, 2004; Zhuk et al., 2015).
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5.7 AMPHETAMINE EFFECTS ON SPATIAL ENCODING

The effects of amphetamine on the brain have been researched extensively, but the
majority of this work is beyond the scope of my thesis. I will focus this discussion on evidence
regarding its effect on information encoding in the neocortex. Prolonged exposure to amphetamine
can impair learning and memory in a variety of spatial tasks (Mandillo et al., 2003; North et al.,
2013; Arroyo-Garcia et al., 2020). The RSC has been shown to have a prominent role in path
integration and spatial encoding (Cooper and Mizumori, 1999; Chang et al., 2020). Furthermore,
this cortical region is likely implicated in the transition from ethological behavior to the patterned
behavior associated with drug taking and seeking (Koob and Le Moal, 2001). Chronic
amphetamine increases habit formation and motivation for reinforcement (Nelson and Killcross,
2006; Nordquist et al., 2007), and the RSC is likely susceptible to changes in neural activity and

information encoding associated with the drug.

In the experiment in Chapter 4, an escalating dose of amphetamine was administered
daily for 10 days, replicating proven chronic exposure to amphetamine paradigms shown to induce
long-lasting changes in neocortical physiology (McDonald et al., 2021; McDonald et al., 2023). I
chose a higher peak dose (2 mg/kg) because it was shown that it increases locomotion without
inducing stereotypy in mice (Yates et al., 2007) and it induces withdrawal symptoms (Fukushiro
et al., 2011). I escalated the dose over time, from 0.5 mg/kg to 2 mg/kg per day to habituate the
animals gradually to the drug. Our data revealed that amphetamine reduces spatial information and
trial-to-trial correlation of single unit activity. There are several possible explanations for the
observed effect, such as loss of motivation for sucrose, or a shift of control towards the
sensorimotor system. However, the most likely explanation, is that the chronic treatment altered

intracellular physiology, causing a lower signal to noise ratio (SNR), similar to
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electrophysiological data from the rat PFC from our lab (Hashemnia et al., 2020). However,
amphetamine did not affect the clustering of activity covariance among RSC neurons, suggesting
the lower spatial encoding is not caused by a large-scale synaptic remodeling. Additionally, this
effect persisted in the OFF condition, at 24h after the last i.p. injection, but that did not correlate
with a lower locomotion speed, or a lower mean activity rate of the neurons, suggesting the loss

of positional information is due to the effect of the drug and not to movement or other features.

Based on the results, I speculate that chronic amphetamine did not alter RSC morphology
sufficiently to cause a persistent remodeling of information. However, it is possible that structural
changes in other brain regions could impact the spatial encoding in the RSC. Amphetamine is
known to increase dendritic length and spine density in various brain regions important for learning
and memory, such as PFC, striatum, NAcc, and caudate putamen, (Robinson and Kolb, 1999; Li
et al., 2003; Crombag et al., 2005; Wong et al., 2016). It also modulates neuronal and spine density
in the HPC (Arroyo-Garcia et al., 2020; McDonald et al., 2021) and causes inhibition of long-term
potentiation (LTP) in the HPC (Chen et al., 2021). These regions have strong connections with the
RSC and could indirectly modulate the integrity of the cognitive map in this cortical area.
However, the preservation of neuronal functional connectivity and the decrease in the activity rate
suggests that the system has the same dynamical capacity, but the information encoded is
diminished. Whether this is a local effect in the RSC or due to changes in afferent regions is

difficult to establish with the present data set.
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5.8 LIMITATIONS AND CAVEATS

Regarding the present data, a few caveats need to be acknowledged. Firstly, the high dose
of psilocybin is higher than what other behavioral rodent studies have employed. In rodents, high
doses of drugs such as ketamine and phencyclidine (PCP), have been shown to cause neuronal
damage in the RSC and the expression of the heat shock protein HSP70 (Sharp et al., 1992; Tian
et al., 2018). There are no reports of such damage associated with psilocybin. In fact, one study
failed to detect any HSP70-positive neurons in the rat RSC, even at doses as high as 20 mg/kg
(Torgu et al., 2023). Nonetheless, I checked the integrity of the RSC in the animals administered
high doses of psilocybin using Nissl staining (Fig. 5.1; Supplemental Fig. 5.2-5.3) and found no

evidence of neuronal damage.
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Fig. 5.1. Examples of histological images. Coronal sections (40 um) of mouse brains stained with
Cresyl Violet. The images show the retrosplenial cortex (-2.5 AP) in mice treated with saline (A)
and psilocybin (B; 15 mg/kg).
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Secondly, the amphetamine administration protocol used is not a typical “drug
sensitization” paradigm. These protocols are usually characterized by intermittent administration,
followed by a challenge session (Paulson and Robinson, 1995; Gulley and Stanis, 2010; Fordahl
etal., 2016). However, the sensitization challenge test was outside of the scope of the current work,
and the drug protocol was designed to expose the mice to a prolonged amphetamine treatment to
induce a withdrawal effect, which allowed me to assess ibogaine’s impact during this critical time.
Furthermore, the task is not a classic “drug seeking” task, meaning that animals do not need to
employ navigational choices to get the drugs. Lastly, various previous reports have found an
increase in locomotion in amphetamine-treated mice (Robinson and Kolb, 1999), but I did not
observe any changes in the speed of the animals. These caveats notwithstanding, the present work
provides important insights into the cortical neural dynamics associated with chronic drug
administration because, to our knowledge, this is one of the first reports on the effects of

amphetamine in the RSC at the cellular level.

Reports of ibogaine having the ability to mitigate addictive behaviors and drug self-
administration in rodents (Glick et al., 1991; Sershen et al., 1992b; Sershen et al., 1994) have
motivated our investigation into the amphetamine-ibogaine signaling dynamics in the cortex.
However, I was unable to determine a clear ameliorating effect of ibogaine in the amphetamine-
treated animals in our spatial encoding measures. There are several potential explanations for this
finding. The chronic amphetamine could have physiological effects which could render the RSC
less susceptible to the effects of ibogaine. Alternatively, there is the possibility that the
ameliorating effects of the psychedelic are not distinguishable in the RSC. Ibogaine might exert a
stronger effect in executive areas which inform the RSC, such as the PFC and HPC. These

possibilities have been discussed in Chapter 4. Further research aimed at uncovering the cellular
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and functional effects of psychedelics on neural encoding is necessary in order to determine their

mechanism of action and, ultimately, their therapeutic potential.

5.9 CONCLUSION

Rodent models can provide us with valuable insights into the effects of psychedelics at
the cellular level, and how the evoked changes in neural activity and other features correlate with
altered behavioral output. The present work aimed to do just that, using 2-photon imaging, a
method that allowed me to record the activity of hundreds of neurons simultaneously in the mouse
cortex, while the animals are performing a task that relies on cognitive processes that can be

distorted by psychedelics.

Most of the hypotheses posited in the thesis introduction were validated, but a distinction

must be made regarding the acute and long-term effects.

Hypothesis 1: Psychedelics will corrupt encoding of RSC place encoding. The data

supports the hypothesis. Both ibogaine and psilocybin lower the spatial encoding measures (mutual

information, trial-to-trial correlation) while on board.

Hypothesis 2: Psychedelics will disrupt functional connectivity among single units in
RSC. This hypothesis is supported by the lower clustering coefficient values of the correlation

matrices for neurons recorded within an hour of psychedelic administration.

Hypothesis 3: Psilocybin and ibogaine will show similar effects on RSC activity despite
differences in their molecular structure and pharmacology. Both psychedelics have similar effects
on behavior, location encoding, and functional connectivity measures. Ketanserin blocked these
effects for psilocybin, suggesting that they are primarily due to 5-HT2aR activation.
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Hypothesis 4: Chronic amphetamine administration will reduce SNR of place encoding
in RSC neurons. The RSC did exhibit a reduction in the signal to noise ratio of the spatial encoding

with chronic amphetamine at both 1 and 24 hours after drug administration.

Hypothesis 5. Psychedelics will have long-term effects to improve SNR in mice treated
with chronic amphetamine. We did not observe any prolonged effects in any of our measures,
including no improving effect of ibogaine for amphetamine-treated mice. Therefore, the data does

not support this hypothesis.

Regarding hypothesis 5, the literature that informed the formulation of the hypothesis
suggested that [ would find a significant interaction between the two drugs. The lack of a positive
effect does not necessarily disprove the hypothesis. Possible explanations include that either the
task or the brain region chosen were not sensitive enough to reveal the relevant effects. The robust,
reliable, and replicable effects of both psychedelics on information processes in the RSC cause me
to believe that this cortical area is an appropriate target to study these substances. In retrospect, the
task chosen may not have been the best task to achieve a positive result. Future work in this field
would benefit from drug seeking task, in which the animals perform for drug self-administration
in a particular environment. This would allow testing whether this affects the RSC encoding of

space after ibogaine washes out of the system.

Overall, the data presented in this doctoral thesis suggests that cognitive maps are
disrupted by psychedelic compounds. Beyond the direct contribution to the research literature
investigating how psychedelic drugs alter cognition, these results generate several interesting new
questions to explore with future research. One such question is whether the loss of information

encoding was due to a dissociative effect (were the animals ‘disengaged’ from the task). A way to

167



investigate this could be by giving the mice drugs that sedate but are not psychedelic (e.g.
benzodiazepine). Secondly, ibogaine is known to act upon several types of receptors in the brain.
A systematic analysis using antagonists in order to determine which one has the strongest influence
on the RSC spatial encoding could help determine ibogaine’s mechanism of action on cognitive
processes. Thirdly, if psychedelics bias the RSC towards a more egocentric navigational system,
would exposing the mice to an unfamiliar spatial learning task requiring flexible strategies impair
the animals’ performance beyond latency? The possibilities these questions create, along with the
results presented in this thesis indicate that investigating the neural correlates of psychedelic drugs
can be a powerful tool for shaping and testing our understanding of the neural system: “[...] these
molecules can be used to probe the links between neurochemistry and neural computation across

multiple layers of neuroanatomy and phenomenology” (Swanson, 2018).
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5.11 SUPPLEMENTARY INFORMATION

Supplemental Fig. 5.2: Coronal sections of the RSC of animals treated with psilocybin. Each
panel is representative of one of the 7 animals in the psilocybin group. Sections range from -1.5 to

-2.8 AP.
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Supplemental Fig. 5.3: Coronal sections of the RSC of animals treated with saline. Each panel

is representative of one of the 3 animals in the control group. Sections range from -1.7 to -2.4 AP.
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