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Abstract 

 Psychedelics have been proposed to be highly efficacious in the treatment of various 

psychiatric conditions with preliminary evidence for efficacy in highly controlled clinical trial 

populations. Despite this, much is yet unknown about the therapeutic mechanism of these drugs 

and the time course of their effects. The neuroplastic hypothesis of psychedelic action asserts that 

these drugs may affect therapeutic benefit through their action as psychoplastogens [1]. 

Psychoplastogens are drugs that increase the growth, pruning, and reorganization of the brain in 

a way that is the most optimally efficient, a mechanism referred to as neuroplasticity [2]. This 

psychedelic induced plasticity has been assessed in many ex vivo and in vitro experiments in 

different regions of the brain; however, no one study has examined these changes at the circuit 

level.  

A circuit of particular relevance for understanding the long-term behavioral and 

therapeutic consequences of psychedelic activity is the one that exists between the ventral 

hippocampus to the medial prefrontal cortex. This circuit is highly involved in working memory 

and emotion-based cognitions and plays a large role in the etiology of anxiety-like behaviors both 

in humans and in rodents [3, 4]. Through my work, I examined changes in plasticity in this 

pathway in vivo in mice using electrophysiology at 4 hours and 24 hours following psychedelic 

drug administration. I also assessed plasticity at 24 hours in the dorsal hippocampus alone using 

an ex vivo slice model. I found evidence for plasticity in the medial prefrontal cortex and the 

dorsal hippocampus at 24 hours after drug administration in vivo and ex vivo, respectively. 
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 To contextualize these results in terms of psychopathology, I assessed changes in an assay 

of anxiety-like behaviors. The novelty suppressed feeding task measures approach and avoidance 

behaviors that are highly dependent on the action of the ventral hippocampal to prefrontal cortex 

circuit [5]. I found evidence in male animals for anxiolysis at 4 hours after psychedelic drug 

administration, but not at 24 hours. This behavioral result prompted interest in characterizing the 

time course of the effects of the psychedelic state. Literature suggests that there are acute changes 

in various domains of biological and physiological responding following psychedelic 

administration. One such domain is brain oscillatory power, a valuable tool in measuring brain 

network dynamics [6]. We found that psychedelics caused broadband changes in the hours 

following psychedelic administration, the peak effect of these changes occurring around 1-2 hours 

with the effect decaying back to baseline in the 3-4 hours following.  

Furthermore, literature suggests that there is an acute increase in stress glucocorticoids 

following psychedelic administration [7]. I quantified corticosterone levels at various time points 

following psychedelic administration and found that corticosterone was significantly increased 

30 minutes following psychedelic administration. Finally, I assessed the effects of psychedelic 

administration on a highly validated behavioral proxy of psychedelic drug action, the head twitch 

response [8]. I found that indeed, after psychedelic administration, the head twitch response 

increased 5 minutes following and decayed back to baseline from 15-20 min later. Taken together, 

these data add to the nascent field of psychedelic neuroscience by; 1) providing evidence for the 

neuroplastic hypothesis at the regional and circuit level; 2) providing evidence for behavioral 

change following psychedelic administration; 3) and characterizing a time course of the acute 

network, endocrine, and locomotive effects of the psychedelic state.  With these data, I propose a 

three-phase model of psychedelic action. The first phase is characterized by an increase in HTR 
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and a rise of the subjective effects, which lead to the rise of the stress response the increase and 

resolution of which characterize the second phase which includes acute behavioral effects. These 

behavioral effects may be akin to the afterglow phenomenon observed in humans, reflecting 

results of a process that regulated the stress response. The final phase of the model represents 

psychedelic induced plasticity. This plasticity must be taken advantage of in order to lead to robust 

and long-lasting behavioral benefit.
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1. Chapter 1: Introduction 

1.1 Prevalence of stress, the Diathesis-Stress Model, and the effects of chronic stress 

Despite the advances of the modern world, we find ourselves again plagued by the same 

uncertainties that line our history books. The occurrence of global wars, national economic crises, 

increasing racial tensions, and a global pandemic attest to the tumultuous times in which we live. 

It comes as no shock, then, that stress and stress-related diagnoses are increasing at an alarming 

rate worldwide, particularly in the United States (U.S.). Indeed, stress is now considered a 

modern-day national health crisis [9], with 21% of all adults, or approximately 50 million 

individuals, reporting significant stress-related mental illness, as compared to 16% of all youth, 

or approximately 2.7 million individuals, who report the same [10]. 55% of those adults and 60% 

of those youths did not receive care for their mental health issues. Alarmingly, 4.8% of adults, or 

12.1 million individuals, reported serious suicidal thoughts and suicide remains the second 

leading cause of death among youths aged 10-14 [11]. Suicide rates have been steadily increasing 

for both adult males and females throughout the 21st century, and it is estimated that in 2022-

2023, suicide rates reached a historic record high [12]. 

Undoubtedly, stress plays a significant role in the abysmal mental health outcomes 

observed in the U.S. and worldwide. The Diathesis-Stress model of psychological disorder 

etiology asserts that individuals with predispositions, be they biological, psychological, or social,  

may develop mental health issues when exposed to a significant stressor or chronic stress [13]. 

This model, though perhaps simplistic in its exposition, highlights the role of chronic stress as a 

major catalyst for the onset of debilitating disorders such as anxiety, major-depressive disorder 
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(MDD), post-traumatic stress disorder (PTSD), and even dementia [14-17]. Further, chronic stress 

can significantly increase the likelihood of engaging in addictive behaviors and other maladaptive 

coping strategies such as non-suicidal self-injury and suicidal ideation [18-20].  

At the biological level, when an individual is faced with a challenging situation with which 

they cannot effectively cope, the hypothalamic-pituitary axis becomes activated through action 

of the association cortex, amygdala, and the hippocampus, resulting in a cascade of downstream 

effects including increased levels of circulating cortisol [21]. The sustained and chronic increase 

in stress glucocorticoids has been shown to effect virtually all levels of physiology. There is ample 

evidence demonstrating the ability of stress glucocorticoids to pass the blood brain barrier to 

directly affect both structural and functional changes in the brain by binding to glucocorticoid and 

mineralocorticoid receptors on neurons and glial cells [22].  

It is important to draw a distinction between chronic stress, which unfolds over the course 

of weeks to years and is deleterious to long-term health, and acute stress which can last a few 

minutes to a few hours and is an adaptive process that can enhance memory recall, learning, and 

performance in a challenging situation [23]. Under acute conditions, stress glucocorticoids can 

redirect metabolic load and modulate the response of various physiological and neurological 

systems to promote adaptive cognitive changes in response to the environmental challenge [24]. 

Evidence suggests that acute stress induces neuroplasticity at excitatory and inhibitory synapses 

in regions such as the hippocampus and the cortex [25, 26]. Furthermore, evidence suggests that 



 

 

3 

acute stress induces adaptive modulation of dendritic spine size and morphology in the prefrontal 

cortex in animal models [27].  

1.2 The role of the prefrontal-amygdalar-hippocampal triad and the effects of chronic stress 

Key areas in the brain involved in regulation of emotion and cognition include the 

prefrontal cortex (PFC), the amygdala (AMY), and the hippocampus (HPC). These regions are 

highly interconnected with abundant afferent and efferent connections and work in tight 

coordination to maintain homeostatic balance [28, 29]. The PFC is highly involved in higher order 

functions such as cognitive control, set shifting, and updating of working memory, as well as 

executive functions such as anticipation, judgement, planning and decision making [30]. The 

amygdala is vital for emotional processes through its regulation of autonomic and endocrine 

functions [31]. Similarly important, the hippocampus plays a crucial role in learning, memory 

formation, and memory recall [32]. These areas share strong bidirectional connections and are 

integral in processes relevant to stress-induced disorder pathophysiology [33]. This highlights the 

importance of further investigation into this pathway. 

Coordinated action of the AMY-HPC-PFC pathway is highly involved in complex 

learning and memory formation [34]. In the case of rodent fear conditioning, context/place 

associations of a shock memory are coded through distinct action of this triad. Neuronal 

ensembles in the ventral CA1 of the hippocampus encode the spatial information, reactivation of 

amygdalar neurons form the shock-context association, and action of medial PFC neurons 

integrates this information to form the complex learning memory [35]. Further, there is evidence 

that this pathway is highly involved in decision making. Inputs from the hippocampus 
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contextualize sensory input based on prior experience, enabling the amygdala to form model-

based valuations of a decision. This allows the amygdala to coordinate with the PFC to initiate 

action-based processes for achieving the appropriate outcome. [36].  

In understanding the crucial role of these regions in many cognitive processes, we begin 

to understand that the effects of stress on any one region of this triad can have wide-reaching 

deleterious consequences. Indeed, the link between chronic stress, cognitive impairment, and 

mental health outcomes has been demonstrated repeatedly and reliably [37, 38]. MDD has been 

associated with hypercortisolaemia, reflecting a state of increased cortisol release [39, 40]. 

Conversely, PTSD is associated with hypocortisolaemia, a state of reduced cortisol circulation 

[40]. Anxiety disorders are associated with general dysfunction of the HPA axis [41]. Circulating 

cortisol can directly bind receptors to have notable structural effects. These changes have been 

evidenced in the hippocampus, finding decreased hippocampal volume, decreased dendritic 

arborization and spines in CA1 and CA3 respectively, and even a suppression of granule 

neurogenesis [33, 42].  Conversely, in the amygdala, evidence shows increased spine density, 

increased excitatory synaptic input, and neuronal hypertrophy, which is associated with increased 

emotional reactivity [24, 43]. In the PFC, evidence indicates dendritic and global neuronal atrophy 

[44]. Accompanying these structural changes are a host of functional changes, including 

decreased plasticity in the hippocampus and weakened functional connectivity of the 

hippocampus, amygdala, and the prefrontal cortex [24]. These changes lead to highly 

dysregulated or impaired learning, emotional reactivity, decision making and memory processing, 

as well as global detriment to cognition [33, 37, 45]. It remains unclear whether these structural 

changes precede and cause the dysfunction or vice versa. Among the various psychological 

disorders that can arise from chronic stress, we find that stress significantly increases the 
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likelihood of anxiety [14, 46]. Thus, it is important to understand the current pharmacological 

intervention landscape. 

1.3 Current state of the treatment landscape for anxiety 

An estimated 31% of individuals in the U.S. will experience a significant anxiety disorder 

in their lifetimes, making it the most common class of psychiatric disorder [47]. There are a host 

of psychotherapeutic approaches that are employed to treat anxiety with or without a 

pharmacological adjunct and these have been shown to not only result in symptom reduction, but 

also in long-term well being [48]. These therapies include approaches such as traditional talk 

therapy, cognitive behavioral therapy, cognitive restructuring, psychodynamic therapy, and 

relaxation therapy [48]. This is not an exhaustive list and evidence suggests that cognitive 

behavioral therapy displays the greatest treatment efficacy with and without pharmacotherapy 

[48].  

Pharmacotherapies for anxiety disorders are comprised of drugs that affect a wide range 

of neurotransmitter systems, such as serotonin, norepinephrine, and even GABA 

neurotransmission [49].  The availability of such disparate classes of drugs allows for considerable 

variability in clinician prescription of pharmacotherapies for anxiety. Despite this, it is estimated 

that only 60%-85% of individuals respond to their treatment,  in that they experience behavioral 

improvement in some capacity, and approximately half of those individuals people achieve 

clinically significant recovery from their anxiety  [49]. Individuals with anxiety disorders are also 

highly likely to experience a recurrence of their symptoms, especially if they have comorbid major 

depressive disorder [50]. The lifetime comorbidity for individuals with social anxiety disorder is 
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20-70%, for those with generalized anxiety disorder is 43%, for panic disorder is 50%, and for 

post-traumatic stress disorder (PTSD) is 48% [51]. This makes it considerably more complicated 

to treat psychopathological symptomatology as it can have a wide range of causes, highlighting 

the need for a novel treatment approach for both anxiety and depression.  

The resurgence of research into hallucinogenic drugs has yielded incredibly promising 

results in the treatment of stress-induced disorders such as anxiety and depression [52].  

Hallucinogenic drugs can be categorized into two classes: classical psychedelics which are active 

at the serotonin 2A receptor (5-HT2A), and dissociative anesthetics with more variable receptor 

activity profiles [53]. Such compounds have demonstrated efficacy as rapid and long-lasting 

treatments for various indices of mental health [54].  

1.4 Dissertation Aims 

Psychedelics may affect therapeutic benefit through their action at many different 

biological levels. Of particular note is the hypothesis that psychedelics may do this through their 

action as psychoplastogens, which are drugs that induce plasticity or metaplasticity in the brain. 

Plasticity is defined as the capacity of the brain to form, prune, and reorganize both structural and 

functional connections in a way that is optimally efficient in response to extrinsic stimuli, where 

metaplasticity refers to the ability to modify subsequent plasticity [55, 56]. In my work, to test 

the hypothesis that psychedelics act acutely to increase plasticity and metaplasticity of mPFC 

neurons, I have used electrophysiological techniques in awake mice to measure synaptic plasticity 

in the HPC-mPFC pathway. Acute and post-acute effects of various serotonergic psychedelics on 

synaptic strength, and plasticity at HPC-mPFC synapses were measured in vivo in rodents. 
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Further, in an effort to understand the impact of plasticity on stress-induced behaviors, I used 

behavioral pharmacological techniques to measure improvements in anxiety-like approach and 

avoidance behaviors in rodents. Finally, to understand the role of stress in these outcomes and 

characterize a time course of the changes occurring after administration, I quantified circulating 

cortisol levels at various time points following psychedelic administration, quantified the head-

twitch response, and local field potential spectral power. 
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1.5.1.  Abstract  

The resurgence of interest in the therapeutic potential of psychedelics for treating 

psychiatric disorders has rekindled efforts to elucidate their mechanism of action. In this 

Perspective, we focus on the ability of psychedelics to promote neural plasticity, postulated to be 

central to their therapeutic activity. We begin with a brief overview of the history and behavioral 
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effects of the classical psychedelics. We then summarize our current understanding of the cellular 

and subcellular mechanisms underlying these drugs’ behavioral effects, their effects on neural 

plasticity, and the roles of stress and inflammation in the acute and long-term effects of 

psychedelics. The signaling pathways activated by psychedelics couple to numerous potential 

mechanisms for producing long-term structural changes in the brain, a complexity that has barely 

begun to be disentangled. This complexity is mirrored by that of the neural mechanisms 

underlying psychiatric disorders and the transformations of consciousness, mood, and behavior 

that psychedelics promote in health and disease. Thus, beyond changes in the brain, psychedelics 

catalyze changes in our understanding of the neural basis of psychiatric disorders, as well as 

consciousness and human behavior. 

1.5.2. Introduction 

Human use of psychedelic drugs traces a remarkable historical arc, extending from the 

prehistoric realm of myth to the laboratories and clinical treatment rooms of modern day, where 

these compounds’ mysteries are finally yielding to concerted inquiry. And yet, our purpose and 

that of our ancestors are one and the same: to harness the potential of these compounds for insight 

and healing. Central to this effort is linking the experience induced by psychedelics, herein 

defined as psychoactive agonists at the serotonin 5-HT2A receptor in the central nervous system, 

and their pro-neuroplastic effects. In this review, we lay out the case for psychedelics as catalysts 

of change, with their neurobiological actions underlying a potential for rapid and long-lasting 

transformations in mood and behavior when administered within a controlled clinical setting. We 

focus on the current understanding of the cellular and subcellular mechanisms underlying these 

drugs’ effects on plasticity. As the reader will undoubtedly notice, in spite of hundreds of studies 
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to date in both human subjects and animal models, many aspects of this understanding are still in 

their infancy.  

1.5.3. History of psychedelics use and research 

Evidence for human consumption of psychedelics in traditional medicine and religious 

ceremonies stretches back into prehistory [57-59]. These naturally occurring psychedelics include 

ayahuasca, a brew of several plants indigenous to South America containing N,N-

Dimethyltryptamine (DMT) , 5-MeO-DMT, found in a variety of plant species as well as in the 

toxic secretions of the Sonoran Desert toad, and psilocybin, found in a myriad of fungus species, 

mostly of the genus Psilocybe. By contrast, lysergic acid diethylamide (LSD), an alkaloid 

derivative of the fungus ergot, was first synthesized in 1938 and marketed as an adjunct to 

psychotherapy that could enhance introspection and self-awareness. Indeed, until psychedelics 

were listed by the United States Drug Enforcement Agency as Schedule I drugs in 1970, thousands 

of studies were published on the therapeutic potential of psychedelics for psychiatric disorders 

and on their research potential for understanding psychosis [60]. Over the past two decades, as 

human subjects research has begun to revive, several small clinical trials have shown the 

remarkable potential of psychedelics to treat some of the most intractable psychiatric disorders. 

A parallel research effort has explored the neural mechanisms of psychedelics, for both their 

profound acute effects on perception and cognition, as well as post-acute effects underlying long-

term changes in mental health.  
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1.5.4. Behavioral and physiological effects of psychedelics in human subjects 

The acute behavioral effects of psychedelics (i.e., the ‘psychedelic experience’) include 

distorted perception of time, altered sensory perception, heightened emotional response to music, 

hallucinations, altered sense of self, ego dissolution, and the so-called ‘mystical experience’; 

challenging aspects of the psychedelic experience include strong emotions with negative valence, 

such as anxiety, fear, and confusion [61, 62]. These challenging aspects are mirrored by an acute 

stress response shortly after drug administration, as indicated by increases in plasma 

corticosteroid levels, mild tachycardia, and elevated blood pressure [63, 64]. Although there are 

concerns of negative long-term consequences with drugs that produce such powerfully altered 

states of consciousness, there is no evidence for increased incidence of suicidality or psychiatric 

illnesses in the months following psychedelic experiences; in fact, studies show the opposite [65, 

66]. Similarly, in spite of widespread recreational use and characterization of psychedelics as 

‘drugs of abuse’, psychedelics present low addictive potential [67]. 

Multiple clinical trials over the past 20 years have demonstrated the potential of these 

agents to treat psychiatric disorders [68], including depression and anxiety [69, 70], substance use 

[71, 72], and obsessive-compulsive disorders [73]. There is a strong association between quality 

and intensity of the patient’s psychedelic experience and the observed therapeutic benefit [62], 

suggesting that the phenomenology of the experience, and subsequent integration during adjunct 

psychotherapy, is critical to psilocybin’s therapeutic effects. One or two administered doses result 

in rapid and prolonged changes in mood and outlook, with symptomatic relief lasting at least 3 - 

12 months [74-77]. In healthy subjects, psychedelics promote long-lasting increases in well-being 
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and positive perspective on life experiences [78, 79]. Thus, psychedelics facilitate long-lasting 

behavioral changes, presumably mediated by long-lasting structural changes in the brain. 

1.5.5. Animal models for investigating mechanisms of psychedelics  

Essential for investigating the link between therapeutic effects in patients and underlying 

neural mechanisms are assays of behavioral effects of these agents in animals [80]. Among the 

various assays measuring the psychedelic experience in animals, the head twitch response (HTR 

[8, 81]), consisting of a rapid (<1 sec) shaking motion, reminiscent of a dog shaking itself dry, is 

the most selective and specific. Compounds such as LSD, psilocybin, and DOI that are 

psychedelics in human subjects induce HTRs, contrary to closely related non-psychedelic 

compounds (e.g. lisuride, although sufficient concentrations of serotonin alone can also induce 

HTRs). However, the HTR has no clear link to the phenomenology of the psychedelic experience 

in human subjects [82].  

Mechanistic studies of drug treatments for psychiatric disorders have relied on rodent 

models involving behavioral and neural phenotypes induced by acute and/or chronic stressors 

[83, 84], but studies with psychedelics are in their infancy, and so far have not been definitive 

[85, 86]. By contrast, there is considerable evidence that psychedelics facilitate learning and 

memory in animal models. This is likely a consequence of the role in cognitive function of 5-

HT2ARs, whose activation enhances various types of learning and memory [87, 88]. Particularly 

relevant to animal models of psychiatric disorders, psychedelics enhance both the acquisition and 

extinction of fear conditioning in rodents [89, 90]. The latter studies are important in two regards: 

First, they suggest that psychedelics can promote long-term changes in behavior likely in the 
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absence of self-awareness regarding the induced altered state of consciousness. Second, they 

demonstrate that psychedelics have the potential to support learning of new behaviors, while also 

facilitating extinction of older learned behaviors. This suggests a window for enhanced but non-

specific plasticity that can be exploited for therapeutic benefit in partnership with mental health 

professionals.  

1.5.6. Pharmacology of psychedelics 

Psychedelics have a chemical structure similar to serotonin (5-HT) and are divided into 

two broad categories that differ in their receptor subtype specificity. The indolealkylamines (e.g., 

LSD, psilocybin, DMT, 5-MeO-DMT) include tryptamine- and lysergic acid-derivatives and -

carbolines and exhibit comparatively less specificity for the 5-HT2AR; in particular, they show 

significant agonism at 5-HT1ARs as well as adrenergic and dopaminergic receptors [91, 92]. The 

phenylalkylamines (e.g., mescaline, DOM, DOI) bind more specifically to 5-HT2ARs as well as 

5-HT2CRs. DOI in particular is commonly used in animal studies, but there are no published 

studies using this compound in human subjects.  

Psilocybin is emerging as the most promising therapeutic for psychiatric disorders and has 

recently been designated by the FDA as a breakthrough therapy for clinical depression. Psilocybin 

is a pro-drug converted to the active compound psilocin in the liver via dephosphorylation by 

alkaline phosphatase [93]. Elements of its appeal as a therapeutic agent include its 4-6 hour 

duration of action, low toxicity, and large therapeutic window. The LD50 in rats is 293 mg/kg 

[94, 95], whereas behaviorally effective doses are 1 - 10 mg/kg; an effective dose in humans is 

0.3 mg/kg [63, 96]. Psilocin is a high-affinity partial agonist at 5-HT receptor subtypes -1D, -2A, 
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-2B, -2C, -5, -6, and -7, and has moderate/low affinity for 5-HT -1A, -1B, as well as histamine 

H1, alpha-adrenergic -2A, -2B, dopamine D3 receptors.  

5-HT2A receptor expression 

Although psychedelics target a wide range of target receptors, their effects in humans 

strongly correlate with 5-HT2AR occupancy and are almost entirely blocked by 5-HT2A 

antagonists [97-100], thus motivating our focus on the 5-HT2AR. It is important to note, however, 

that 5-HT2AR antagonists are not perfectly selective either, and evidence from animal models 

suggests the involvement of other receptors in the neurophysiological effects of psychedelics. 

Furthermore, the effects of psilocybin in human subjects are modulated by the 5-HT1AR 

antagonist buspirone [101]. Thus, the involvement of other receptors in the behavioral and 

therapeutic effects in humans should not be entirely excluded [91]. 

Expression of 5-HT2AR mRNA and protein in the brain is widespread, with highest density 

in neocortex, especially the infragranular layers. It is most prevalent in glutamatergic (pyramidal) 

neurons but is also expressed in inhibitory interneurons [102, 103]. Importantly, mood disorders 

are associated with increased 5-HT2AR density in the brain, especially in the prefrontal cortex 

(PFC) [104, 105], and antidepressant treatment is associated with decreased density [106, 107], 

as is the administration of psychedelics [108]. 

Receptor desensitization and internalization play an important role in regulation of 

signaling [109] and are independently modifiable. For example, association with PSD-95 inhibits 

5-HT2AR internalization but does not alter the time course of desensitization [110]. Genetic 
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deletion of PSD-95 in rodents results in more rapid turnover of 5-HT2AR, reduced dendritic 

expression, and loss of HTR response to psychedelics [111]. Furthermore, the low addictive 

potential of psychedelics may be a result of this rapid desensitization and 5-HT2AR receptor 

internalization (i.e., tachyphylaxis) that occurs in response to single doses of psilocybin and other 

psychedelics [112, 113].  

5-HT2A receptor signaling 

The 5-HT2A receptor is a Class A, rhodopsin-like, G-protein-coupled receptor (GPCRs) 

[114] at which serotonin, the endogenous ligand, is a full agonist with a pKd of 8.9 [115]. 

Canonically, 5-HT2ARs couple with the G-protein Gq (Figure 1), catalyzing the production of 

phospholipase C and inositol triphosphate to mobilize intracellular calcium, activate calcineurin, 

and inhibit voltage-gated calcium channels (Cav1.2) [116, 117]. In addition, 5-HT2AR coupling 

with G-proteins from the Gα/i family and subsequent inhibition of cAMP formation is also 

observed [118]. Either of these pathways affords ample opportunity to modify synaptic 

transmission and plasticity, including through liberation of Gβγ subunits [119, 120]. Depending 

on physiological context, 5-HT2AR binding can also lead to production of arachidonic acid, 2-

AG, and can exert neuromodulatory effects through PLA2, PLD, ERK1/2, NO, CREB, Akt, Fos, 

TGF-beta, and JAK/STAT [121].  

Biased agonism.  

Psychedelic agonists at the 5-HT2AR are associated with profound changes in perception 

and cognition, while other ligands such as serotonin are not. The basis for this difference is 
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commonly explained using the ternary complex model of receptor activity, which suggests that 

drug molecules act to shift the equilibrium between a receptor’s different conformational states. 

As each of these receptor states has a different affinity for various downstream binding partners, 

this can result in a drug exhibiting ‘bias’, such as preference for activating G-protein-dependent 

versus β-arrestin dependent signaling [122]. Long-standing evidence indicates that 5-HT2AR 

signaling efficacy is ligand-dependent, and prone to biased agonism across these pathways [114, 

123-127]. Molecular modeling and site-directed mutagenesis initially identified the distinct 

psychedelic and non-psychedelic ligand binding sites that ultimately lead to these differential 

functional signaling consequences [128-130]. Most recently, X-ray crystallography studies of the 

canonical 5-HT2AR-Gq complex bound with psychedelics have pinpointed residues critical for 

psychedelic agonist activation, such as W335 (6.48), and for coupling to intracellular signaling 

partners, such as N317 (6.29) and I181 (ICL2) [131-133]. 

In the case of Gq-dependent signaling, both psychedelic (DOI) and non- psychedelic 

(lisuride) agonists of the 5-HT2AR activate several share downstream pathways, including pPLC, 

pPKC, pERK, and pCREB; however, the magnitude of these Gq-mediated responses is greater 

for psychedelic ligands [134]. Non-Gq pathways likely contribute to psychedelic activity as well. 

For example, in mice lacking Gq expression, the response to DOI is blunted, but not eliminated 

[135]. Furthermore, psychedelic-dependent phosphoproteomic and transcriptomic signatures are 

pertussis toxin-sensitive [136, 137], suggesting the involvement of Gi/o signaling. Notably, Gi/o-
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dependent outcomes may depend on participation of additional signaling partners, as 5-HT2AR 

does not appear to participate directly in functional coupling with G i/o [133]. 

Beyond G-protein-coupled pathways, agonism at 5-HT2ARs can also activate β-arrestin 

signaling [138] via PI3K, SRC, and AKT (Figure 1). Our understanding of the relevance of such 

β-arrestin dependent signaling in promoting psychedelic activity is limited at present. For 

example, while LSD’s ability to promote a β-arrestin biased conformation at 5-HT2ARs and 5-

HT2BRs is a relevant feature supporting its psychedelic effects [131, 133], N-methyltryptamine 

psychedelics are functionally insensitive to β-arrestin knockout in mice [139, 140]. Close 

attention to differences in off-target binding profile [91, 92] and time-dependent evolution in 

signaling [131] are needed for future studies to yield a more comprehensive picture of β-arrestin 

effects across the full spectrum of psychedelic ligands. Likewise, such studies should distinguish 

between β-arrestin recruitment and β-arrestin bias, as the former is correlated with human 

recreational dosing of synthetic psychedelics, while the latter is not [138, 141].  

Intersection with glutamate signaling.  

Glutamate signaling hypofunction is a prominent feature of schizophrenia [142] and major 

depressive disorder [143], and can be ameliorated by antidepressant administration [144, 145]. 

Interestingly, psychedelics cause an increase in extracellular glutamate in the PFC [146, 147], 

resulting in the release of pro-neuroplastic neurotrophic factors [148-150], as well as activation 
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of ionotropic glutamate receptors (i.e. NMDAR, AMPAR), which contribute to plasticity via 

NMDAR-dependent processes [151]. 

Glutamate release also activates metabotropic glutamate receptors (mGluR), which 

regulate neuronal plasticity [152] and modulate the effects of psychedelic agonism at 5-HT2ARs. 

mGluR2 and mGluR2/3 agonists suppress the response to psychedelics, reducing their effects on 

neuronal activity and cellular signaling and the frequency of HTRs, as does (paradoxically) 

knocking out mGluR2 receptors [153-156]. Agonism at 5-HT2AR and group II mGluR receptors 

has reciprocal influences on receptor expression: chronic treatment with the mGluR2 antagonists 

causes a reduction in 5-HT2AR expression and behavioral and genomic response to LSD [157], 

while chronic treatment with a 5-HT2AR agonist reduces mGluR2/3 expression and behavioral 

responses to an mGluR2/3 agonist [158].  

This interplay between mGluR2 and 5-HT2AR signaling may arise due to physical 

(transmembrane) interactions between the receptors [154], which are expressed within close 

molecular proximity in the mouse PFC [159, 160]. Several studies indicate that 5-HT2A and 

mGlu2 receptors form heterodimeric complexes that alter their respective downstream signaling, 

integrating glutamatergic and serotonergic signaling and modulating subsequent G-protein 

coupling and downstream effects [153, 154, 161]. For example, when cells co-expressing 

mGluR2 and 5-HT2AR receptors are treated with mGluR2/3 agonists, signaling is propagated 

through Gq/11, rather than through the Gi/o pathway usually activated by mGluR2. This effect is 

reduced in 5-HT2AR -/- mice [161], suggesting that 5-HT2ARs and Group II mGluRs can form 

heterocomplexes with a distinct signaling profile. Importantly, signaling through this complex 

may facilitate the rapid antidepressant effects observed with psychedelics, as group II mGluRs 
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have been implicated in the regulation of PFC, hippocampal, and amygdalar plasticity, as well as 

fear- and stress-associated learning [162].  

1.5.7. Cellular and network-level electrophysiological effects of psychedelics 

The signaling pathways activated by psychedelic agonism at the 5-HT2AR provide a basis 

for structural changes in the brain following the psychedelic experience (Figure 1). How these 

long-term changes relate to acute effects on brain activity and connectivity is a critical but 

unresolved question. Psychedelics acutely modulate neural activity and connectivity, and these 

changes correlate with the phenomenology of the psychedelic experience. For example, 

psychedelics reduce alpha power in electro- and magnetoencephalographic signals recorded from 

human subjects [98, 163-165]. The alpha rhythm arises most prominently when subjects have 

their eyes closed and visual cortical networks are not actively processing sensory information 

[166]. The reduction in alpha power in subjects administered psychedelics (with eyes closed) 

correlates with effects on visual imagery [98, 167], suggesting that visual cortical structures are 

actively processing internally-generated visual information. Similarly, responses to sensory 

stimulation are suppressed [168-170], consistent with a transition from externally- to internally-

driven cortical activity patterns. Psychedelics induce increases in brain signal complexity (an 

indirect measure of signal diversity and information content), and these changes also correlate 

with specific aspects of the psychedelic experience [171]. These changes in complexity likely 

reflect increased information flow along pathways that are not typically engaged in the absence 
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of the drug. Similarly, synesthesia is a common element of the psychedelic experience [172 8653, 

173], thought to rely on existing but dormant connections between unimodal sensory areas [174].  

More direct measurements confirm that psychedelics alter connectivity in the brain [175-

177], and this plasticity may underlie their therapeutic activity. For example, excessive amygdala 

reactivity and decreased amygdala and especially amygdala-PFC connectivity are linked to 

psychiatric disorders [178, 179]. Psychedelics alter connectivity between the amygdala and key 

brain regions during emotional stimulus processing, effects that may contribute to altered 

behavioral and neural responses to these stimuli [180, 181]. Psychedelics acutely reduce 

connectivity within the default mode network (DMN) [182, 183] , a set of brain regions whose 

activity and connectivity correlate with self-referential mentation in healthy subjects [184] and 

rumination and depression symptoms in patients [185, 186]. However, longer-term effects of 

psychedelics on the DMN are inconsistent [54, 187]. More broadly, psychedelics administered to 

healthy volunteers alter functional connectivity in multiple higher order brain regions [188, 189], 

and increase between-network connectivity as well as global connectivity [99, 175, 176, 190]. 

Interestingly, there is some evidence that psychedelics acutely decrease connectivity within 

canonical resting state networks, suggesting decreased differentiation among brain areas [190, 

191]. Thus, there are clear acute changes in connectivity in brain regions that are implicated in 
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multiple psychiatric disorders, but the mechanisms of these changes and whether these changes 

persist post-acutely remain unclear.  

To study the mechanisms of these changes in connectivity, and how they might relate to 

long-term pro-neuroplastic effects of psychedelics, we would naturally turn to animal models for 

more in-depth investigations. However, it is in this context that the complexity of the effects of 

psychedelics in the brain as well as potentially important inter-species differences come to the 

fore. For example, it is often asserted that psychedelics have broad excitatory effects in the brain 

[192, 193], but the evidence is decidedly mixed. Activation of 5-HT2ARs by psychedelic agonists 

in acute brain slices induce increase the frequency of spontaneous glutamatergic excitatory post 

synaptic currents (EPSCs) and NMDAR-dependent network-level excitatory states [194, 195]. 

Furthermore, the increase in glutamate in PFC mentioned above and the induction of cFos 

expression [137, 196] are consistent with excitatory effects. By contrast, most studies in vivo in 

animals show that psychedelics suppress neuronal activity or at most have mixed 

excitatory/inhibitory effects [197-201]. In human subjects, psychedelics consistently induce 

broadband decreases in brain signal power [163, 165], and any link between these changes and 

increased excitability is at best indirect [164]. These contradictory observations may arise due to 

5-HT2AR-mediated excitation of excitatory versus inhibitor cells in the brain [102, 103], and also 

due to activation of 5-HT1AR versus 5-HT2ARs [202, 203], which have opposing effects on 

membrane excitability [204, 205]. Importantly, differences between effects in human subjects 

versus animal models may relate as well to species-specific receptor expression patterns [99, 102] 

and structural differences in the 5-HT2AR [109]. 
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1.5.8. Neural plasticity 

The changes in functional connectivity in human subjects described above, along with 

suppressed adaptation to standard tones and suppressed deviant responses in the auditory oddball 

paradigm [168], are manifestations of acute effects on neural plasticity. Both acute and long-term 

effects on neuronal plasticity figure prominently in current models of psychedelic action [193, 

206]. Increased expression of neural plasticity, especially in the hippocampus and prefrontal 

cortex, is associated with symptomatic relief in psychiatric disorders in patients [207] and reversal 

of behavioral phenotypes associated with chronic stress in animal models [208].  

Acute effects of psychedelics on synaptic plasticity have been studied in brain slice 

preparations. At thalamo-cortical synapses on pyramidal cells in murine mPFC, DOI acts on 

presynaptic 5-HT2ARs to facilitate glutamate release and enhance glutamate postsynaptic currents 

via a mechanism that also relies on presynaptic NMDARs [209]. At the same synapses, DOI also 

acts on postsynaptic 5-HT2ARs to cause a decrease in evoked AMPAR-mediated excitatory 

postsynaptic currents independently of NMDARs [210]. The mechanism for this latter effect 

overlaps with that of one form of long-term depression (LTD), that induced by low frequency 

stimulation. However, at these same synapses, DOI also acts presynaptically to facilitate 

expression of t-LTD, which unlike standard LTD is a form of spike timing-dependent plasticity 

and is a molecular model of associative learning.  

Long-term structural changes induced by psychedelics manifest particularly in spines and 

neurites of cortical pyramidal neurons and in de-novo neurogenesis in hippocampus. DOI acts on 

5-HT2ARs to increase spine diameter in cultured cortical pyramidal neurons via PAK/Kalirin-7 
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signaling [211]. Furthermore, psychedelics enhance de-novo neurite formation and spine 

formation through the TrkB, mTOR, and 5-HT2A pathway [212], all implicated in promoting 

plastic changes in the PFC [213]. Finally, psychedelics induce neurogenesis in rodent dentate 

gyrus under the same conditions in which they facilitate learning [90, 214, 215].  

These long-term effects of psychedelics are likely mediated at least in part by changes in 

gene expression [216]. A single administered dose of psilocybin induces changes in plasticity -

related gene expression in hippocampus and PFC [217], and 5-MeO-DMT induces large-scale 

changes in protein expression in human cerebral organoids [218]. Evidence suggests that changes 

in gene expression manifest in selected subtypes of cortical cells, adding to the specificity as well 

as complexity of long-term psychedelic effects [219]. Psychedelics interact particularly with 

signaling by the neuroplasticity-associated protein brain-derived neurotrophic factor (BDNF). 

DOI induces upregulation of BDNF mRNA via 5-HT2ARs in neocortex, and a decline in dentate 

gyrus, likely via an activity-dependent mechanism and CREB signaling [220-222]. DOI increases 

expression of Arc mRNA via a pathway that depends on glutamate and BDNF signaling [223-

225]. Psychedelics trigger increases in plasma levels of BDNF in human subjects [148-150]. 

Thus, psychedelics are able to mobilize multiple signaling pathways to promote neuroplastic 

changes in the brain. Given the importance in clinical trials of post-acute psychotherapy sessions, 

and the extended time course of some of signaling cascades mentioned here, it seems likely that 

the pro-neuroplastic effects of psychedelics extend beyond the dosing session, i.e. that 

psychedelics open a window of plasticity that lasts for days or weeks. However, this idea has not 

yet been tested experimentally. 
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1.5.9. Stress and Psychedelics 

The intersection between psychiatric disorders, stress, and psychedelics is an emerging 

area of interest [226, 227]. Chronic stress is a major precipitating factor in the etiology of many 

psychiatric disorders that psychedelics have shown clinical efficacy in treating [228]. Animal 

models have shown that chronic stress induces behavioral and neural changes that can be reversed 

by antidepressants [83, 84, 208]. Thus, it is both surprising and intriguing that acute stress may 

play a role in promoting the neuroplastic effects of psychedelics in the context of treating these 

same disorders. Like psychedelics, acute stress is pro-neuroplastic [229, 230], and signaling at 

the 5-HT2AR plays a role in this plasticity [226]. Along with this convergence on plastic 

mechanisms to modify behavior, psychedelics trigger an acute biochemical stress response 

consisting of catecholamine and glucocorticoid release [63, 231, 232], and it has been postulated 

that this stress response is critical for the transformative nature of the psychedelic experience 

[227].  

The mechanism underlying this stress response is unclear, but there are two clear (and not 

necessarily mutually exclusive) possibilities. First, psychedelics may act directly at 5-HT2ARs in 

hypothalamus to induce expression and/or release of corticotrophin releasing hormone (CRH), 

elevating plasma concentrations of stress-associated glucocorticoids [233, 234], consistent with 

the established regulatory role of 5-HT in hypothalamic-pituitary-adrenal axis function [235]. 

Alternatively, the psychedelic-induced altered state of consciousness itself may trigger the acute 

stress response, as such states frequently include components that are stressful (e.g., fear- or 

anxiety-provoking). This raises the possibility that the neuroplastic effects of psychedelics depend 

in part on the acute stress response they induce, but whether the stressful components of the 
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psychedelic experience are hindrances to or foundational for therapeutic benefit is in dispute [61, 

62, 236].  

1.5.10. Inflammation and Psychedelics 

The therapeutic and pro-neuroplastic effects of psychedelics may also be linked to their 

anti-inflammatory action [237]. Inflammation and immune system alterations are associated with 

psychiatric disorders [238, 239], and inflammatory cytokines directly modulate synaptic function 

and plasticity in the CNS [240, 241]. Importantly, recent work shows that psychedelics have 

potent inhibitory effects on inflammatory cytokine cascades, which is unsurprising given the 

primacy of serotonin in immune system function [242]. Psychedelics induce reductions in 

systemic markers of inflammation [243, 244] and act on 5-HT2ARs to inhibit peripheral 

production of proinflammatory cytokines [245, 246]. These data suggest that therapeutic activity 

of psychedelics may relate to their effects on systemic inflammation, but there may be more direct 

effects on inflammation in the brain as well. Microglia, the resident immune cells in the brain, 

express several 5-HT receptor subtypes [247, 248], and respond directly to DOI treatment [248]. 

This raises the possibility that systemically administered psychedelics could directly modulate 

microglial function, which becomes aberrant in mood disorders [249] as well as in 

neurodegenerative disorders [250]. The therapeutic potential for the anti-inflammatory effects of 

psychedelics are just beginning to be explored, including a phase 1 clinical trial in healthy older 

volunteers with the goal of using LSD to treat Alzheimer’s disease [251].  

As psychedelic science emerges from the shadows and attracts new resources, further 

research will deepen our understanding and advance the responsible therapeutic use of these 
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compounds. Psychedelics induce acute effects on neurotransmitter and neuroendocrine release, 

neuronal excitability, network connectivity, and perception and cognition, ultimately leading to 

profound long-term effects on mood and behavior (Figure 1). Elucidating the mechanisms that 

connect the acute effects of psychedelics to these long-term changes is critical but is complicated 

by our limited mechanistic understanding of the psychiatric disorders these drugs are effective at 

treating. Thus, understanding how these drugs work in a clinical setting may also provide needed 

insight into the neurobiological basis for psychiatric illnesses. Within the context of psychedelics 

as change agents, an important next step is to identify long-term changes in brain structure that 

relate to therapeutic activity, which will require support from both clinical and pre-clinical 

research programs.  

Of primary importance are longitudinal clinical studies with sufficient enrollment to 

identify changes in brain activity and connectivity; these would presumably depend on organizing 

multi-center trials. These studies should involve both baseline and multiple post-acute 

neuroimaging scans (structural and functional MRI) to examine the trajectory of changes in the 

brain, as well as EEG data collection during the dosing session to allow comparisons between 

these pre/post changes to the neural manifestation of the psychedelic experience. We suggest 

several fruitful avenues for these imaging studies. Structural and functional connectivity 

measurements will serve as a foundation for interpreting changes in brain activity and behavior. 

Task-related functional imaging should be used to identify changes in neural activity that relate 

to emotional information processing and psychological flexibility, which are important in 

psychiatric disorders and their treatment. Plasticity can be probed directly in human subjects using 

transcranial magnetic stimulation combined with either fMRI or EEG [252]. The role of the acute 
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stress response (measured via plasma corticosteroid levels during the dosing session) and 

challenging aspects of the psychedelic experience can then be related directly to neural plasticity.  

Pre-clinical studies should focus on plasticity, both its locus and acute and long-term 

mechanisms. Critical unresolved questions include the following. Do psychedelics open a 

window of plasticity? If so, is this effect non-specific (e.g. across all cortical areas), or focused in 

regions that are particularly relevant to behavioral phenotypes associated with human psychiatric 

disorders? How long does the window last? Which signaling pathways are essential for 

facilitating plasticity? Are there alternative strategies for promoting plasticity that may translate 

into more effective therapeutic interventions in patients? Despite, or perhaps because of, all the 

data accumulated so far, we are left with many more questions than we started with. We predict 

that over the next decade in psychedelic science, our horizons and our minds will be considerably 

expanded and changed for the better.  
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1.5.11 Figure 1. Molecular, Cellular, and Systems Support for Psychedelic -Induced Long-Term Changes.  

Tryptamine and phenethylamine psychedelic compounds, exhibiting structural similarities to serotonin (red) and 

dopamine (blue) respectively, exhibit high-affinity for serotonin 2A receptors. In mammalian systems, direct (solid 

arrows) and indirect (dashed arrows) consequences of G-protein and beta-arrestin signaling downstream of receptor 

activation intersect with enhanced glutamatergic signaling to generate  a period of enhanced synaptic plasticity, as 

supported by neuropeptide synthesis and release, structural changes to neuronal architecture, and altered expression, 

localization, and phosphorylation of ionotropic glutamate receptors. The consequences of thi s plasticity are modified by 

large-scale changes in neuronal network activity and attendant perceptual and cognitive changes that ultimately support 

long-term changes in behavior. 
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1.6. Recent advances in the pro-neuroplastic hypothesis of psychedelic action 

In recent years, there have been several additions to the field demonstrating the pro-

neuroplastic effects of psychedelics both preclinically and clinically. At the transcriptional level, 

in an in vivo rodent model it was found that single administration of psilocybin (2.5 mg/kg) 

induced increased expression of various plasticity associated proteins [253]. These changes 

occurred in concert with increased neurogenesis up to 3 days after initial injection and decreases 

in a depression-like phenotype in these mice [254]. In a similar vein, a study examining the effects 

psilocybin in a model of rodent fear conditioning found that single administration of psilocybin 

(0.1 mg/kg, 0.5 mg/kg, or 2.5 mg/kg) 30 minutes prior to fear extinction training induced 

significant rescue of dendritic arbor complexity, total spine density, and neurogenesis in the 

hippocampus [255]. These structural changes were accompanied by increases in hippocampal 

BDNF and mTOR expression and rapid extinction of the fear memory [255].  

Another study examining the effects of single administration of psilocybin (0.25 mg/kg, 

0.5 mg/kg, 1 mg/kg, and 2 mg/kg) found significantly increased spine density through induction 

of spine formation in the mPFC 24 hours after administration; some of these changes persisted 

up to 1 month post dosing [256]. Interestingly, this increase in structural plasticity was not ablated 

with ketanserin, suggesting receptor subtypes other than the 5-HT2A receptor may be contributing 

to the neuroplastic effects [256]. Nevertheless, this structural plasticity was accompanied by 

increased excitatory transmission in the PFC as seen through mini excitatory post-synaptic 

potentials in layer 5 pyramidal neurons, indicating an increase in functional plasticity as well 

[256]. Structural plasticity in the mPFC has been found to persist for up to 1 month post single 
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administration [257]. Taken together, these data strengthen the hypothesis that there is significant 

enhancement of regional plasticity following psychedelic administration. 

In examining the effects on metaplasticity, authors found that 2 weeks after administration 

of a serotonergic psychedelic, functional metaplasticity was enhanced in whole-cell voltage clamp 

recordings of the nucleus accumbens [258]. Further, studies have shown clear behavioral effects 

in pre-clinical models coinciding with the time course of these plastic changes. One paper found 

significant enhancement of prosocial behaviors in rodents after administration of LSD [259] and 

another found evidence for the reopening of a critical social reward period in rodents [260].  

It is interesting to note that though some studies directly implicate the actions of serotonin 

receptor pathways in this increased plasticity or metaplasticity, not all studies find evidence for 

serotonin receptor involvement. It is now vital to fully characterize the contributions of other 

receptor systems in these neuroplastic effects. There is literature suggesting that psychedelic 

administration results in an acute increase of stress glucocorticoids in both human and rodent 

models [7, 63, 261]. The role of these elevated glucocorticoid levels in the mechanism of action 

of these drugs and psychedelic-associated plasticity is unclear. However, considering the role of 

acute stress glucocorticoids in promoting adaptive plasticity, it is possible that psychedelics and 

stress share pro-neuroplastic mechanisms. In this thesis, I will characterize the time course of 

stress glucocorticoids while searching for evidence for functional and behavioral plasticity in 

regions implicated in stress-induced disorder pathophysiology after a single administration of 

psychedelics. I hypothesize that there will be increased synaptic plasticity and metaplasticity in 

the hippocampus and in the hippocampus to medial prefrontal cortex pathway. I also hypothesize 

that the acute release of corticosterone in response to psychedelic administration is necessary to 
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open a critical period for psychedelic-associated increases in synaptic plasticity and behavioral 

change. Consequently, the time course of the stress response will be in line with the time course 

of plastic and behavioral change. I have served as primary author for chapters 2-4. I have 

conducted all data analysis, and write up for the work in chapter 2, and have conducted data 

collection, analysis, and write up for the works in chapters 3-4. 

  



 

 

32 

The following section has been published as: 

 

Zahid, Z, Sultan, Z. W., Krause, B., Wenthur, C. J., Pearce, R., Banks, M. I (2024), Divergent 
Effects of Ketamine and the Serotonergic Psychedelic DOI on Hippocampal Plasticity and 

Metaplasticity. Psychedelic Medicine 

2. Chapter 2: Divergent Effects of Ketamine and the Serotoninergic 

Psychedelic 2,5-Dimethoxy-4-Iodoamphetamine on Hippocampal 

Plasticity and Metaplasticity 

Zarmeen Zahid*,1–3, Ziyad W. Sultan*,1, Bryan M. Krause,1, Cody J. Wenthur,2–4, 

Robert A. Pearce,1,3, and Matthew I. Banks,1,3,4 

 

 

 

1 Department of Anesthesiology, University of Wisconsin School of Medicine and Public 

Health, Madison, Wisconsin, USA. 

2 School of Pharmacy, University of Wisconsin, Madison, Wisconsin, USA. 

3 Neuroscience Training Program, University of Wisconsin School of Medicine and Public 

Health, Madison, Wisconsin, USA. 

4 Transdisciplinary Center for Research in Psychoactive Substances, University of Wisconsin, 

Madison, Wisconsin, USA. 

* These authors contributed equally. 

 

 

 



 

 

33 

2.1. Abstract 

Introduction: Serotonergic psychedelics and ketamine produce rapid and long-lasting 

symptomatic relief in multiple psychiatric disorders. Evidence suggests that despite having 

distinct molecular targets, both drugs may exert therapeutic benefit via their pro-neuroplastic 

effects. Following treatment with ketamine or serotonergic psychedelics, patients are reported to 

be more open to behavioral change, which is leveraged for psychotherapy-assisted reframing of 

narratives of the self. This period of enhanced behavioral change is postulated to be supported by 

a post-treatment window of enhanced neural plasticity, but evidence for such ‘‘metaplastic’’ 

effects is limited. In this study, we tested for neural plasticity and metaplasticity in murine 

hippocampus. 

Methods: Brain slices were obtained from C57BL/6J mice 24 h after treatment (intraperitoneal  

injection) with saline, ketamine, or the serotonergic psychedelic 2,5-dimethoxy-4 

iodoamphetamine (DOI). Extracellular fiber volleys (FVs) and field excitatory postsynaptic  

potentials (fEPSPs) were recorded in stratum radiatum of CA1 in response to stimulation of 

Schaffer collateral fibers before and after induction of short-term potentiation (STP) and long-

term potentiation (LTP).  

Results: Before LTP induction, responses differed across treatment groups (F2,67 = 5.407, p = 

0.00665), with fEPSPs enhanced in slices from DOI-treated animals (p = 0.0182), but not in 

ketamine-treated animals (p = 0.9786), compared with saline. There were no treatment effects on 

LTP (F2,56 = 0.6, p = 0.516), but there were on STP (F2,56 = 4.409, p = 0.0167), with enhanced 

STP in DOI-treated animals (p = 0.0352), but not in ketamine-treated (p = 0.9999) animals, 

compared with saline. A presynaptic component to the mechanism for the DOI effects was 

suggested by (1) significantly enhanced FV amplitudes (F2,61 = 3.17, p = 0.049) in DOI-treated 
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animals (p = 0.0457), but not in ketamine-treated animals, compared with saline (p = 0.8677); 

and (2) enhanced paired pulse ratios (F2,61 = 3.581, p = 0.0339) in slices from DOI treated 

animals ( p = 0.0257), but not in ketamine-treated animals (p = 0.4845), compared with saline.  

Conclusions: DOI, but not ketamine, induced significant neuroplastic and metaplastic effects at 

hippocampal CA1 synapses 24 h after treatment, likely in part via a presynaptic mechanism. 

 

2.2. Introduction 

 Ketamine and serotonergic psychedelics ameliorate symptoms of multiple psychiatric 

disorders in patient populations [68, 262] and modify behavioral phenotypes in rodent tasks 

dependent on neuronal circuitry relevant to these disorders. [208, 259, 263, 264]. In patients 

administered these drugs, improvements in symptoms are linked to enhanced openness and 

psychological flexibility. [265-270]. Unlike existing medical therapies, the effects of these 

treatments are both rapid and persistent, continuing well beyond their plasma exposure time-

course; [271] the therapeutic effects of serotonergic psychedelics last several-fold longer than 

those of ketamine. [75, 76, 272]. The underlying neural mechanisms of action remain 

incompletely characterized. Ketamine is a dissociative anesthetic that blocks both N‐Methyl‐D‐

Aspartate (NMDA) receptors and hyperpolarization-activated cyclic nucleotide-gated 

(HCN) channels. [273]. Serotonergic psychedelics exert their behavioral effects in humans 

primarily via agonism at 5-HT2A receptors. [97, 99]. Because ketamine and serotonergic 

psychedelics have distinct molecular targets in the brain and produce distinct effects on perception 

and cognition, the mechanisms underlying their anti-depressant activity action likely overlap only 

in part. [274-280].  
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Long-term behavioral effects in human subjects are presumed to reflect neuroplastic 

changes. [1, 281, 282]. There is considerable evidence from preclinical models for rapidly 

induced, persistent neuroplastic effects of ketamine and serotonergic psychedelics in medial 

prefrontal cortex and hippocampus, and that this plasticity underlies changes in behavioral 

phenotypes. These neuroplastic changes include increases in dendritic spine density and size, 

[208, 212, 218, 258, 283-288] enhanced neurogenesis in the hippocampus, [90, 214 , 289-291] 

and increased expression of plasticity-associated genes such as cfos and Sgk1 in neocortex and 

hippocampus. [217, 292-297]. Plasticity has also been observed in the nucleus accumbens. [298]. 

These drug-induced structural and functional changes represent clear evidence of acutely induced, 

long-lasting neural plasticity. Furthermore, these changes associate with modifications in 

behavioral phenotype in tasks assessing psychiatric disease-relevant processes. [208, 283, 298, 

299].  

In psychedelic-assisted psychotherapy, post-dosing integration sessions are designed to 

leverage improved cognitive flexibility and new openness to change in perspectives and self-

narratives in the days and weeks following treatment. [300]. This enhanced behavioral plasticity 

is postulated to arise when serotonergic psychedelics and ketamine open a long-lasting window 

of neuroplasticity that outlasts its clearance from the brain. [298, 301, 302]. In this model, the 

neural basis for this enhanced plasticity would be acutely induced and persistent neural changes 

that manifest post-acutely as lowered threshold for, or enhanced magnitude of, synaptic plasticity 

in neural circuits following treatment. This phenomenon is referred to as ‘metaplasticity’, [56, 

303] and is distinct from, though possibly dependent on, neuroplastic changes summarized above. 

To date, support for this model has been demonstrated in mPFC and nucleus accumbens, [258, 

298] but not yet in hippocampus.  
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We investigated the effects of ketamine and 2,5-Dimethoxy-4-iodoamphetamine (DOI) on 

neural plasticity and metaplasticity in the hippocampus of mice. DOI is a serotonergic psychedelic 

that is more selective for the 5-HT2A receptor in comparison to tryptamine psychedelics (e.g., 

psilocybin) and is known to result in increased glutamate neurotransmission, similar to other 

serotonergic psychedelics. [153, 304, 305]. Evidence suggests that signaling deficits in 

hippocampus, mPFC, and amygdala associate with symptoms of depression and anxiety. [306-

308]. In particular, an overarching psychological framework for the mechanisms of these drugs’ 

therapeutic effects is grounded in an altered narrative of the self, which would likely involve 

autobiographical memory formation and retrieval via the hippocampus. [309]. Consistent with 

this model, previous studies have shown that both serotonergic psychedelics and ketamine 

strengthen hippocampal CA1 synapses in rodent models. [283, 310]. In this study, we investigated 

synaptic plasticity and metaplasticity in the hippocampus 24 hours after administration of DOI 

and ketamine.  

 2.3. Methods 

All experimental protocols conformed to American Physiological Society/National 

Institutes of Health guidelines and were approved by the University of Wisconsin Animal Care 

and Use Committee.  

Animals 

Male and female C57BL/6J mice (n = 55 mice; 31 females; after exclusion: n = 51; 28 

females), 12-20 weeks old, were bred in house (F2 generation) or ordered from Jackson Labs. 
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Mice were maintained on a 12:12 light-dark cycle (light on at 06:00) with ad libitum food and 

water. All animals were housed in groups until drug administration. 

Drugs 

Aliquots of (±)-2,5-Dimethoxy-4-iodoamphetamine hydrochloride (DOI; Millipore 

Sigma) and ketamine hydrochloride (Pfizer, 100 mg/mL < 0.10 mg/mL benzethonium chloride 

added as a preservative) diluted in 0.9% sodium chloride were filtered through a 0.22 µm pore 

membrane and stored at –80°C. Pairs of animals were randomly assigned to a drug treatment, and 

the experimenter was blinded to the treatment condition during the experiment and analysis. 

Intraperitoneal injections (DOI: 1 mg/kg, Ketamine: 10 mg/kg; DOI, ketamine, 0.9% saline: 5 

ml/kg total volume) were administered approximately 24 hours in advance of dissections, and 

animals were placed into a new cage after drug administration. The chosen dosage of DOI has 

been shown to elicit a robust head twitch response, a behavioral marker for hallucinogenic effects, 

[311, 312] and consistent behavioral effects.[313, 314]. For ketamine, 10 mg/kg is commonly 

used in preclinical models of psychiatric disorders and has demonstrated robust and long-lasting 

neural and behavioral changes at this dose.[315]. At higher doses, ketamine begins to have 

anesthetic effects, [316] which have been suggested to arise from mechanisms distinct from those 

supporting the antidepressant effects seen at lower doses. [317].   

Brain Slice Preparation 

Approximately 24 hours after drug administration, dorsal hippocampal slices were 

prepared as previously described. [318]. Briefly, animals were deeply anesthetized with 3% 
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isoflurane then decapitated. Brains were quickly extracted from the skull and placed into ice-cold 

“cutting artificial cerebrospinal fluid” (cutting ACSF; see below for details) saturated with 

carbogen (95% O2/5% CO2). The cerebellum was cut off at ~15-degree caudo-rostral angle to 

create an “off coronal” cutting plane for slicing. The brain was then glued caudal side down onto 

a metal stage, mounted into the vibratome (Model 7000smz-2 vibratome, Campden Instruments; 

80 Hz; 0.11 mm/s), and submerged in ice-cold cutting ACSF. Coronal slices (400 µm) containing 

hippocampus were hemisected and incubated at 33°C for 30 minutes in carbogen-saturated 

‘recording’ ACSF. Slices were then allowed to come to room temperature (approximately 24°C) 

for 60 minutes before transfer to recording chambers for electrophysiology. Cutting ACSF 

consisted of (in mM): 127 NaCl, 1.88 KCl, 1.21 KH2PO4, 26 NaHCO3, 10 glucose, 2.5 sodium 

ascorbate, 5 kynurenic acid, 1.44 MgSO4, 11 MgCl2, and 2.17 CaCl2. Recording ACSF consisted 

of (in mM): 127 NaCl, 1.88 KCl, 1.21 KH2PO4, 26 NaHCO3, 10 glucose, 1.44 MgSO4, and 2.17 

CaCl2. All solutions were buffered to pH 7.3-7.4 when saturated with 95% O2/5% CO2 and had a 

recorded osmolality between 294-297 mOsm/kgH2O. 

Data collection 

Brain slices were placed in a submersion-style recording chamber with carbogen-saturated 

ACSF flowing at a rate of 3.0 ml/min (Minipuls 3, Gilson Inc, Middleton, WI), maintained at 30 

°C (TC-344C Automatic Temperature Controller, Warner Instruments, 234 Hamden, CT). Slices 

were placed upon an elevated mesh netting to allow for perfusion of both surfaces, with nylon-

strung platinum harps to anchor slices onto the netting. To measure fiber volleys (FVs) and field 

excitatory postsynaptic potentials (fEPSPs), tungsten recording electrodes (100 KΩ, World 

Precision Instruments, Sarasota, FL, USA) were inserted at a depth of 70-150 μm into the stratum 
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radiatum of hippocampus. Concentric bipolar stimulating electrodes (200 KΩ, World Precision 

Instruments, Sarasota, FL, USA) were placed ~1 mm away in stratum radiatum to stimulate 

Schaffer collateral inputs to CA1 pyramidal cells.  

fEPSP stimulus-response (S-R) curves were obtained to determine the intensity that 

elicited the half-maximal fEPSP slope. Stimulation values ranged from 40-500 uA. Bipolar 

stimuli (0.2 ms per polarity, separated by 0.1 ms) were delivered via constant-current stimulus 

isolator units (Multi Channel Systems STG 4004, MCS, Reutlingin, Germany). The intensity 

producing the half-maximal fEPSP slope was chosen for LTP protocols. 

During LTP-induction protocols, test stimuli were delivered at 0.05 Hz until a stable 30-

minute baseline period was achieved (defined as a <10% shift in fEPSP slope). The theta-burst 

stimulation (TBS) protocol to induce LTP consisted of 10 trains stimuli delivered at 5 Hz, with 

each train consisting of 4 stimulus pulses delivered at 100 Hz. Responses were then recorded for 

60 additional minutes following TBS. 

Recordings were obtained using pClamp 10 software (Molecular Devices, San Jose, CA). 

Data were amplified ×1000, filtered between 1 Hz and 20 kHz using a Microelectrode AC 

Amplifier (Model 1800, A-M Systems, Everett, WA), and digitized at 40 kHz (National 

Instruments, Austin, TX).  
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 2.4. Data Analysis 

Data preprocessing 

Evoked responses from each slice (n = 89 slices from 55 animals) were visually inspected 

for the following exclusion criteria: FV amplitude >30 % of the fEPSP amplitude at the half-

maximal intensity or peak fEPSP amplitude <0.5 mV. Additional criteria for exclusion from the 

LTP analysis were emergence of a population spike during the 30-minute baseline recording and 

baseline instability, which may have indicated poor tissue health or temperature or mechanical 

fluctuations in the bath. In total, n = 72 slices from 51 animals (38 slices from female animals) 

were used in the SR analysis and n = 60 slices from 44 animals (29 slices from female animals) 

for the LTP analysis. The peak amplitude (mV) of the presynaptic FV and the maximum rising 

slope of the fEPSP (mV/ms) were calculated in Clampfit software using the analyze/statistics 

function with optional smoothing (5 samples, 0.3 ms).  

Stimulus Response Curves 

Sigmoidal model fits were applied to fEPSP S-R data obtained from each slice using the 

function fit() in MATLAB, with the following function 𝑅 =  𝑅𝑀𝑎𝑥 [1 + 𝑒−𝑀(𝑆−𝑆50% )]⁄ , where 

RMax is the asymptotic response, M is the slope, and S50% is the stimulus intensity eliciting half 

maximal response. Hypothesis testing of stimulus-response data was performed using one-way 

ANOVA. Effects of treatment (Saline, DOI, and Ketamine) were assessed on the fit parameters 

(RMax, M, and S50%). Once significance was established, Tukey’s HSD test was used for post hoc 

comparisons.  
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FV S-R data were not well-fit by sigmoid curves. Instead, maximum fiber volley 

amplitudes from each slice were compared across drug groups in a one-way analysis of variance 

(ANOVA) in R (v4.2.2; R Core Team, 2022). Significant differences were subsequently tested 

with Tukey’s HSD for post hoc comparisons. 

Measures of short- and long-term plasticity 

Two measures were used to characterize short-term plasticity (STP). First, the magnitude 

of the normalized fEPSP slope was measured during the period t = 0 – 5 minutes and normalized 

by the average of the last 10 minutes of the baseline period. Second, the decay of the fEPSP slope 

time series from t = 0 to 60 minutes was measured by applying a bi-exponential fit using the fit() 

function in MATLAB. Because only the overall time course of this decay was of interest, and 

because data from a small number (7%) of experiments were better fit by mono-exponential 

decays, the time course of decay was characterized as the weighted time constant 𝜏𝑊𝑡 =

(𝑎1𝜏1 +  𝑎2𝜏2 )/(𝑎1 +  𝑎2 ), where 𝑎𝑖 and 𝜏𝑖 are the amplitudes and time constants of the two 

exponential components. The magnitude of LTP was measured as the fEPSP slope averaged over 

the time window t = 50 – 60 minutes post-TBS, normalized by the average of the last 10 minutes 

of the baseline period. 

Hypothesis testing for STP and LTP was performed using one-way analysis of variance in 

R (v4.2.2; R Core Team, 2022). We compared the effect of drug condition (Saline, DOI, and 

Ketamine) on the mean fEPSP slope in the first five minutes post-TBS and on 𝜏 Wt (for short-term 

plasticity), and on mean fEPSP slope over the last 10 minutes post-TBS (for LTP).  

Analysis of paired pulse ratio 



 

 

42 

To investigate the contributions of presynaptic mechanisms to observed treatment effects, 

paired pulse ratios (PPR) of fEPSPs were assessed [319]. PPRs were assessed from the first two 

stimuli of the first train of the TBS inducing LTP (interstimulus interval = 10 ms), calculated as 

the ratio of the second to the first fEPSP slope. Thus, a PPR > 1 indicates paired pulse facilitation. 

The data were compared across drug groups in a one-way analysis of variance (ANOVA) in R 

(v4.2.2; R Core Team, 2022). Significant differences were subsequently tested with Tukey’s HSD 

for post hoc comparisons. 

 2.5. Results 

Pre-treatment with DOI increases excitability of Hippocampal CA1 synapses 

Stimulation of Schaffer collateral inputs to stratum radiatum in CA1 evoked FVs and 

fEPSPs with amplitudes and time courses typical of this experimental preparation [318] (Figure 

1). Example fEPSP S-R curves recorded in slices obtained from saline-, DOI-, and ketamine-

treated animals are shown in Figure 1, and averaged results for each condition are shown in Figure 

2.5.1. Figure 1. Picture of slice and example fEPSP S-R curves and fEPSP traces for each treatment group. 

Panel A is an image of the dorsal hippocampal slices, electrodes and areas are marked. The figures in panel B 

show single slice examples of S-R curves recorded in stratum radiatum in CA1 in response to Schaffer collateral 

stimulation at varying stimulation intensities (40-500 uA) before LTP induction. Sigmoidal curve fits are 

superimposed. Averaged traces for each experiment are shown as insets.  
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2A. fEPSP S-R curves obtained in slices from DOI-treated 

animals were markedly different compared to those 

obtained from saline- or ketamine-treated animals. The 

slope (M) of fEPSP S-R curves exhibited a significant 

treatment effect (Figure 2B, F1,2 = 5.407, p = 0.00665). In 

post-hoc testing, M for DOI was significantly different from 

saline (p = 0.0182) and ketamine (p = 0.0136), whereas 

ketamine was not significantly different from saline (p = 

0.979). No significant treatment effects were observed for 

RMax or S50% (RMax: F1,2 = 1.55, p = 0.222; S50%: F1,2 = 2.76, 

p = 0.0706). Thus, slices from DOI-treated animals 

exhibited greater excitability compared to ketamine- or 

saline-treated animals. These data indicate that DOI had 

acutely induced a form of synaptic plasticity in 

hippocampus that persists for at least 24 hrs. 

Pre-treatment with either DOI or 

ketamine does not alter LTP 

Having observed evidence for an 

acute, persistent change in excitability in 

response to DOI, we next asked whether 

induction and maintenance of LTP itself is 

different 24 hours after administration of DOI or ketamine. S-R curves were obtained, and the 

2.5.2. Figure 2. Slices from DOI-treated animals 

exhibited increased excitability compared to 

ketamine and saline. A. Averaged fEPSP S-R curves 

across all slices for each drug condition before TBS 

induction. B. fEPSP S-R curve fit parameters for each 

drug condition pre-TBS. Each symbol is one individual 

slice. Boxplots show median, upper and lower quartile 

ranges, and data range excluding outliers. RMax: 

asymptotic response; M: slope; S50%: stimulus intensity 

eliciting half maximal response. DOI-treated animals 

had slopes that were significantly greater compared to 

saline (p = 0.0182) and ketamine (p = 0.0136). There 

were no differences observed between treatment groups 

for RMax or S50% (RMax: F2,67 = 1.55, p = 0.222; S50%: F2,67 

= 2.76, p = 0.0706). 
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stimulus intensity that produced an approximately 50% maximal response was selected for the 

LTP protocol. After a 30-minute baseline period, TBS-induced LTP, defined as potentiation that 

lasted at least 60 minutes, was readily observed (Figure 4A, B). However, no difference was 

observed between treatment groups in the magnitude of LTP at t = 50-60 minutes (Figure 4C; F1,2 

= 0.67, p = 0.516). Thus, neither DOI nor ketamine affected the magnitude of LTP 24 hours after 

treatment.  

Pre-treatment with DOI enhances short-term plasticity  

Although the magnitude of LTP was not different between treatment groups, fEPSP slopes 

in slices from DOI-treated animals were considerably larger than those from saline- or ketamine-

treated animals immediately after TBS (Figure 4B), indicating that in addition to strengthening 

synapses, treatment with DOI also increases STP (Figure 5A, B; F1,2 = 4.41, p = 0.0167). Post-

hoc tests showed that responses from the DOI group were significantly enhanced compared to 

saline (p = 0.0352) and ketamine (p = 0.0332), while ketamine was not different from saline (p = 

0.999). These data indicate that 24 hrs after treatment, DOI, but not ketamine, induced changes 

in plasticity in hippocampus. By contrast, no differences across treatment groups were observed 

in the time course of decay (𝜏Wt) of the fEPSP slope to its steady-state baseline following TBS 

(Figure 5C; F1,2 = 0.607, p = 0.549).  
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The effects of DOI are presynaptic 

FV amplitudes represent excitability of the 

stimulated afferent fibers. FV amplitudes were examined 

to evaluate presynaptic contributions to the results of 

Figure 2 and 4. FV S-R curves showed a clear difference 

between DOI-treated animals compared to ketamine- or 

saline-treated animals (Figure 5). Maximal FV amplitudes 

exhibited a significant treatment effect (F = 3.17, p = 

0.0490), and post-hoc testing indicated that FV amplitudes 

were significantly greater in DOI-treated animals 

compared to the other groups (p = 0.0458), while no 

difference was observed between saline and ketamine (p = 

0.868). This suggests that the increased 

excitability in slices from DOI-treated 

animals shown in Figure 2 was at least 

partly due to presynaptic effects of DOI. To 

determine the extent of this presynaptic 

contribution, we compared presynaptic and 

postsynaptic responses directly by plotting fEPSP slopes as a function of FV amplitudes (Figure 

6). Here, we reasoned that if the effect of DOI was entirely presynaptic, then there should be no 

difference between treatment groups when fEPSP slopes are considered directly as a function of 

FV amplitude, since a given presynaptic input will elicit the same postsynaptic response if there 

are no postsynaptic changes induced by DOI. Indeed, the data from the three treatment groups 

2.5.3. Figure 3. Summary of LTP across treatment 

groups. A. Example pre- and post-TBS fEPSP traces 

averaged from t=50-60 mins from each treatment group. 

B. fEPSP time series data for the three treatment groups 

from baseline to 60 minutes post-TBS. Symbols are mean 

+/- standard error of the mean. C. fEPSP slope averaged 

between t=50-60 minutes post-TBS. Each symbol is one 

experiment. Boxplots show median, upper and lower 

quartile ranges, and data range excluding outliers. Groups 

were not significantly different (F2,56 = 0.67, p = 0516). 
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largely overlaps in Figure 6A, consistent with this hypothesis. To test this quantitatively, we log 

transformed the data and applied a linear mixed effects model with random slopes and intercepts 

(Figure 6B). We found no significant difference in fitted slopes (Saline: 0.608; DOI: 0.583; 

Ketamine: 0.588) or intercepts (Saline: 0.423; DOI: 0.429; Ketamine: 0.382) between treatment 

groups (all p values > 0.226). 

The paired pulse ratio (PPR; i.e., the ratio of the second to the first synaptic response to 

two stimuli presented at short interstimulus interval) is commonly used to evaluate presynaptic 

short term plasticity [320]. To further elucidate presynaptic contributions to the observed effects 

of DOI, we evaluated the PPR for fEPSPs evoked by the first two stimuli (separated by 10 msec) 

in the LTP-inducing protocol. We found that there was a significant difference between the groups 

(F2,60 = 3.581, p = 0.0339; Figure 7), with PPR in DOI-treated animals significantly greater to 

saline-treated animals (p = 0.0257), but PPR in ketamine-treated animals no different from saline 

(p = 0.484). These results support a presynaptic component to the mechanism underlying the 

observed neuroplastic and metaplastic effects of DOI in hippocampus.  
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 2.6. Discussion 

The 1–2-week period following treatment with 

ketamine and serotonergic psychedelics is called the 

‘after-glow’ period, during which subjects exhibit 

dramatic changes in mood and perspective, and 

openness to new experiences, ideas, and narratives. 

[321, 322]. The pro-neuroplastic properties of ketamine 

and serotonergic psychedelics, demonstrated most 

convincingly in pre-clinical models, likely contribute to 

these effects. [278]. The psychedelic experience itself 

has been described as transformative, transgressing 

normative boundaries of lived experience so 

profoundly that many subjects are reminded that there 

are many possible stories they can construct about 

themselves and their relationship to the world, and thus 

change their actions accordingly. [309]. Neuroscience 

researchers have taken this a step farther, 

however, proposing that the transformative 

effects of psychedelics may be mediated by 

‘metaplastic’ neural changes, such as altered 

thresholds for and magnitudes of synaptic 

plasticity, lasting for days and weeks after the 

drugs have left the CNS. [56, 302, 303]. This 

2.5.4. Figure 4. Summary of STP across treatment 

groups. A. Example average pre- and post-TBS fEPSP 

traces from each treatment group. 5 mins from each 

treatment group. B. Average fEPSP slope from t=0-5 

mins post-TBS. Groups were significantly different 

(F2,56 = 4.409, p = 0.0167). Responses from the DOI 

group were significantly enhanced compared to saline 

(p = 0.0352) and ketamine (p = 0.0332), while 

ketamine was not different from saline (p = 0.999). C. 

Weighted time constant 𝜏Wt across treatment groups. 

No significant differences were observed across 

groups (F2,56 = 0.607, p = 0.549). In both A and B, each 

symbol is one experiment. Boxplots show median, 

upper and lower quartile ranges, and data range 

excluding outliers. 
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suggestion is based in part on the importance of 5-HT2A receptor signaling during the critical 

period of neuroplasticity that arises during neurodevelopment. [301]. Indeed, the integration 

sessions that follow psychedelic dosing in standard models of psychedelic-assisted psychotherapy 

rely implicitly on a post-exposure enhancement of capacity for behavioral change.  

Here, we evaluated the effects of a 

serotonergic psychedelic (DOI) and ketamine 

on plasticity and metaplasticity at Schaffer 

collateral synapses in CA1 of murine 

hippocampal brain slices, a widely accepted in 

vitro molecular model of memory formation. 

[323]. We observed an increase in the slope of 

fEPSP S-R curves at these synapses 24 hours 

after administration of DOI, but not ketamine, 

suggesting an increase in neuronal excitability. 

Previous results indicate that a 1 mg/kg IP dose 

of DOI is fully cleared from the CNS of mice by 

24 hours, indicating that these changes persist beyond the presence of the drug at these synapses. 

[324]. These results for DOI are consistent with previous studies showing direct, rapid, and 

persistent neuroplastic effects of psychedelics. Changes in neurite outgrowth and spine and 

synaptic density have been observed following brief application of LSD in cultured rat cortical 

neurons [325] and following a single administration of psilocybin in vivo in murine mPFC. [286, 

299]. In addition, enhanced synaptic responses have been observed in hippocampal brain slices 

2.5.5. Figure 5. Summary of Fiber Volley (FV) 

stimulus-response (S-R) curves. Averaged FV S-

Rs across all slices for each drug condition. DOI was 

significantly different compared to saline (p = 

0.0458) where Ketamine was not (p = 0.868). 
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three days after administration of psilocybin in vivo in a mouse model of stress-induced 

phenotypes. [283].  

The absence of neuroplastic effects of ketamine at hippocampal synapses in this study is 

surprising, as previous studies have shown rapid and persistent neuroplastic effects of ketamine 

in cultured neurons in vitro and in mPFC in vivo. [208, 285, 325, 326]. Ketamine has also been 

shown to induce LTP in hippocampal slices when applied directly, [326, 327] but the post-acute 

effects reported at the 24-hour time point are sex-specific and may depend on pre-existing stress 

exposure. [310]. In addition, neuroplastic changes in response to ketamine have been reported to 

occur after multiple exposures to the drug in vivo followed by exposure ex vitro, and on different 

time scales in different regions of 

the brain, which may also contribute 

to distinct outcomes in 

hippocampus and mPFC. [326, 

328].  

Importantly, we observed 

evidence that DOI induced 

metaplastic effects, i.e., changes in 

neuroplasticity, at 

Schaffer collateral 

synapses in CA1, 

consistent with effects 

observed previously in 

2.5.6. Figure 6. No effect of treatment on fEPSPs when plotted versus 

FV amplitude. A. Stimulus-response data from all slices and all treatment 

groups showing overlap of data when plotted as a function of FV 

amplitude. B. Data from A separated by treatment group and plotted on a 

log-log scale to demonstrate suitability for linear regression analysis. We 

found no significant difference in fitted slopes (Saline: 0.608; DOI: 0.583; 

Ketamine: 0.588) or intercepts (Saline: 0.423; DOI: 0.429; Ketamine: 

0.382) between treatment groups (all p values > 0.226). 
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mPFC 24-hours after administration of 

DOI. [299]. Although the magnitude of 

LTP in response to TBS stimulation was 

indistinguishable between treatment 

groups, the magnitude of STP was 

significantly enhanced for animals 

previously treated with DOI compared to 

those previously receiving ketamine or 

saline. STP is defined as the initial, 

transient increase in response amplitude 

immediately following TBS. This early 

phase of plasticity is mechanistically 

distinct from the later phase of LTP at 

Schaffer collateral synapses in CA1, 

[329] and likely relies on changes in 

presynaptic signaling. [330]. Further 

support for a presynaptic mechanism underlying the effects of DOI comes from the observations 

that FV amplitudes were increased following DOI pre-treatment (Figure 5) and from analysis of 

PPRs (Figure 7). The observed increases in FV amplitudes may arise due to increased excitability 

of axonal fibers, or increased numbers of fibers secondary to increased numbers of synaptic 

release sites. The latter is consistent with previous observations of increased numbers and size of 

dendritic spines in mPFC following administration of serotonergic psychedelics in mice. [258, 

286]. The observation that PPRs in slices from DOI-treated animals were enhanced compared to 

2.5.7. Figure 7.  Increased paired pulse ratio (PPR) for DOI 

treated slices. A. Representative mean paired-pulse responses 

from single slice experiments. The pairs of x’s denote 

measurements of baseline and peak amplitude values. B. PPR 

was measured as the slope of the second fEPSP divided by the 

first. The groups were significantly different (F2, 60 = 3.581, p= 

0.0339) with DOI treated slices having significantly higher ratios 

compared to saline (p = 0.0257). Ketamine was not significantly 

different from saline (p = 0.485). 
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saline suggests that these new release sites have smaller release probability compared to pre-

treatment release sites. Differences in release probability at newly established release sites 

following acute neuroplasticity has been shown previously at hippocampal synapses. [331]. Thus, 

our observations that STP, FV amplitudes, and PPRs were significantly enhanced in DOI-treated 

animals are consistent with a presynaptic component to the mechanism for the neuroplastic and 

metaplastic effects of DOI, but postsynaptic changes may contribute as well. 

DOI-induced changes in STP are likely to be functionally significant, even though, 

compared to LTP, STP occurs on a much shorter timescale, does not involve the transcription of 

plasticity associated genes, and is less durable. [330].  STP can have significant effects on neural 

information transfer [332, 333] and can modulate neural responses to transient inputs [334] and 

network responses to sustained inputs, [335] as well as induce state switching in neurons (up and 

down states). [336]. Interestingly, STP has been observed to depend on presynaptic NMDA 

receptors (NMDARs), [329, 337] and this may underlie the effects of DOI on both STP and S-R 

curves (excitability) observed here. DOI binds with high affinity at 5-HT2A receptors, and 

evidence suggests that 5-HT2A receptors and NMDARs are closely linked. For example, 

activation of 5-HT2A receptors enhances NMDAR-dependent transmission and plasticity at 

thalamo-cortical synapses via a presynaptic mechanism. [338]. Further, in a study assessing the 

effects of the agonist DOB, which, like DOI, has similarly strong affinity for both 5-HT2A and 5-

HT2C receptors, activation of 5-HT2A receptors was necessary for the NMDAR-induced changes 

to EPSPs and resting membrane potential through a presynaptic mechanism. [339].  

Serotonergic psychedelics, including DOI, have been evidenced to increase extracellular 

glutamate in cortical areas through activation of 5-HT2A receptors on cortical pyramidal cells. 
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[340, 341]. The interplay between these 5-HT2A receptors and glutamate receptors may be due to 

the close proximity with which they exist on the transmembrane domain and also due to the 

formation of heterodimeric complex between these receptors. [1]. Thus, it is possible that the 

observed effects of DOI on both S-R curves and STP arise due to enhanced glutamatergic 

neurotransmission through NMDARs downstream of presynaptic 5-HT2A receptor activation. 

Indeed, literature suggests that DOI induced metaplasticity may be dependent on NMDA receptor 

activation and so this proposed mechanism may also provide context for the absence of an effect 

on excitability or STP with ketamine, due to its direct antagonism of NMDARs. [342]. 

Under the definition first put forward by Abraham and Bear (1996), – “Metaplasticity is 

manifest as a change in the ability to induce subsequent synaptic plasticity” – DOI’s effects on 

subsequent STP are metaplastic. While effects on subsequent LTP or LTD have more commonly 

been provided as examples of such metaplasticity, [258, 298] the DOI-induced change in STP at 

24 hours following administration is clearly also reflective of long-lasting changes to functional 

neuronal dynamics. In all, our work provides evidence for neuroplastic and metaplastic effects at 

CA1 Schaffer collateral synapses at 24 hours following serotonergic psychedelic administration, 

but not ketamine administration. Our findings provide evidence for a presynaptic mechanism for 

metaplasticity and a mechanistic basis for change in network level activity in response to 

psychedelic drug administration.  

Future Directions 

As the data in this study are limited, future experiments should be conducted to elucidate 

the results here. First, our experiments were focused in dorsal hippocampus, and we did not 
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investigate regional heterogeneity in the observed effects of DOI. For example, dorsal and ventral 

hippocampus are anatomically distinct, with different patterns of afferent and efferent 

connections. [343]. Functionally, the dorsal portion plays a direct role in memory processes where 

the ventral portion plays a more direct role in stress responses and emotionally motivated 

behaviors, such as approach and avoidance. [343]. Future experiments will elucidate whether the 

effects reported here generalize to ventral hippocampus. The use of additional psychedelics such 

as psilocybin can be helpful as positive controls along with the addition of an NMDA receptor 

antagonist pretreatment with DOI and other psychedelics to discern the receptor level 

contributions to the observed mechanism. The identity of the subtypes of 5-HT receptors involved 

also remains an open question. Data suggest that DOI also has high affinity as a partial agonist of 

the 5-HT2C receptor. [344-346]. It has also been shown that the 5-HT2C receptor, in part, facilitates 

5-HT2A receptor induced effects on locomotion, suggesting that DOI may exert behavioral effects 

through coordinated action at both receptor subtypes. [347]. Future experiments with specific 

receptor antagonists will help resolve this question. Further clinical and preclinical work is needed 

to better understand the mechanism and role of plasticity and metaplasticity in the brain following 

serotonergic psychedelic administration. Considering the enhanced excitability seen here, as well 

as the proposed evolutionary role of metaplasticity in ‘tuning’ synaptic signaling to prevent 

saturation that impairs learning, investigations into metaplastic effects of DOI on LTD may be of 

substantial mechanistic importance. Further assessment of these outcomes across alternative brain 

regions, time-courses, and species will also be key experiments regarding the translational impact 

of this finding on optimization of psychedelic-assisted psychotherapy protocols. 
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3.1 Abstract 

Introduction: Psychedelic drugs have shown efficacy as treatments for psychiatric conditions. 

One postulated mechanism involves increasing neuroplasticity in the brain. Though there is 

considerable data suggesting regional brain changes in plasticity, no study has examined plasticity 

at the circuit level. The ventral hippocampal to prefrontal cortex circuit is highly involved in 
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anxiety-like behaviors and cognitions and is a good candidate circuit in which we can assess 

plasticity. It is also important to put these changes in context of behavioral outcomes. In this study, 

we tested plasticity in the ventral hippocampal to prefrontal cortex circuit and we tested 

behavioral change through the novelty suppressed feeding task, a behavioral assay of anxiety-like 

behaviors. 

Methods: C57BL/6 mice were chronically implanted with a bipolar stimulating electrode in the 

ventral hippocampus and a twisted wire recording electrode in the prefrontal cortex. These 

animals were stimulated at varying amplitudes to record local field potential responses and then 

injected with either psilocybin (1 or 3 mg/kg), 4-acetoxy-N,N-dimethyltryptamine (4-AcO-

DMT), 6-fluoro-N,N-diethyltryptamine (6-FDET), or saline (5 mL/kg). These animals were then 

stimulated again at 4 hours and 24 hours to measure change in evoked response. Further, in 

another cohort of animals, the novelty suppressed feeding task was conducted. In this task, 

animals are food deprived for a period of 12 hours and then injected with either psilocybin, 4-

AcO-DMT, 6-FDET, N,N-tetramethylenetryptamine (pyr-T), 5-methoxy-N,N-

tetramethylenetryptamine (5-MeO-pyr-T), 5-methoxy-N,N-diethyltryptamine (5-MeO-DET), 5-

methoxy-N-methyl-N-isopropyltryptamine (5-MeO-MiPT), or 5,6-dimethoxy-N-methyl-N-

isopropyltryptamine (5,6-Di-MeO-MiPT). At either 4 hour or 24 hours after drug administration 

animals are then placed within an open field with a sucrose-soaked food pellet in the center. Time 

in center and latency to feed measures were collected.  

Results: In examining the difference of the maximum evoked response from baseline to the post 

drug period, we found that fractional change from baseline was not significantly different for any 

drug group after 4 hours (F4,35 = 1.908, p = 0.1310). However, fractional change was significantly 

different at 24 hours (F4,39= 6.042, p = 0.0007) for 4-AcO-DMT (p = 0.0014) as compared to 
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saline. In the NSF, we found that at 4 hours neither male nor female animals were significantly 

different in the latency to feed; however, when we examined total time spent in the center (p = 

0.0005), we find that males in the 4-AcO-DMT and Pyr-T group spent significantly more time in 

center (p = 0.0282, and p = 0.0380 respectively). Females are not significantly different at 4 hours 

(p = 0.0960). At 24 hours, there was no significant difference between males (F5,49 = 1.596, p = 

0.1788) or females (F7,54 = 1.772, p = 0.1120).  

Conclusion: In conclusion, this paper finds evidence for plasticity in the prefrontal cortex 24 

hours after psychedelic administration and for a decrease in anxiety-like behaviors in the novelty 

suppressed feeding task at 4 hours after psychedelic administration.  

 

3.2. Introduction 

Serotonergic psychedelics are drugs that induce profound alterations to the conscious 

experience and produce visual, auditory, and somatosensory perturbations to the user’s perception 

[348, 349]. These drugs are agonists at the 5-HT2A receptor and have shown efficacy as novel 

therapeutics in the treatment of various psychiatric disorders such as major depressive disorder, 

anxiety, and addiction [52, 54, 350, 351]. Indeed, in various clinical trials these drugs have 

demonstrated remarkable improvements to long-term wellbeing even outside of the context of 

psychiatric burden [78, 79, 352, 353].  Despite the host of literature supporting their therapeutic 

potential and applications in wellbeing, the mechanism by which these behavioral changes are 
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affected is unclear. A major hypothesis in the field posits that psychedelics may be exerting their 

therapeutic effects through action as psychoplastogens, or drugs that induce neuroplasticity [1].  

Neuroplasticity refers to the capacity of the brain to form, prune, and reorganize in a way 

that is optimally efficient [55]. Plasticity is a vital mechanism by which individual organisms are 

able to regulate cognition and behavior in response to environmental stimuli [354]. This plasticity 

is significantly impaired in cases of psychiatric burden or neurological deficit, [354].  There is 

evidence that psychedelics may increase plasticity in various ways, from the transcriptional level 

to the cytoarchitectural level [295, 355]. Upregulation of BDNF, PSD-95, GLUA-1 protein, 

CREB, and various kinases have been observed after single administration of psychedelics in 

various in vitro studies [255, 256, 356]. This transcriptional plasticity may contribute to the 

various structural changes that are also observed in the brain following psychedelic 

administration. Indeed, there have been studies demonstrating structural plasticity at acute time 

points, 4 hours to 48 hours, and even post-acute time points up to 7 and even 30 days post-dosing. 

In an in vitro model examining the effect of single administration of N,N-DMT and LSD to 

cortical rat neurons for a period of 24 hours, significant dendritogenesis and increased complexity 

to dendritic arbor was observed [212, 357]. This effect is purported to be 5-HT2A dependent as it 

was completely blocked by ketanserin, a 5-HT2A receptor antagonist [212]. Similarly, a study 

examining the effects of N,N-DMT in vitro found significant dendritogenesis and spinogenesis 

up to 24 hours after single administration [212]. In the same vein, a study using an in vivo swine 

model to observe synaptic density found that after single administration of a serotonergic 

psychedelic there was significantly increased synaptogenesis up to 7 days later in PFC and 
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hippocampus [358]. Such structural changes have been shown to persist for up to a month after 

dosing [256]. 

Along with this evidence of structural plasticity, there is evidence for other forms of 

plasticity following psychedelic administration such as increased phosphorylation of protein 

kinase Akt and mTOR to lead to potentiation of AMPA receptors [259]. This increase in functional 

plasticity was reflected in an increase in behavioral plasticity through enhancement of prosocial 

behaviors in rodents [259]. In another paper, authors found that 2 weeks after administration of a 

serotonergic psychedelic, functional metaplasticity was enhanced in whole-cell voltage clamp 

recordings of the nucleus accumbens. This increase in functional plasticity coincides with the 

reopening of a critical social reward period in rodents demonstrating behavioral plasticity [260]. 

Finally, our recent study demonstrated plasticity 24 hours after DOI administration in an increased 

response to SR stimulation, and metaplasticity as evidenced through enhanced short term 

plasticity [359].  

It is important to note that there is considerable variation in the regions implicated in 

studies of psychedelic plasticity. With results ranging from subcortical to neocortical in various 

in vitro models, it is unclear whether circuit level or local regional changes in plasticity are driving 

behavioral effects. It is also important to consider that dysfunction in plasticity may have a role 

in the etiology and symptomatology of psychiatric disease, and this dysfunction can occur both 

regionally and at the circuit level. Of note is the ventral hippocampal to prefrontal cortical (vHPC-

PFC) circuit. This circuit is integral to higher order cognition, emotional regulation, and memory 

processing due to its reciprocal connections with memory and executive functioning areas [360]. 
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This bidirectional pathway has many afferents originating at either region to form monosynaptic 

or polysynaptic connections along this pathway [361, 362].  

In cases of psychiatric burden, such as major depressive disorder or schizophrenia, there 

is significant dysregulation of this circuit in humans and in rodent models of stress induced 

phenotypes [5, 360]. This reliable dysregulation makes this an ideal candidate circuit to 

experimentally assess the potential effects of psychedelic induced plasticity in vivo. Further, 

various anxiety related behaviors, such as approach and avoidance, rely heavily on the actions of 

this circuit [363]. These behaviors are vital for survival and require efficient threat valuation and 

higher order decision making. In cases of anxiety disorder, these approach and avoidance 

behaviors, like decision making and other cognitions, have been evidence to be highly 

dysregulated and thus may serve as potent indicators for anxiety-induced behaviors [364]. The 

approach-avoidance conflict is also highly relevant for understanding stress-induced deficits in 

behavior, because it has translational implications to analogous human behaviors [365]. Increased 

avoidance behaviors are analogous to loss of resilience, which is characteristic of depressive 

symptomatology in humans, while increased approach behaviors may be analogous to risk 

seeking behaviors [366]. Efficient threat valuation is a vital adaptive mechanism, and 

inappropriately shifting the balance between approach and avoidance is highly characteristic of 

anxiety disorders [367].  

In support of this, evidence suggests that there is overlap in the circuits implicated in 

anxiety-induced behavioral deficits and in the balance of approach and avoidance behavior. Two 

distinct populations of neurons, a deep and superficial layer of pyramidal neurons originating in 

the ventral CA1 of the HPC and terminating in the PFC, are responsible for shifting approach and 
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avoidance behaviors [363, 368]. These parallel circuits maintain a crucial balance in that the deep 

layer of neurons preferentially activates PFC pyramidal cells fast spiking interneurons to promote 

avoidance, while the superficial later activates PFC inhibitory interneurons to promote approach 

behaviors [363]. Thus, a task that probes approach and avoidance behaviors would be highly 

relevant to understand both circuit level implications of pharmacological intervention as well as 

in examining the behavioral effects of any such intervention. 

It is interesting to note that despite the evidence for psychedelic-induced plasticity and 

metaplasticity, it is not yet clear whether changes in plasticity occur specifically due to the 

hallucinogenic effects at the 5-HT2A receptor. Vital questions about an exact mechanism for 

psychedelic induced plasticity remains unanswered. Herein, we look for changes in plasticity 

along the vHPC-mPFC pathway after serotonergic psychedelic administration and for the 

corresponding behavioral effects of the drugs.  

3.3. Methods 

All experimental protocols conformed to American Physiological Society/National 

Institutes of Health guidelines and were approved by the University of Wisconsin Animal Care 

and Use Committee. 

Animals 

Male and female C57BL/6 mice (in vivo electrophysiology: males n = 14; ex vivo 

corticosterone measurements: males n = 36, females n = 64; in vivo behavior: 4-hour experiments: 

males n = 90, females n = 90; 24 hour experiments: males n = 50, females n =59) 6-8 weeks old, 
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were bred in house (F2 generation) or ordered from Jackson Labs. Mice were maintained on a 

12:12 light dark reversed schedule (lights on at 9:00 pm), and all experiments were performed 

during their scheduled dark period. Mice had ad libitum access to food and water unless being 

food restricted as per experimental protocol, at which point they only had ad libitum access to 

water. Animals used in the corticosterone measurements and the behavioral experiments were 

housed in groups until time of experimentation which was terminal following completion. 

Animals used in electrophysiological experimentation were housed in groups until surgical 

electrode implantation, after which they were housed individually. 

Drugs 

All controlled substances were handled by authorized users on the Schedule I and 

Schedule II–V DEA research licenses and WI Special Use Authorizations held by Dr. Matthew 

Banks or Dr. Cody Wenthur. Psilocybin powder (Usona Institute; Madison, WI) was diluted in 

0.9% sterile saline, then acidified to a pH of 1–2 with 1 M HCl, sonicated for 30–60 s, and brought 

to a pH of 6–7 using 1 M NaOH. This material was passed through a 0.2 μm filter and 

administered intraperitoneally (IP) at either 1 mg/kg or 3 mg/kg. Aliquots of 4-acetoxy-N,N-

dimethyltryptamine (4-AcO-DMT), 6-fluoro-N,N-diethyltryptamine (6-FDET), N,N-

tetramethylenetryptamine (pyr-T), 5-methoxy-N,N-tetramethylenetryptamine (5-MeO-pyr-T), 5-

methoxy-N,N-diethyltryptamine (5-MeO-DET), 5-methoxy-N-methyl-N-isopropyltryptamine 

(5-MeO-MiPT), and 5,6-dimethoxy-N-methyl-N-isopropyltryptamine (5,6-Di-MeO-MiPT)  

(Usona Institute; Madison, WI) were diluted in 0.9% saline, filtered through a 0.2 μm pore 

membrane, and stored at –80 °C until they were ready for use. Aliquots were then thawed and 

administered right away IP at 1 mg/kg for each drug.  
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In vivo electrophysiology 

Surgical Implantation 

To assess electrophysiological changes and detect local field potentials (LFPs), electrode 

implantation surgery was conducted. Animals were induced for surgery using 4% isoflurane 

anesthesia and after an initial induction period of 4-5 minutes, were maintained under 2% or lower 

anesthesia with periodic respiration and consciousness checks. After shaving of the fur from the 

skull, injection of the local anesthetic bupivacaine, and injection of the systemic slow-release 

analgesic buprenorphine-SR, a vertical midline incision was placed to visualize the skull bones. 

After scraping of the skull to remove connective tissue and scoring with a scalpel blade to create 

abrasions for cement adhesion, careful measurements of Bregma and Lambda were taken with 

the Neurostar stereotactic StereoDrive software digital atlas (StereoDrive, Neuostar, Germany). 

After adjusting for any possible tilt or yaw, insertion coordinates were obtained using the digital 

atlas, marked on the skull, and drilled into for complete craniotomy.  

A tungsten twisted-wire (California Fine Wire, Grover Beach, CA) recording electrode 

was placed in the prelimbic or cingulate cortices of the mPFC (AP: 1.98–2.1 mm, ML: 0.3–0.4 

mm, DV: 1.9-2.3), as this area receives dense afferents from the ventral hippocampus and is part 

of the vHPC-mPFC pathway [369]. Each animal was also implanted with a custom bipolar 

stimulating electrode (MicroProbes for Life Science, Gaithersburg, MD) in the right hemisphere 

in the CA1 region of the ventral hippocampus (AP: -3.6 to -3.8 mm, ML: 3.2–3.3 mm, DV: 3.8–

4.3 mm) [369]. Bilateral skull screw electrodes were then inserted through the occipital plate and 

tied together to serve as a ground. All insertions were conducted with the stereo drive for 
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ultraprecise insertion. Dental cement (Fusio A3; Pentron; Orange, CA) was then used to affix the 

electrodes in place and build a headcap around the electrode interface board (EIB-16; Neuralynx, 

Bozeman, MT). Animals were given a minimum of 5 days to recover from surgical procedures 

before the first recording session.  

Electrophysiological Data Acquisition 

 

All recordings were performed during the animals’ dark (i.e. active) period using 

equipment and software from Tucker-Davis Technologies (TDT; Alachua, FL). Individual 

animals were placed in a clear plastic beaker (6” diameter) within a dark sound-attenuation 

chamber. The animal was then attached to a headstage (ZC16) on flexible tether to allow for free 

movement about the chamber. Recordings were obtained using a PZ5 preamplifier and RZ5D 

amplifier hardware and Synapse software (filtered at 0.4-457 Hz, digitized at 1017 Hz). Upon 

collection, these data were stored for offline processing and analyses.  

 

Electrophysiological Experimental Protocol  

 

To measure changes in synaptic strength and plasticity, we recorded from animals at 

various time points; Baseline Day: 1 day prior to drug exposure; Recording Day 1: day of drug 

administration; Recording Day 2-7: every day following drug administration. On Baseline Day, 

stimulus-response curves were obtained for each animal in which stimulation intensities ranging 

from 0 μA up to 800 μA were applied. On Recording Day 1, a stimulus response curve was 

obtained, and then the animal was administered either a serotonergic psychedelic or saline (5 

mL/kg). Spontaneous LFP activity was recorded for the duration of a 4-hour acute exposure 
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period; these data will be reported in a separate publication. The end of the 4-hour acute exposure 

period was punctuated with a stimulus response curve to measure change in synaptic strength and 

plasticity. The plasticity assay protocol was then repeated at 24 hours and every day for 7 days 

following. Animals were injected with more than one drug in random assignment with at least 7-

14 days in between subsequent drug injection.  

 

Data Analysis 

Data were preprocessed using custom MATLAB scripts (Mathworks, Natick, MA). Data 

was visually assessed for a stimulation artifact and 60 cycle noise. Stimulus evoked data was 

constrained to 0.02 seconds before the stimulus artifact and 0.2 seconds after. The peak period 

was manually identified upon visual inspection and the program then quantified the peak by 

averaging over a window of 1 x 10-3 seconds around the manually indicated peak location. Time 

information was also collected. Traces that did not show a stimulus artifact were excluded, as well 

as data that had significant noise that a notch filter could not eliminate, and data in which the 

electrodes looked to be damaged which was determined by the presence of floating channels. The 

maximum peak amplitude at every stimulation intensity in a given stimulus response curve was 

then compared to the maximum evoked response from the baseline stimulus response curve to 

obtain a fractional change value: 

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝑃𝑜𝑠𝑡 −𝐴𝑑𝑚𝑖𝑛𝑖𝑠𝑡𝑟𝑎𝑖𝑜𝑛 − 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒
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Histology 

                 The locations of the stimulating and 

recording electrodes were verified histologically. 

Upon completion of experimental protocols animals 

were stimulated at 1000 µA for 30 s to effectively 

lesion the stimulation site. The animal was then 

perfused with saline and fixed with formalin to 

prepare brain tissue for sectioning. Brain tissue was 

transferred to sucrose and promptly upon sinking 

was fixed onto a plate for cryotome sectioning. The 

brain was sectioning into 20 m thick slices and 

were placed within a sucrose well and manipulated 

carefully using paintbrushes to be affixed to glass 

slides for nissl staining. Nissl staining procedures 

followed standard protocol, and upon completion, 

slices were observed under microscope 

magnification to determine final electrode location (Paxinos and Franklin; Figure 1).  

3.3.1. Figure 1. Final electrode locations. Final 

electrode locations as determined by histology 

denoted by green or red circles. The green denotes 

an increase in response following psychedelic 

injection where red shows a decrease. Size of the 

circle corresponds to amplitude of response. 

Electrode final locations were in a range from the 

cingulate cortex to the prelimbic cortex. 
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Behavioral Measurement 

Novelty Suppressed Feeding  

The novelty suppressed feeding task (NSF) was used to assess changes in approach and 

avoidance behaviors.  The NSF is a valuable measure of outcomes where a positive valence 

construct (reward) is placed in opposition to a negative valence construct (acute threat). In this 

assay, animals will need to overcome a level of stress and anxiety to achieve the food pellet 

reward. Animals were placed on food restriction for a total period of 12 hours. For experiments 

conducted at 4 hours post drug administration, animals were injected at hour 8 of their food 

restriction period. For experiments conducted at 24 hours post drug administration, animals were 

food restricted 12 hours after their injection and tested at 24 hours after the injection. For the tests, 

the animals were placed within a brightly lit (900 lux in the center, 500 lux in the periphery) novel 

environment (60x40x40) in which there was a food pellet soaked in sucrose available for their 

consumption in the center point (9 cm radius) of the apparatus.  Separate cohorts of animals were 

tested for each drug at either 4 hours, or 24 hours after administration. No animal was reused 

across drug groups.  

Data Analysis 

 Behavioral data were manually scored by a blinded observer for latency to feed and time 

in center was quantified by a behavioral software ANY-maze (Wood Dale, IL). All statistical 

analyses were performed using GraphPad Prism, version 10 (San Diego, CA). Non-parametric 
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tests such as the Mann-Whitney U test and a Kruskal-Wallis U test were used to analyze these 

data.  

3.4. Results 

Increased maximum evoked response 24 hours after psychedelic administration 

In an assessment of plasticity along the vHPC-mPFC pathway, we found that fractional 

change from baseline (Figure 3, A) was not significantly different for any group after 4 hours 

(F4,35 = 1.908, p = 0.1310). However, fractional change was significantly different at 24 hours 

(F4,39= 6.042, p = 0.0007; Figure 3, B) for 4-AcO-DMT (p = 0.0014) as compared to saline. We 

do not see a significance for either dose of psilocybin; this dissociation between the 

hallucinogenic drugs must be investigated further as evidence suggests that at the same dose, 

psilocybin results in 10-25% greater concentration in the brain at 15 minutes post administration 

3.4.1. Figure 2. Representative raw traces and stimulus response curves at baseline and 24 hours after 

injection. Representative raw traces from different animals at the baseline and 24 hours after drug injection. 

Stimulus response curve plots display the maximum peak amplitude at every stimulation intensity.  
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compared to 4-AcO-DMT [370]. These data necessitate a dose response to assess full neuroplastic 

effects.  

 

  

3.4.3. Figure 3. Fractional change in the maximum evoked response from stimulus response curves at 

both 4 hours and 24 hours after drug administration. The maximum response from the stimulus 

response curves from 24 hours after drug injection were compared to peak responses from the baseline 

period to obtain a fractional change score. A. There was no significant difference among groups at 4 hours 

(F4,35 = 1.908, p = 0.1310) B. At 24 hours (F4,39= 6.042, p = 0.0007) 4-AcO-DMT injected animals 

showed a significantly increased maximum peak response compared to saline (p = 0.0014).  
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Increased time in center for male animals but not females 4 hours after psychedelic 

administration but not at 24 hours 

In the NSF, with both sexes combined, we 

find that no groups are significantly different 

when examined for the latency to feed measure in 

a Kruskal Wallis test for significance (H(10) = 

14.74, p = 0.0984; Figure 4). we examined males 

and females separately in their behavioral 

outcomes as the values for latency to feed in the 

saline group were significantly different for males 

(Mdn: 223.5) and females (Mdn: 501.5) in a 

Mann-Whitney test (U(Nmales = 10, Nfemales = 10) = 

23, p = 0.0402; Figure 5). However, we find that 

at 4 hours, neither male nor female animals were significantly different in the latency to feed. 

Though males were initially significant, the result did not survive multiple comparisons (Males: 

H(10) = 19.36, p = 0.0223; Females: H(10) = 14.82, p = 0.0960; Figure 6, A,B). However, when 

we examined total time spent in the center, males spent significantly more time in center (H(10) 

= 29.63 , p = 0.0005) when under the experience of 4-AcO-DMT (p = 0.0282) or Pyr-T (p = 

0.0380; Figure 6, C). Females were not significantly different at 4 hours (H(10) = 14.28, p = 

0.1128). At 24 hours, there was no difference between the male (Mdn: 314.0) and female (Mdn: 

381.0) saline latency to feed scores in a Mann-Whitney test (U(Nmales = 10, Nfemales = 11; Figure 

7) nor was there any difference in any groups in a two-way ANOVA (F(5, 41) = 1.546, p = 0.1971). 

Similarly, we find that animals combined were not significantly different (H(8) = 13.74, p = 

3.4.4. Figure 4. Latency to feed for all animals 

in the NSF assay 4 hours after drug injection. 

Groups are not significantly different with both 

sexes combined in a Kruskal-Wallis test for 

significance H(10) = 14.74, p = 0.0984. 
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0.0560) in a Kruskal-Wallis test. There was no significant difference between males (F(5,49) = 

1.596, p = 0.1788; Figure 7, C) or females (F(7,54) = 1.772, p = 0.1120; Figure 7, C) separately.  

3.5. Discussion 

The main findings of this paper include evidence 

for plasticity at 24 hours after administration of 1 mg/kg 

of the serotonergic psychedelic 4-AcO-DMT and 5-HT2A 

agonist Pyr-T in vivo along the vHPC-mPFC pathway. 

Further, there is also evidence for decreased time in center 

4 hours after injection of 4-AcO-DMT and Pyr-T for 

males in a test of approach and avoidance, the novelty 

suppressed feeding task, suggesting that these drugs 

induce anxiolysis at an acute time period following 

administration. In current literature, psychedelics have been shown to be highly efficacious 

treatments for various psychiatric disorders, yet the mechanism by which they affect their change 

is unknown. Neuroplasticity is enhanced after psychedelic administration in various in vivo and 

ex vivo models looking in isolated regions. The vHPC-mPFC pathway has been shown to be 

highly involved in important cognitions and functions such as threat valuation and memory 

related mechanisms [371-374]. This circuit is also consistently dysregulated in cases of 

psychiatric condition and this deficit can be recapitulated in animal models of stress-induced 

phenotypes [5, 364]. In studies looking at structural plasticity, increased spine number and spine 

size was evidenced in the PFC following single administration of psychedelics [325], though 

whether these synapses arose from hippocampal projections is unclear. In a previous study from 

3.4.4. Figure 5. Latency to feed for 

males and females in the NSF assay 4 

hours after saline injection. Males (Mdn: 

223.5) and females (Mdn: 501.5) show 

significantly different scores in a Mann-

Whitney test for significance in the 

latency to feed 4 hours after saline 

injection U(Nmales = 10, Nfemales = 10) = 23, 

p = 0.0402. 
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our own lab, we found 

evidence for plasticity and 

metaplasticity in the 

hippocampus, but we did 

not distinguish specific 

populations of fibers 

projecting to the mPFC.  

No study thus far 

has investigated changes 

in plasticity along the 

vHPC-mPFC pathway in 

vivo or in vitro. We 

assessed changes in 

neuroplasticity along the 

vHPC-mPFC pathway, 

dysfunction of which is 

highly implicated in the 

etiology psychiatric 

conditions, in a in vivo 

model. In this work, we find evidence for plasticity at 24 hours after psychedelic administration 

along this pathway only with 4-AcO-DMT and not psilocybin. 4-AcO-DMT is a pro-drug for 

psilocin [375] but has about 20-fold lower potency at the 5-HT2A receptor in vivo in mice as 

compared to psilocybin [370, 376]. So it may be that contributions from another receptor, such as 

3.4.5. Figure 6. Scores of latency to feed from pellet and amount of time 

spent in the center zone for both males and females in the novelty 

suppressed feeding task 4 hours after psychedelic administration.  

Psilocybin was administered at either 1 or 3 mg/kg, saline was administered at 

5 mL/kg and all other compounds were administered at 1 mg/kg A. In a Kruskal 

Wallis test for significance, males were significantly different H(10) = 19.36, 

p = 0.0223 but this did not survive multiple comparisons. B. Females were not 

significantly different in the latency to feed (H(10) = 14.82, p = 0.0960). C. 

When measuring time spent in center, we find that males were significantly 

different H(10) = 29.63 , p = 0.0005 for animals injected with Pyr-T (p = 

0.0380) or 4-AcO-DMT (0.0282). C. Females were not significantly different 

(H(10) = 14.28, p = 0.1128). 
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the 5-HT2C, are the cause for this enhanced plasticity [305]. Or, perhaps, there may be an optimal 

dose at which circuit level plasticity is potentiated, one that is lower than the given 1 mg/kg of 

psilocybin. This necessitates future experiments with a full dose response to understand plasticity 

in the vHPC-mPFC pathway.   
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3.4.6. Figure 7. Scores of latency to feed from pellet for both males and females in the novelty suppressed 

feeding task 24 hours after psychedelic administration.  A. Latency to feed from pellet for each drug by 

males and females. Groups were not significantly different in a two-way ANOVA (F(5, 41) = 1.546, p = 0.1971). 

B. All animals combined. Groups were not significantly different in a Kruskal-Wallis test (H (8) = 13.74, p = 

0.0560), but this did not survive multiple comparisons. C. Males were not significantly different (F(5,49) = 1.596, 

p = 0.1788) D. Females were also not significantly different (F(7,54) = 1.772, p = 0.1120). 
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In studies of behavioral effects of psychedelic administration, authors have found that 

single administration of psychedelics results in decreased stress-induced anxiety-like behaviors, 

such as increased time in the open field, or increased social behaviors. More specifically, a paper 

examining the effects of psilocin and the serotonergic psychedelic DOI in the NSF, found that 

psilocin decreased latency to feed, but DOI did not [377]. In our behavioral data we find that there 

was significant anxiolysis in a test of approach and avoidance behaviors for serotonergic 

psychedelic 4-AcO-DMT and non-hallucinogen Pyr-T but not for psilocybin or the other 

hallucinogenic analogs.  

It is interesting to note that 4-AcO-DMT results in behavioral changes in a test of approach 

and avoidance at 4 hours post administration and also results in plasticity at 24 hours along a 

circuit that is highly involved in these behaviors, yet we do not see these results with the other 

psychedelics. We see a behavioral change at 4 hours but not a corresponding change in plasticity. 

This suggests that there may be a region involved in these behaviors, such as the amygdala, that 

may be the locus for more immediately plastic change. We see a similar result in behavior with 

Pyr-T which is non-hallucinogenic, suggesting that these outcomes may not necessarily rely on 

the action of the 5-HT2A receptor. In all it is clear that results of psychedelics that are known to 

act in the same receptor system seem to have differential outcomes in the same assays. 

It has been found that stressful or corticosterone inducing situations promote negative 

valence behaviors in rodents, suggesting that perhaps a clearer and more consistent behavioral 

signal would be seen in an assay of positive valence behaviors. Another paper similarly found 
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that in the NSF, rodents display increased avoidance behaviors after chronic corticosterone 

exposure. It follows then, that situations in which there is an increase in basal corticosterone 

levels, such as when the animals are being food deprived, may result in impaired measurements 

of anxiety-like approach and avoidance behaviors [378]. In the future it is vital that assays of 

positive valence, such as those that leverage reward valuation, be utilized in tests of psychedelic 

behavioral efficacy. Further, the sex specificity of the behavioral effect is to be noted. There may 

be an effect of endogenous hormonal cycles on such behavioral outcomes. There is some 

anecdotal evidence to suggest that psychedelics may disrupt normal hormonal rhythms in females 

[379]. In all, this work invites further investigation into the circuit level neurobiological and 

behavioral effects of psychedelics.  
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4.1. Abstract 

Introduction: The psychedelic state induces a range of biological and physiological changes. 

There is evidence that there are broadband changes in brain oscillatory power following  

psychedelic administration. Along with this, there is evidence for changes in HPA axis function 

in an induction of the cortisol/corticosterone stress response. Further, a measure of drug on 

boarding, the head twitch response, has been shown to be significantly increased after psychedelic 
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administration. To more fully characterize the psychedelic state I will use in vivo 

electrophysiology, ELISA assay, and magnetometer recordings to characterize the effects on 

spectral power, corticosterone level, and the head twitch response.  

Methods: To record local field potentials, C57BL/6 mice were chronically implanted with a 

twisted tungsten wire electrode. Animals were then injected with either psilocybin (1 or 3 mg/kg), 

4-acetoxy-N,N-dimethyltryptamine (4-AcO-DMT; 1 mg/kg), or 6-fluoro-N,N-diethyltryptamine 

(6-FDET; 1 mg/kg) and were recorded for the 4 hours following administration. To quantify 

changes in corticosterone, animals were injected with the chosen drug at various time points and 

anesthetized for blood collection from a retro-orbital bed of capillaries. This blood was processed 

and analyzed in an ELISA assay. Finally, to measure the time course of the head twitch response, 

animals were implanted with a cranial magnet. They were then injected with the chosen drug and 

placed within a magnetometer to measure changes in the magnet signal. This signal was then 

processed, and head twitch response count was quantified.  

Results: In examining changes to spectral power, we find that within the first 2 hours following 

drug administration, there seem to be variable outcomes across drug groups that then decay over 

the subsequent 3-4 hours. These results being: psilocybin 3 mg/kg showed an increase in delta 

power and theta power while displaying a modest suppression in alpha power and beta power. 4-

AcO-DMT showed an increase in delta power, while displaying suppression of all other bands. 

In an analysis of HTR, we found that HTR increased for serotonergic psychedelics peaking at 5-

10 minutes and decaying after 15-20 minutes. Finally, when analyzing stress glucocorticoids, we 

found that corticosterone was significantly increased after psychedelic administration (F(4,70) = 

40.77, p < 0.0001). In post hoc tests we find that the AUC for psilocybin is significantly increased 
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as compared to saline (p < 0.0001), 6-FDET is significantly increased as compared to saline (p = 

0.0160), and saline is significantly different from no-injection (p < 0.0001). 

Conclusion: In conclusion, the time course of psychedelic drug effects is variable across the 

different domains of neuro-oscillation, limbic system activation, and behavioral responding.  

4.2. Introduction 

In various clinical trials, serotonergic psychedelics have demonstrated efficacy as rapid 

and long-lasting treatments for psychiatric disorders such as major depressive disorder, anxiety, 

and even disorders with more elusive treatment profiles such as chronic pain and eating disorders 

[52, 54, 74, 380, 381]. Despite this clear demonstration of therapeutic impact, the mechanism of 

action by which these drugs affect benefit is yet unclear. Psychological and physiological changes 

that occur during the acute psychedelic experience likely play a role in therapeutic outcomes. It 

then becomes important to characterize the time course of these various changes in an effort to 

understand the mechanistic underpinnings of long-term behavioral outcomes.  

Assessing changes in brain oscillatory power using extracellular recording methods has 

long been an valued tool for understanding neurophysiology and behavior [382]. These oscillatory 

networks are thought to be the critical link between single-neuron activity to cognition and 

behavior [383]. Neural oscillations can be described as a subset of the larger power spectrum that 

stand out amongst the background activity and can be separated out into specific frequency bands 

[382]. The different frequency bands include delta (1-4 Hz); theta (4-8 Hz); alpha (8-13 Hz); beta 

(13-30 Hz); and gamma (30-80 Hz) and the functional significance of these bands have been 

associated with changes in cognition, behavior, and even disease states [382].  
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In clinical and pre-clinical trials examining the effects of psychedelics, many studies have 

found evidence for changes in spectral power following administration [6, 164, 165, 384-387]. In 

all these studies, there are broadband decreases in oscillatory power after psychedelic 

administration, however, most consistently seen is a decrease in alpha power. This may be one of 

the most robust biological signatures of psychedelic administration to date. Alpha waves are 

associated with a state of relaxed wakefulness when the eyes are closed and may reflect the degree 

to which visual brain activity is being subject to inhibition [388]. It has been postulated that a 

decrease in alpha power may be occurring due to the visual aspect of psychedelic hallucination  

and an increase in global connectivity and disinhibition. To fully characterize the time course of 

these changes, we conduct recordings of local field potentials (LFPs) in response to drug 

administration. 

Attenuation of neural oscillations may occur due limbic system activation and output. 

Evidence suggests that following psychedelic administration, there is an increase in the level of 

circulating stress hormones, likely due to increased activation of the hypothalamic pituitary axis 

(HPA) [7]. Once activated by an external or internal stimulus, the anterior hypothalamus releases 

corticotropin releasing hormone (CRH) which then stimulates the release of adrenocorticotropic 

hormone (ACTH), acting in the adrenal gland to release cortisol or corticosterone [389]. This 

cascade is tightly regulated via a negative feedback loop and works to maintain an important 

homeostatic balance [389]. The hypothalamus, which is a central region in this stress-response 

axis, contains many receptors activated by serotonergic psychedelics such as the 5-HT2A, 5-HT1A, 

5-HT2c, sigma-1, and dopamine receptors [390-392].  
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Evidence in both clinical and preclinical models indicates that serotonergic psychedelics 

induce an acute biochemical stress response. Administration of DOI, a serotonergic psychedelic, 

induced a 5-HT2A receptor-dependent release of ACTH and corticosterone in rats [233]. By 

contrast, chronic administration of DOI decreased 5-HT2A binding in the paraventricular nucleus 

and ACTH release [393], suggesting that the stress response is mitigated by receptor 

internalization. Previously, we observed an acute increase in serum corticosterone in mice 15 

minutes after psilocybin administration - a time point corresponding to peak induction of head-

twitch response (HTR) behavior [7]. To fully characterize this stress response, we administered 

serotonergic psychedelics psilocybin and 4-AcO-DMT, and a non-hallucinogenic 5-HT2A agonist 

6-FDET at varying time points from 5-1440 minutes.  

It is yet unclear whether the stress response is initiated in an emotional response of fear 

and anxiety to the subjective experience of psychedelics, a biological consequence of drug 

binding, or both. In preclinical trials using rodent models, it is understandably difficult to assess 

the subjective experience of these drugs, however, one proxy measure of psychedelic drug 

onboarding has been validated. The head twitch response (HTR) has been used as a measure of 

psychedelic drug entry into the central nervous system (CNS) and is evidenced to be dependent 

on 5-HT2A receptor binding [347]. Interestingly it has been evidenced that the potency of the HTR 

in rodents correlates very strongly with the dose and intensity of the subjective experience in 

humans [81].  Herein, we use various techniques to characterize the time course of the psychedelic 

state in spectral power, the corticosterone response, and the head twitch response. 
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4.3. Methods 

Animals 

Male and female C57BL/6 mice (Electrophysiology: n = 15 males; Corticosterone Assay: 

n = 30 males, n = 64 females; Head Twitch Response Assay: n = 36 males), 8-12 weeks old, were 

obtained from Jackson Labs or the UW Madison Breeding Core (The Jackson Laboratory, ME, 

USA). Mice were maintained on a 12:12 reversed light-dark cycle (light on at 9:00) with ad 

libitum food and water. All animals were housed in groups of 4 until drug administration.  

Drugs 

All controlled substances were handled by authorized users on the Schedule I and 

Schedule II–V DEA research licenses and WI Special Use Authorizations held by Dr. Matthew 

Banks or Dr. Cody Wenthur. Psilocybin powder (Usona Institute; Madison, WI) was diluted in 

0.9% sterile saline, then acidified to a pH of 1–2 with 1 M HCl, sonicated for 30–60 s, and brought 

to a pH of 6–7 using 1 M NaOH. This material was passed through a 0.2 μm filter and 

administered intraperitoneally (IP) at either 1 mg/kg or 3 mg/kg. Aliquots of 4-acetoxy-N,N-

dimethyltryptamine (4-AcO-DMT) and 6-fluoro-N,N-diethyltryptamine (6-FDET) were diluted 

in 0.9% saline (5 mL/kg), filtered through a 0.2 μm pore membrane, and stored at –80 °C until 

they were ready for use. Aliquots were then thawed and administered right away IP at 1 mg/kg 

for each drug. Animals in electrophysiology experiments were used in multiple treatment groups 

with at least a 7 day wash out period between drugs.  
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In vivo electrophysiology 

Surgical Implantation 

In an effort to assess electrophysiological changes and detect extracellular local field 

potentials (LFPs), electrode implantation surgery was conducted. Animals were induced for 

surgery using 4% isoflurane anesthesia and after an initial induction period of 4-5 minutes, were 

maintained under 2% or lower anesthesia with periodic respiration and consciousness checks. 

After shaving of the fur from the skull and injection of a local anesthetic, bupivacaine, and 

injection of systemic slow-release anesthetic, buprenorphine, a vertical midline incision was 

placed to visualize the skull bones. After scraping of the skull to remove connective tissue and 

scraping the skull with a scalpel blade to create abrasions for dental cement adhesion, careful 

measurements of Bregma and Lambda were taken with the Neurostar stereotactic stereodrive 

system digital atlas (StereoDrive; Neurostar; Germany). After adjusting for any possible tilt or 

yaw, insertion coordinates were obtained using the digital atlas and craniotomies were drilled into 

the marked locations. A tungsten twisted-wire (California Fine Wire Company, Grover Beach, 

CA) recording electrode was placed in the prelimbic or cingulate cortices of the mPFC (AP: 1.98–

2.1 mm, ML: 0.3–0.4 mm, DV: 1.9-2.3), as this area is highly involved in higher order cognition 

as well as self-referential thinking, which are both highly impacted under the acute psychedelic 

state [394]. Bilateral skull screw electrodes were then inserted through the occipital plate and tied 

together to serve as a ground. All insertions were conducted with the stereo drive for ultraprecise 

insertion. Dental cement (Fusio A3; Pentron; Orange, CA) was then used to affix the electrodes 

in place and build a headcap around the electrode interface board (EIB-16; Neuralynx, Bozeman, 

MT). A magnet was also affixed onto the headcap for use in head twitch response assay to confirm 
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time course of drug onboarding. Animals were given a minimum of 5 days’ time to recover from 

surgical procedures before the first recording session.  

Electrophysiological Recordings 

 

All recordings were performed during the animals’ dark (i.e. active) period using 

equipment and software from Tucker-Davis Technologies (TDT; Alachua, FL). Individual 

animals were placed in a clear plastic beaker (6” diameter) within a dark sound attenuation 

chamber. The animal was then attached to a headstage (ZC16) on a flexible tether to allow for 

free movement about the chamber. Recordings were obtained using a PZ5 preamplifier and RZ5D 

amplifier hardware and Synapse software (filtered at 0.4-457 Hz, digitized at 1017 Hz). To 

measure changes in spectral power, we recorded from freely behaving animals 20 minutes prior 

to drug administration and then for the 4 hours following. Upon collection, these data were stored 

for offline processing and analyses.  
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4.3.1. Figure 1. Raw LFP spectral data and movement data from saline injected animal. Raw data from 

an animal injected with saline. The effect of movement is visibly evident thus prompting a movement 

correction in the final analysis. 

 



 

 

86 

 

Data Pre-Processing 

LFP activity was analyzed using custom written MATLAB scripts (Mathworks; Natick, 

MA). LFP data were segmented into 4-second time bins, and 

the magnitude of spectral bands were calculated in each time 

bin, as follows: delta (1-4 Hz); theta (4-8 Hz); alpha (8-13 Hz); 

beta (13-30 Hz); and gamma (30-80 Hz). Once spectra were 

calculated, a movement correction was applied to the data by 

fitting two gaussian functions to the movement data to 

determine periods of high and low movement in order to 

correct for the effects of movement. This is a necessary step 

because movement can not only cause significant motion 

artifacts in the data, but it has a signature in and of itself 

[395]. A visual inspection of the raw data displaying differing traces during periods of low vs high 

movement (Figure 1) revealed the necessity of such a step. Once the movement data were fit, a 

Boolean from the accepted fit was applied to the spectral data which was then averaged into 5-

minute bins and then averaged across animal treatment groups. Data from the gamma band we 

excluded due to high levels of variability across animals. 

4.3.2. Figure 2. Example of gaussian 

fit clustering. This is a visual 

representation of fitting two gaussians 

to the movement data to cluster into 

high and low movement data streams 

where the periods of low movement 

are used for final analyses. 
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Corticosterone Measurement 

Retro-Orbital Bleeds 

Collection of circulating blood was done using retro-orbital (RO) bleeds. Animals were 

placed under 2% isoflurane anesthesia using a nose cone. Upon confirmation of loss of 

consciousness, a capillary tube was lowered into the RO space to target a bed of capillaries. Upon 

draw, blood was spun down in a centrifuge at 10,000 rpm (11,292g) for 10 min at 4 °C 

(Eppendorf-Centrifuge 5430 R; Eppendorf; Hamburg, Germany). The serum fraction was 

separated and stored at −80 °C. Upon thawing, the plasma corticosterone concentration was 

assessed using a colorimetric ELISA analysis (Corticosterone ELISA Kit; Enzo-Life Sciences; 

Farmingdale, NY) following the provided protocol. All independent biological samples were run 

in technical duplicate or triplicate, and calculated concentrations were corrected for assay dilution 

(40×). 

Statistics 

Statistical analyses were performed using GraphPad Prism, version 10 (San Diego, 

CA). Area under the curve analysis were conducted using prism as well as an ordinary one-way 

ANOVA and a two-way ANOVA corrected using Dunnett’s multiple comparisons test. 

Head Twitch Response 

To ascertain the time course of psychedelic drug entry, action in the nervous system, and 

time course of 5-HT2A receptor occupation, we used the head-twitch response (HTR). Animals 
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were fitted with a cranial magnet at time of electrode insertion surgery and HTRs were measured 

using a lab-made copper wire (California Fine Wire Company, Gorver Beach, CA) magnetometer 

capable of detecting the high frequency head movements that occur during HTRs [8]. Animals 

recorded 20 minutes of a baseline signal after which they were injected and recorded for up to 4 

hours after initial administration. Head twitches were quantitatively assessed using a custom 

MATLAB (Mathworks, Natick, MA) script written to detect movements within a high frequency 

range. 
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4.4.1. Figure 3. Time course of changes in spectral power 4 hours following drug administration. 

Individual spectra data has been averaged in 5-minute bins with a 20-minute baseline and 240-minute 

post injection period. Injection time is denoted by a dashed red line at time 0 and saline spectra have 

been reproduced in each plot denoted by a solid red line. Saline n = 10, 6-FDET n = 12, Psilocybin 3 

mg/kg n = 17, and 4-AcO-DMT n = 12. 6-FDET seems to show a slight suppression in the delta and 

theta band following drug administration. In 3 mg/kg psilocybin we see a clear increase in delta, in 

theta and a modest suppression of alpha and beta. 4-AcO-DMT shows a clear suppression of delta, 

theta, and quite noticeably alpha and beta.  
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Data pre-processing 

Recordings were obtained using a PZ5 preamplifier and RZ5D amplifier hardware and 

Synapse software. These movement data were filtered into two streams: 1) a high frequency 

stream for HTR event detection, and 2) a low frequency stream (0.1 - 40Hz) for analysis of 

bounds.  The higher frequency movement stream was further processed by manual validation of 

HTR occurrence using custom MatLab scripts.  The lower frequency movement stream was 

processed so that baseline periods of stillness and activity set the bounds for quiescence and active 

wakefulness.  

 

   

4.4.2. Figure 4. Time course of serum corticosterone levels at from 5 

to 1440 minutes. Psilocybin was administered at 3 mg/kg, saline at 5 

mL/kg, and all other injected compounds at 1 mg/kg. In a two-way 

ANOVA corrected for repeated measures using Dunnett’s multiple 

comparison test, there is a time (p < 0.0001) and drug (p = 0.0082) 

interaction. 
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4.4. Results 

Variable changes in spectral power across drugs 

In an analysis of changes to spectral power (Figure 3) we find a few different outcomes in 

the time series data. The saline data remain relatively stable from baseline to the post injection 

period, as expected. When we examine psilocybin at a dose of 3 mg/kg, we see a marked increase 

in delta power and in theta power immediately following psychedelic administration. Along with 

this, we see a modest suppression of alpha and beta as compared to the baseline period. Conversely, 

4-AcO-DMT shows a clear suppression of delta, theta, and quite noticeably alpha and beta 

immediately following psychedelic administration. 

6-FDET shows a modest suppression in the delta and 

theta band compared to the baseline period following 

drug administration. These changes seem to decay 

back to baseline around 150 minutes post 

administration. The data are considerably variable 

across the various drugs. 

Increased corticosterone after drug 

administration 

In an examination of the time course of 

corticosterone concentration from 5-1440 minutes 

after drug administration (Figure 4), we find that there is a significant time (F(5,70) = 9.526, p < 

4.4.3. Figure 5. Area under the curve from 

5-1440 minutes for all groups. In a one-way 

ANOVA, groups are significantly different 

from each other (F4,70 = 40.77, p < 0.0001). In 

post hoc tests we find that the AUC for 

psilocybin is significantly different as 

compared to saline (p < 0.0001), 6-FDET is 

significantly different from saline (p = 0.0160) 

and saline is significantly different from no-

injection (p < 0.0001). 
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0.0001) and drug interaction (F(4,70) = 3.726, p = 0.0082) in a two-way repeated measures ANOVA. 

When corrected for multiple comparisons, psilocybin is significantly different from saline (p = 

0.0424). These results suggest that there is a clear increase in corticosterone and an activation of 

the HPA axis following psychedelic drug administration, but not after a non-hallucinogenic 

substance. Further, in an analysis of area under the curve (AUC) of corticosterone in a one-way 

ANOVA, we find that the groups are significantly different (F(4,70) = 40.77, p < 0.0001). Upon 

conducting post-hoc testing, we find that AUC for the psilocybin group is significantly different 

as compared to saline (p < 0.0001; Figure 5) displaying an increase in AUC. 6-FDET is also 

significantly different as compared to saline (p = 0.0160) displaying a decrease in AUC.  

Increase in the head twitch response following drug administration 

In an analysis of the HTR (Figure 6), a proxy measure of drug onboarding and 5-HT2A 

receptor occupation, we find that both serotonergic psychedelics, psilocybin and 4-AcO-DMT 

display an immediate acute increase in number of HTRs as compared to saline. This response  

peaked 5-10 minutes after administration and decayed back to baseline after 15-20 minutes. No 

such increases are seen in the 6-FDET group. 
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4.4.4. Figure 6. Time course of the head twitch response in 10-minute bins following psychedelic 

administration. After psychedelic administration, both psilocybin 3 mg/kg and 4 -AcO-DMT 1 mg/kg show 

an immediate increase in the rate of head twitches. This increase tapers off back to baseline by 15-20 minutes 

after injection. Saline n = 8, 6-FDET n = 8, Psilocybin n = 12, 4-AcO-DMT n = 8. All animals were males. 
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4.4.5. Figure 7. Visual representation of the time course of the changes in head twitch response, 

corticosterone level, and spectral power. Curves are not drawn to scale, this is an approximation of 

the time course of the effects on head twitch response, which peaks at 5 minutes after psychedelic 

administration and decays around 15-20 minutes later; corticosterone level which peaks at 30 

minutes post psychedelic administration and decays in the time following; and spectral power which 

peaks in the hour to 2 hours following psychedelic administration and decays in the subsequent 

hours. This figure was made on biorender.com.  
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4.5. Discussion 

Despite the host of clinical research outlining the therapeutic utility of psychedelics in the 

treatment of various psychiatric conditions, the mechanism by which this behavioral change is 

imparted remains unknown [396-398]. Psychedelics are evidenced to induce acute changes to 

consciousness in various domains as well as induce plasticity in various regions and along the 

vHPC-mPFC circuit. It is likely that the various acute biological and physiological effects of the 

psychedelic state play a role in the long-term outcomes. To date, there has not been a full 

characterization of the psychedelic state in pre-clinical models and a comparison of the time 

course of these changes.   Herein, we characterized changes to spectral power, HPA axis function, 

and locomotive behavioral change.  

In our study, we found that following the administration of the serotonergic psychedelic 

psilocybin at 3 mg/kg, there is a marked increase in delta power and theta power, and a modest 

suppression of alpha power and beta power. Low frequency oscillation, or delta power, is 

canonically associated with cortical down states and loss of consciousness, though there are some 

pharmacological exceptions to this that result in the maintenance of the conscious experience 

while increasing delta power [399]. Serotonergic psychedelics happen to be one such exception. 

Various clinical studies have evidenced an increase in delta power following N,N-DMT 

administration; This increase in power was associated with increases in global connectivity and 

positively correlated with the intensity of the subjective experience in humans [165, 400]. Studies 

assessing the effects of 5-MeO-DMT, a DMT analog, and psilocin, the active metabolite of 
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psilocybin, have also found an increase in delta power pre-clinically [202, 387, 401]. Our data 

fall in line with current literature and suggest that this increase in delta power is a robust 

characteristic of the psychedelic state. Interestingly, evidence shows that an increase in delta has 

also been associated with inward-directed cognition or mentation, so it may be that under the 

acute psychedelic state,  there is global cortical deafferentation and reorientation of hierarchical 

processing to top-down integrally generated sensory experiences [402]. 

This idea is supported by the result with theta oscillations. These oscillations in the PFC 

have been known to become synchronized with hippocampal theta when engaging in spatial 

working memory tasks and have also been associated with tasks requiring hypervigilance or high 

awareness [403, 404]. It may be that the observed decreased in theta is reflective of impaired 

memory function; as mice highly rely on thigmotaxis and spatial navigation through various 

sensory systems, this may suggest that there is a shift to more top-down processes, or a 

reweighting of relevant stimuli from externally-generated to the precedence of internally-

generated stimuli.  

Further, alpha power has been associated with relaxed wakefulness states, such as when 

the mind wanders during eyes closed rest and is generally thought to have a role in maintaining 

necessary inhibition of incoming stimuli [405, 406]. In clinical studies of psychedelic induced 

changes to electroencephalography signals (EEG), authors found suppression of alpha power 

following administration, and this was significantly associated with profound alterations in 

consciousness, intense ego dissolution, and was predictive of the intensity of visual hallucinations 

[191]. Taken together, these results suggest that there may be a decrease in inhibitory mechanisms 
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coupled with an impaired working memory, specifically, spatial and navigational memory to again 

increase top-down mechanisms to override normal sensory processing.  

Finally, beta oscillations have also been associated with several vital functions such as 

cognitive control, decision making, memory, and even movement [407]. This broad association 

with both perceptual and motor processes makes it difficult to understand the implications of these 

oscillations in isolation; however, beta oscillations have been associated with the clearing of 

working memory and in filtering of stimuli and information in the working set [408]. A decrease 

in this band again suggests that there may suppression of filtering, inhibitory, and reductive 

mechanisms in the brain following psychedelic administration. Similarly, though we see a 

decrease in delta for 4-AcO-DMT as opposed to an increase, there is marked suppression of theta, 

alpha, and beta following psychedelic administration. There may be some effect of dose here as 

4-AcO-DMT is given at 1 mg/kg compared to psilocybin 3 mg/kg. Most interestingly we find that 

non-hallucinogenic serotonergic N,N-DMT analog, 6-FDET seems to display a modest 

suppression of delta and theta, with no clear changes in the other band. Suggesting that the effects 

on alpha and beta may in part be specific to the psychedelic state. 

Indeed, when we examine the time course of the HTR we find that only psilocybin at 3 

mg/kg and 4-AcO-DMT at 1 mg/kg showed an increase in the number of head twitches following 

drug administration, and we do not see this with 6-FDET. The HTR has been associated with 5-

HT2A receptor activation and more importantly, has been associated with the hallucinogenic 

experience [8]. This response overlaps in occurrence with the acute stress response. 
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In an analysis of area under the curve of corticosterone concentration after administration 

of serotonergic psychedelics we find that the groups are significantly different from each other 

(F4,70 = 40.77, p < 0.0001). Specifically, psilocybin at 3 mg/kg shows significantly increased area 

under the curve as compared to saline. Interestingly, we see a decrease in AUC for 6-FDET (p < 

0.0001). There is an interesting dissociation again with 4-AcO-DMT and psilocybin suggesting 

that there are some important differences between the time course of these drugs and perhaps and 

effect of dose.  

Taken together, we find that HTR increases for serotonergic psychedelics peaking at 5-10 

minutes and decaying after 15-20 minutes. We find that corticosterone significantly increased 

after administration only for psilocybin at 3 mg/kg, peaking at 30 minutes, and actually decreased 

for 6-FDET at 1 mg/kg, and we do not see any differences with 4-AcO-DMT at 1 mg.kg. Finally, 

in examining the spectral power we find that within the hour following drug administration, there 

seem to be variable outcomes across drug groups that then decay over the subsequent 3 hours. 

These results being: psilocybin 3 mg/kg showed an increase delta power and theta power while 

displaying a modest suppression in alpha power and beta power. 4-AcO-DMT showed an increase 

in delta, while displaying suppression of all other bands. Here we notice that there are opposite 

results in the delta and theta band for psilocybin and 4-AcO-DMT and our data suggests that there 

may be a role of corticosterone in the physiological effects of these drugs. Indeed, one study found 

that acute boluses of corticosterone, such as those that would have been released upon psilocybin 

administration, resulted in enhanced EEG delta power and so spectral power may be linked to the 

stress response [409]. Finally, we found that 6-FDET displayed modest suppression of delta 

power and theta power. It is of particular note that we see significant changes in all measures of 

this experiment with 6-FDET compared with saline, but that it is in the opposite direction of that 
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of the serotonergic psychedelics. The time-course of these changes seem to overlap but are 

considerably variable even across drugs within the same class (Figure 7). With a current interest 

in psychedelics or 5-HT2A receptor agonists with minimum anxiety inducing characteristics, 6-

FDET may have impactful contributions.  
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5. Chapter 5: Discussion 

5.1. Summary of Findings 

Psychedelics have been shown to be highly efficacious treatments for various psychiatric 

conditions. Despite the growing body of literature outlining the utility of these drugs as novel 

therapeutics, there still remain some vital questions about the mechanistic underpinnings of these 

behavioral effects. Of particular note is the neuroplastic hypothesis of psychedelic action which 

posits that psychedelics exert their therapeutic benefit as psychoplastogens, drugs that induce 

plasticity. Indeed, various preclinical and clinical studies have found evidence for changes in 

plasticity associated genes, structural changes to cellular anatomy such as spinogenesis and 

dendritogenesis, and increased metaplasticity as evidenced through enhancement of long-term 

potentiation and short-term potentiation. Despite this, no study to date has conducted an in vivo 

analysis at the circuit level in behaving animals. Further, along with neuroplasticity, there is 

evidence for changes in stress-induced disorder-phenotypic behavior, limbic system activation, 

and network level brain oscillations. To date, there has not been a full characterization of these 

measures and a comparison of their time course during the psychedelic state preclinically. Herein, 

I presented data in an effort to fill these vital gaps. 

In chapter 2, to provide evidence for the neuroplastic hypothesis, I conducted an ex vivo 

investigation in hippocampal slices to observe changes in plasticity in the Schaffer collaterals of 

the ventral CA1. This study found enhanced plasticity at 24 hours after serotonergic psychedelic 

DOI administration, as evidenced through an increase in the maximum evoked response obtained 

in stimulus response curves. This suggests that cells in the hippocampus are more primed and 
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excitable 24 hours after psychedelic administration. Furthermore, after application of an LTP 

protocol I found evidence for metaplasticity. The short-term component, aptly named STP, was 

significantly enhanced compared to saline and ketamine. Changes in STP suggest presynaptic 

mechanisms, so we analyzed fiber volleys to determine presynaptic fiber contribution and found 

this to be significantly increased for the psychedelic group as compared to saline and ketamine. 

To take this a step further, I conducted a paired-pulse ratio analysis and found that, interestingly, 

the ratio was increased for the DOI condition as compared to the other groups. This suggests that, 

in response to the first stimulation, all synaptic vesicles may have released their contents as they 

were excitable and already primed to do so. The response to the second stimulation involved 

contribution from newly formed synapses and synapses that would not normally fire but were 

now firing due to the observed increase in cell excitability. Given that the hippocampus is vital 

for higher order cognition and adaptive regulation of memory processes and plasticity , these data 

provide strong evidence for a role of plasticity in the actions of serotonergic psychedelics.  

In chapter 3, I furthered this investigation by examining changes in plasticity along the 

ventral hippocampal to medial prefrontal cortex pathway in vivo in behaving animals. Such work 

has not been previously published and understanding circuit level effects of these drugs provides 

a more nuanced look into mechanistic underpinnings of psychedelic action and is translationally 

relevant. I found no change in plasticity at 4 hours after psychedelic administration. However, at 

24 hours after administration, the serotonergic psychedelic 4-AcO-DMT showed significantly 

increased maximum evoked responses in stimulus response curves. This is evidence for plasticity 

along a circuit that is highly implicated in psychiatric disorder pathophysiology. Further, in an 

effort to connect these changes in plasticity to behavioral changes in an anxiety-like phenotype, I 

examined changes in latency to feed and time in center in the novelty suppressed feeding task - a 
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task of negative valence assessing approach and avoidance behaviors. Such behaviors are also 

evidenced to rely heavily on the vHPC-mPFC pathway,  and so this task was particularly well-

suited for this investigation. Contrary to my initial hypothesis, I did not find significant changes 

in behavior at the same time course as the changes in plasticity. Rather, I found that males 

displayed an increased amount of time spent in the center zone 4 hours after 4-AcO-DMT, and 

Pyr-T administration, and no significant changes in behavior in either sex at 24 hours. 4-AcO-

DMT is a serotonergic drug that converges on psilocin in the body, whereas Pyr-T is a 5-HT2A 

agonist N,N-DMT analog drug. This dissociation between behavior and electrophysiology is 

compelling and suggestive of two main ideas: 1) our plasticity results are not seen across all 

psychedelics tested, and this may reflect a need for more regional precision and specificity. The 

vHPC-mPFC is known to be part of a triad with the amygdala and so perhaps the pronounced 

changes are occurring in another part of this bidirectional circuit; 2) the negative valence of the 

assay and the acute stress we know is induced with psychedelic administration may not result in 

observable behavioral effects. As in humans, it may be necessary to leverage a positive valence 

assay or perhaps a reward to potentiate a behavioral signal imparted by psychedelic 

administration.  

In looking outside of the effects on plasticity, we find that there are changes in various 

domains under the acute psychedelic state. One such being the acute stress response. Stress has 

been known to be acutely plastic and adaptive, so it may be that there is some convergence of this 

stress-induced plasticity with that psychedelic-induced plasticity; or perhaps psychedelics 

actually leverage the plasticity induced by the acute stress response. In an effort to unravel this 

idea, I compared the time course of the stress response along with some other key measures of 

cognition and behavior as outlined in chapter 4. One such key measure is the head twitch (HTR) 



 

 

103 

response which should inform us as to psychedelic drug onboarding and 5-HT2A receptor 

occupation. Similarly, it was important to compare these measures with a measure of network 

level change: spectral power. Broadband changes in spectral power have been evidenced both 

preclinically and clinically and indeed my data are in agreement with the current literature.  

In the 1-4 hours following psilocybin 3 mg/kg administration there was an increase in 

delta power and theta power, and a modest decrease in alpha power and beta power. For 4-AcO-

DMT we found broadband suppression of all bands, delta, theta, alpha, and beta. Several studies 

have evidenced suppression of alpha power after psychedelic administration and so these results 

support current consensus in literature. In 6-FDET we found a modest suppression of delta and 

theta. However, we must address the interesting dissociation that exists for the delta band, in that 

the psilocybin group displayed enhancement of delta, whereas the 4-AcO-DMT and 6-FDET 

group displayed suppression of delta. It has been evidenced that acute boluses of corticosterone, 

such as those that may be released during an acute stress response, enhance delta power.  

To assess the stress response, I quantified circulating blood and found that 30 minutes 

following drug administration, AUC of corticosterone level for psilocybin 3 mg/kg showed a 

significant increase in corticosterone levels, and 6-FDET actually showed a significant decrease 

in corticosterone levels. These results suggest that there may indeed be a role of the stress response 

in our LFP spectral findings and provide a strong basis for a pivotal role of the stress response in 

the physiological effects of serotonergic psychedelics, though they do not fully capture the depth 

of the effects as 6-FDET does not show an increase in stress rather a decrease. Literature has 

evidenced that delta power increases in cases of inward directed mentation and in the case of 

psychedelics, we understand self-referential thinking and hierarchical processing is highly 
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effected. It may be that though 6-FDET does not induce a stress response or changes in plasticity, 

there may be a 5-HT2A dependent mechanism for increase in top-down processing that is being 

reflected here. Indeed, research suggests that 5-HT2A receptor activation may play a large role in 

processes related to the self and may be the cause of this change in delta power [88, 410]. This 

idea further suggests that with 4-AcO-DMT, there may contributions from a non-5-HT2A receptor 

that modulates its effects on the brain.  

In all, these data suggest that the time course of the psychedelic state in these different 

domains is variable and does not line up one to one preclinically. Changes to locomotive behavior, 

the HTR, occur within 5 minutes of psychedelic administration. Changes in the HPA axis 

activation are seen in an increase in stress glucocorticoids 30 minutes after psychedelic 

administration, and changes in spectral power develop over the 1-2 hours following psychedelic 

administration. This variability in response is notable and makes clear the complex nature of the 

psychedelic state. 

5.2. Limitations 

Though these data add a considerable deal of evidence to the field, there are limitations to 

these approaches and methods that must be improved upon. In chapter 2 we were limited by the 

drugs that we were able to utilize in our investigation. It is vital that we assess other serotonergic 

psychedelics and different doses to determine hippocampal effects. Further, there are some natural 

limitations that exist in ex vivo slice preparations. These experiments are conducted in a highly 

controlled cellular environment and are devoid of vital connections to other regions in the brain. 

Therefore, it becomes challenging to translate and generalize these results separately from the 
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conditions of this experiment. Further, stimulation and recording in one region may not 

comprehensively display the full host of changes being affected by drug administration thereby 

limiting our resulting signal. 

In chapter 3 and chapter 4 all electrophysiological experimentation required a major 

survival surgery. Though the animals that were utilized displayed acceptable responses and were 

themselves healthy, there is a risk that the animal was permanently altered from the surgery in a 

way that may affect the results. There is also a risk that despite using a digital atlas and a 

stereotactic arm to insert electrodes, they were not placed in the exact and appropriate coordinates. 

Final electrode location was confirmed by histology, and though I had achieved an acceptable 

range around my coordinates, neither the stimulating electrode nor the recording electrode was in 

the exact same coordinates across animals. Optimizing these procedures is of vital import 

considering the necessity for precise insertion.  

Further, in the process of insertion I damaged the tissue I had traveled through to reach 

my final target. Therefore, deficits and changes in behavior may exist and be imperceptible yet 

important to our outcomes. Moreover, for ease of interpretation, all of these experiments were 

performed with male animals. This provides a very narrow view of psychedelic effects as 

evidence suggests that hormonal cycles may play a role in the biological response to these drugs 

[379]. In the case of all the experiments contained herein, we were limited by the doses of 

serotonergic psychedelics applied. It is necessary to conduct a dose response in all of the assays 

to fully encapsulate psychedelic effects.  
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5.3. Future Directions 

The results herein prompt further inquiry into the various aspects of the psychedelic 

response. Firstly, it is vital that we improve upon the methods and address the limitations above 

such as inclusion of additional doses and drugs for these experiments as well as the inclusion of 

female animals. In the investigation of in vivo plasticity, the inclusion of the amygdala (AMY) as 

a triad in the HPC-PFC pathway is of vital import, as the amygdala plays a significant role in 

emotional regulation and regulates many homeostatic behaviors in the brain through reciprocal 

connections with the HPC and the PFC [31, 35]. Examining the AMY-HPC-PFC circuit will 

provide insight into the contributions of other areas and will shed light onto the locus of plastic 

change. In considering the behavioral results, it is important that an assay of positive valence be 

used to determine behavioral effects of psychedelics. As in humans, animals may respond better 

in assays in which we leverage a reward for behavioral outcome.  

When considering the changes in spectral power it becomes important that we also obtain 

neural connectivity and signal complexity information. These measures will provide a more in-

depth picture of changes to brain network oscillatory dynamics that may contribute to the 

therapeutic response. Similarly, a more complete time course of the stress response must be 

obtained in an effort to associate changes in stress to changes in plasticity and neural oscillations. 

It would be interesting to see selective inhibition of the corticosterone response with psychedelic 

administration and its effect on spectral power, connectivity, and complexity.  There remain yet 

many more questions to answer in this field.  
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5.4. Conclusion 

In conclusion, the data contained in this thesis provide strong evidence for plasticity and 

metaplasticity following psychedelic administration both ex vivo and in vivo. Taken together, my 

data suggest extensive biological and physiological effects of psychedelic administration. 

Including acute effects such as changes to spectral power, HTR, and the stress response as well 

as post-acute enhancement of plasticity and metaplasitcity at 24 hours in the HPC and the PFC. 

With this, I propose a three-phase model of psychedelic action. Phase 1 is characterized by the 

development of the subjective effects, as characterized by an increase in HTR. These subjective 

effects persist past the acute HTR period and peak within this phase. Shortly following the peak 

of these effects is the onset of the second phase of these effects. This phase is characterized by 

the activation of the HPA axis and an acute stress response. The resolution of this acute stress 

response leads to acute behavioral effects due to the activation of inhibitory stress regulatory 

pathways, such as those involving the activation of inhibitory 5HT1A receptors. The final phase 

of this model is characterized by psychedelic induced plasticity. This phase begin acutely in 

transcriptional and structural plasticity changes and post acutely results in increased plasticity and 

metaplasticity in regions relevant to long-term behavioral change. I hypothesize that long-term 

behavioral change will only be affected if this post-acute psychedelic induced plasticity is 

exploited in some phenomenologically meaningful way. There must be some level of integration 

for these biological changes to take hold. I conclude that psychological integration is a necessary 

aspect of psychedelic induced behavioral benefit. This work adds data to a nascent field and 

provides a basis for further exploration of the neuroplastic hypothesis of psychedelic action. It is 

with great hope I present these data and urge the field forward into a more nuanced and rigorous 

inquiry of psychedelic action and application.  
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6.1. Abstract 

Serotonergic psychedelics rapidly and durably enhance wellbeing in both patients and healthy 

participant, but the underlying mechanisms are unclear. These drugs have two prominent acute 

effects: A) profound yet transient alterations in perception and cognition and B) induction of 

neuroplasticity, though this has been demonstrated directly only in preclinical models. Previous 

studies in humans have shown an association between the subjective quality of the psychedelic 

experience and therapeutic outcomes. However, because psychedelics likely induce 

neuroplasticity as well, it is unclear as to whether this association is causal. This study has two 

overarching aims. First, we will test for psilocybin-induced neural and behavioral plasticity in 

human participants. Second, we will test the role of neuroplasticity in the long-term behavioral 

effects of psilocybin. Using an innovative approach, we will measure responses to direct 

stimulation of the brain using TMS-EEG, bypassing sensory and motor pathways that may 

themselves be altered by psychedelics. Furthermore, we will co-administer psilocybin with 

midazolam, a benzodiazepine with amnestic and anti-neuroplastic activity. Our pilot study 

showed that midazolam does not suppress the subjective quality of the acute psychedelic 

experience when co-administered with psilocybin. However, memory of the experience is 

impaired, and long-term behavioral effects that are associated with therapeutic benefit are blunted.  

6.2. Introduction 

Serotonergic psychedelics, acting as agonists at the serotonin 2A receptor, rapidly enhance 

wellbeing in both patients [69-73, 411-415] patients and healthy participants [78, 79] in a robust 
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and long lasting manner [416]. Some improvements include enhanced cognitive flexibility, 

improved affect, and pronounced decreases in psychopathological symptomatology [417]. 

Though such behavioral improvements are well established, the biological basis for these effects 

remains unclear. Current research efforts have focused on two prominent acute effects of these 

drugs: 1) Serotonergic psychedelics produce profound yet transient alterations on perception and 

cognition and 2) Serotonergic psychedelics are pro-neuroplastic compounds. Gaining an 

improved understanding of the relationship between these two effects and their impacts on long-

term outcomes is important when considering implementation models for psychedelic-assisted 

therapy approaches. 

Psychedelic-induced long-term changes in wellbeing: The role of the psychedelic experience  

Serotonergic psychedelics are known to acutely alter consciousness in a profound way. 

This acute effect is termed the ‘psychedelic experience’ and can include a heightened sense of 

connection, enhanced meaning,, alterations in perception resulting in complex visual imagery, 

changes to auditory processing, synesthesia, and changes in cognition [418]. Beyond these 

measurable changes, psychedelic experiences may also effect more abstract processes such as 

awe, self-transcendence, and beliefs regarding the nature of consciousness [418]. Along with this, 

phenomena characterized as ‘mystical’ in nature are often reported, and these are evidenced to 

lead to breakthrough or insight-type moments for the individual. The occurrence of these 

phenomena and the extensive subjective effects that can be experienced have been found to be 

highly predictive of therapeutic outcomes, and some argue, maybe even necessary for such long-
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term benefit [419]. Despite this, the causal significance of the acute psychedelic experience in 

long-term therapeutic benefit has not been directly tested.  

Psychedelic-induced long-term changes in wellbeing: The role of neuroplasticity 

Neuroplasticity refers to the brain’s capacity to grow, prune, and reorganize in a way that 

is optimally efficient. In cases of stress-associated psychiatric disorders such as major depressive 

disorder, neuroplasticity is markedly decreased and even linked to symptom severity [420-423]. 

Blunted neuroplasticity is a presumed biological substrate of being “stuck” in a constricted world 

view with very rigid beliefs, often being unable to modify behaviors to meet environmental 

demand, demonstrating psychological inflexibility. These deficits in neuroplasticity are 

recapitulated in preclinical models of stress induced disorders [208, 282, 283] and application of 

serotonergic psychedelics in these models has been evidenced to induce rapid changes within 

hours that are robust and long lasting up to several weeks [258, 286, 325]. Indeed, in various ex 

vivo, in vitro, and in vivo experiments, application of serotonergic psychedelics such as psilocybin 

resulted in rapid growth of new neurites, synapses, and enhanced synaptically mediated 

intercellular communication [258, 286, 325]. These structural and functional changes parallel the 

time course of symptomatic relief in patients [76, 396] and so we posit that acutely, these drugs 

may alter prefrontal cortical circuitry involved in emotional processing and cognition such as 
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psychological flexibility to facilitate subsequent behavioral reorientation during the post-dosing 

psychotherapeutic “integration” sessions that are standard practice in psychedelic clinical trials.  

Psychedelic-induced long-term changes in wellbeing: Detangling the role of the psychedelic 

experience and neuroplasticity 

Having identified the salience of both the subjective experience and plasticity in the 

effects of psychedelic administration, it is yet unclear which phenomenon is responsible for long-

term behavioral change. Until now, it has not been possible with current clinical paradigms to 

distinguish the contributions of both. In this study, we leverage the plasticity-blocking properties 

of midazolam to do so [45,46,56]. Though preclinical animal models have been useful in 

providing insight, no work to date has examined the functional role of neural plasticity in the 

therapeutic effects of psychedelics in human participants.  

There is surprisingly little evidence that neuroplasticity occurs in human participants in 

response to psychedelic administration as is seen in preclinical animal models. There is even some 

disconnect between molecular site of action between preclinical and clinical studies. In human 

participants, multiple lines of evidence support the role of 5-HT2A receptors in the biological and 

phenomenological effects of serotonergic psychedelics [283, 286] , however in animal models 

there is evidence that the pro-neuroplastic effects may be completely independent of these 

receptors [27, 29] Though some long-term changes in functional connectivity and task-related 

activity have been observed in humans [43,44,62,63] results are inconsistent between studies and 

do not fit within a unified overarching theoretical framework. The barriers here have been 
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primarily technical as the most common and validated approaches in examining plasticity 

preclinically are not appropriate for use in human participants.  

Aims 

In our study, we will directly test for neural plasticity in the human brain in response to 

serotonergic psychedelic administration using an innovative approach. We will measure responses 

to direct stimulation of the brain using TMS-EEG. TMS-EEG directly probes cortical responses, 

bypassing sensory and motor pathways that may themselves be altered by psychedelic 

administrations. Prefrontal and occipital sites will be chosen for evaluation. This direct 

demonstration of neural plasticity in human participants after psychedelic administration will 

have significance beyond the therapeutic context as there have been few demonstrations of 

neuronal plasticity in a clinical context [70]. These results will have implications for 

understanding and treating a wide range of medical conditions ranging from psychopathology to 

neurodegenerative disorder, stroke, and even traumatic brain injury. The hypothesis being tested 

in this study are as follows: 1) Psilocybin will induce behavioral and neural plasticity that is 

specific to the prefrontal cortex, 2) Midazolam will block memory for the psychedelic experience 
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while maintaining its subjective quality, and 3) Midazolam will block psilocybin-induced 

plasticity and psilocybin’s long-term effects on wellbeing.  

6.3. Methods 

This is a single site, 4 week, double-blind, placebo-controlled randomized trial in a cohort 

of healthy volunteers being administered psilocybin +/- midazolam with psychological support, 

with all procedures taking place at the University of Wisconsin-Madison (Figure 1). In this 

parallel group design, medically healthy adults (n = 110, 18-65 years old; 10% attrition expected, 

yielding 100 evaluable participants) with no major DSM-5 axis I diagnosis but who do have a 

modest decrement in emotional wellbeing (indexed by a WEMWBS score  the population 

median of 51 [48]) will be randomized to one of four treatment groups: 1) psilocybin (25 mg) 

with intravenous (IV) midazolam (n = 22), 2) psilocybin (10mg or 25mg) with IV saline which 

Figure 1. Experimental schedule. AE = adverse event; ASC = Altered States of 
Consciousness questionnaire; AUT = Alternative Use Task; BEA = Blinding Efficacy 
Assessment; BEAQ = Brief Experiential Avoidance Questionnaire;  CCF = Cognitive Control 

and Flexibility questionnaire; CEQ = Challenging Experiences Questionnaire; Con Med = 
concomitant meds; Drug tox = urine drug screen;  EBI = Emotional Breakthrough Inventory; 
MDZ = midazolam; MEQ = Mystical Experiences Questionnaire; NRSE = Narrative Report 

of Subjective Experience; PBO: placebo; PCET = Penn Conditional Exclusion Test; PEQ = 
Persisting Effects Questionnaire, PET = positron emission tomography; PIQ = 
Psychological Insight Questionnaire; PIS = Psychological Insight Survey;  PPFI = 
Personalized Psychological Flexibility Index; PSIL(X) = psilocybin Xmg; SETS = Stanford 

Expectations of Treatment Scale; TMS: Transcranial Magnetic Stimulation; VCDT = Visual 
Contrast Detection Threshold; Vitals = blood pressure, heart rate, pO2; WAI = Working 
Alliance Inventory; WEMWBS = Warwick Edinburgh Mental Wellbeing Scale; 

   
        

      
                

            
                 
               
               

                   
                  
                    

                  

                                 
                        

                           
                            

         
                              

                                
                

      
                

                       
                      
                      
                         
                      

                        
                   

                    
                  

       
      

       
               

                  

          

        
         

           
          

               

         

       
        
          

              

                   

         
          
          

      
      

                       
                        
                      
                         
                      

               
         

                    
                      

      

          
           
          

             
       

       
      

       
       

       
       

                   
                   

               
                      

  
      

 
 
       

 
  
 

  
      

 
 
       

 
  
 

  
      

 
 
       

 
  
 

                  

                  



 

 

115 

will act as the placebo for midazolam (n = 44), 3) psilocybin (1 mg) which will act as placebo for 

the medium- and high-dose psilocybin with IV midazolam, and finally 4) psilocybin (1 mg) with 

IV saline (n = 22). Midazolam is a benzodiazepine that acts at cortical GABAA receptors to block 

memory by blocking neural plasticity [45, 46]. This study marks the first use of midazolam as an 

intervention to modify psychedelic-induced neuroplasticity. It is used as an amnestic agent in 

clinical and research settings [61, 101]. The amnesia is thought to be the behavioral consequence 

of the inhibition of long-term potentiation (LTP) between synapses at the cellular level [102]. 

Thus, we can say that the memory for the psychedelic experience itself is a biomarker for 

neuroplasticity acutely induced by psilocybin.  

Recruitment 

To recruit a diverse and multi-generational sample of subjects, a variety of recruitment 

methods will be used including both direct and indirect methods. The PIs and co-investigators are 

connected to numerous departments throughout campus (e.g., Psychiatry, Family and Community 

Medicine, Anesthesiology, School of Pharmacy, Asian Languages and Cultures, etc.) so will be 

able to easily promote their research throughout the campus. They will use multiple formats (e.g., 

emails, direct conversation, presentations at department meetings, etc.) to engage colleagues and 

students in being potential participants. Additional outreach efforts may include the following: 

the University’s mass email of faculty, staff, and students, local radio and TV advertising, posting 

of flyers, newspaper advertisements, and web-based postings (e.g., Craigslist, social media 

campaigns, UW-Madison’s Transdisciplinary Center for Research in Psychoactive Substances 
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website). UW-Madison’s Institute for Clinical and Translational Research (ICTR) also provides 

an on-line recruitment tool called StudyFinder which will also be used to enhance enrollment. 

Informed Consent 

During the pre-screening process, an overview of the study will be provided by a qualified 

study team member. For this trial, written informed consent will occur at the in-person screening 

visit. Study participants will be considered enrolled in the study when they provide written 

informed consent. Written informed consent will be obtained in person from all participants 

before undergoing any study procedures. Prisoners, pregnant women and mentally impaired 

persons will not be included. Competent persons meeting other eligibility criteria will be 

welcomed, regardless of race, gender, ethnicity, religion, or socioeconomic status. Additionally, 

students, employees, patients or family members affiliated with the PI(s) will not be enrolled, and 

study team family members will be prohibited from participating in this study.  

Eligibility Criteria 

To ensure safety of the participants and maintain experimental integrity, various 

inclusionary and exclusionary criteria will be employed and adhered to. Please refer to Table 1 

for the complete list of these criteria.  

 

Inclusion Criteria 

1. Individuals aged 18 – 65 years. 

2. Willing and able to provide informed consent. 
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3. Willing to comply with all study procedures and be available for the duration of the study. 

4. Able to read, speak and understand English. 

5. Ability to take oral medication. 

6. WEMWBS score less than or equal to 53. 

7. Women of childbearing potential must use an acceptable method of contraception from 30 days 

prior to dosing and agree to use an acceptable method of contraception until study completion.  
Males must agree to avoid impregnation of women throughout study participation through use of 
an acceptable method of contraception.  Note: Includes, but is not limited to, barrier with 

additional spermicidal foam or jelly, intrauterine device, hormonal contraception (started at least 
30 days prior to study enrollment), intercourse with men who underwent vasectomy. 

8. Eastern Cooperative Oncology Group (ECOG) performance status of 0 based on physical exam, 
which indicates that the participant is fully functioning. 

9. Agree to refrain from using legal psychoactive substance for the following defined time periods 

(the exception is caffeine): 

• Tobacco and Nicotine: from Screening until Study Termination 

• Alcohol: 72 hour window prior to the Dosing Visit  

10. Non-smokers. 

11. No psychedelic substance use within 3 months prior to their investigational product dosing visit 

by self-report. 

Exclusion Criteria 

1. Calculated Body Mass Index (BMI) >35 at Screening 

2. Clinically significant abnormal chemistry or hematologic laboratory results (from a screen of 
Complete Blood Count with Differential and Comprehensive Metabolic Panel and urinalysis), 

using the UWHC lab reference intervals. 

3. Urine drug test containing non-prescribed drugs of abuse (i.e., non-prescribed opioids, 

benzodiazepines, amphetamines, cocaine) at Baseline.  

4. Evidence of ischemic disease, ventricular arrhythmias, or cardiac conduction defects on ECG at 
Screening. 

5. History of Prolonged QT syndrome as determined by self-report or QTc interval > 450 
milliseconds as calculated by the Screening ECG. 

6. Clinically significant abnormalities on physical examination. 

7. Women of childbearing potential with positive urine pregnancy test at Screening or Dosing or 
woman who are breastfeeding. 

8. At Screening and Baseline, pre-hypertension defined as systolic blood pressure ≥130/80 and 
tachycardia/bradycardia defined as heart rate ≥ 100 beats per minute or < 45 beats per minute. On 

dosing day, acute hypertension/tachycardia/bradycardia (systolic blood pressure ≥ 140 mmHg or 
diastolic blood pressure ≥ 90 mmHg, heart rate > 100 beats per minute or < 45 beats per minute)..  
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9. Currently meets diagnostic criteria for any DSM-5 psychiatric condition as assessed by the MINI 
International Neuropsychiatric Interview (MINI). Prior history of primary psychotic disorder 
(unless substance-induced or due to a medical condition), bipolar disorder Type I or Type II, or 

schizophrenia, as determined by the MINI will be exclusionary.  

10. Concurrent or recent (within 1 year) history of major depressive disorder, obsessive-compulsive 

disorder, generalized anxiety disorder, panic disorder, anorexia nervosa, or bulimia nervosa, 
posttraumatic stress disorder, as determined by the MINI and psychiatric history.  

11. Active suicidal ideation or attempt in prior 12 months as assessed by the MINI and/or C-SSRS  

12. First degree family history of primary psychotic disorder, bipolar disorder Type I, bipolar disorder 
Type II, or schizophrenia, as determined via self-report. 

13. MRI-incompatible implants or devices such as certain cardiac pacemakers or defibrillators, 
insulin pumps, cochlear implants, metal in orbit, implanted neural stimulators, CNS aneurysm 
clips and other medical implants that have not been certified for MRI.  

14. Not able to fit in the scanner coil (e.g., weight greater than 300 pounds, very large shoulders, etc.)  

15. Use of psychotropic medications, including antidepressants, mood stabilizers (lithium, 

carbamazepine, valproic acid, lamotrigine), antipsychotics, benzodiazepines, psychostimulants, 
or supplement-type antidepressants/anxiolytics (St. John’s Wort, SAMe, L-methylfolate, 
valerian) within 3 months of Screening.  

16. Any regular use of medication, with the exception of females taking birth control or individuals 
taking medications approved for use by the study PI (or designee). 

17. As determined by self report, history of cardiovascular disease, stroke, seizure disorder, acute 
narrow angle glaucoma, clinically-significant autoimmune conditions, claustrophobia, neoplasm 
(other than resected basal or squamous cell skin cancer), Type I or insulin-dependent Type II 

diabetes. 

18. Chronic viral infection, including hepatitis C, hepatitis B and human immunodeficiency virus 

19. Inability to perform CVLT, assessed by screening CVLT score of less than or equal to 5th 
percentile. 

20. Lack of a local support person who is available during the participant’s 24-hour treatment and 

observation period, as determined by self-report.  

21. No IV access by self-report based on prior attempts.  

22. Any physical or psychological symptom, based on the clinical judgment of the study physician 
and/or psychologist that would make a participant unsuitable for the study.  

 

Table 1. Inclusion and exclusion criterion that will be adhered to for the entirety of the study. 
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Dosing Day Assessments 

Dosing sessions will occur in the UW Hospital Clinical Research unit and will be 

supervised by facilitators who will also conduct both the preparatory and integration sessions with 

the participant. Various assessments will be conducted on the dosing days (Figure 2). Memory is 

an essential behavioral readout of psilocybin-induced neural plasticity. The California Verbal 

Learning Test (CVLT) will be used to assess memory during the dosing session and to adjust the 

dose of midazolam for Aims 2 and 3. Brief questionnaires and narrative reports will be used to 

assess the subjective quality of the psychedelic experience. Questions drawn from the Altered 

State of Consciousness questionnaire (ASC) [105] along with an additional question from the 

Persisting Effects Questionnaire capturing emotional salience will be administered. Participants 

will also provide a 60-second free-form narrative report of their subjective experience that will 

be audio recorded. Along with this, visual art displays will be presented in a digital frame at each 

of these times and participants will be directed to draw their attention to this item for a 4-second 

trial [424]. Participants will subsequently be asked to attend to a musical soundtrack for a 4-

second period. All assessments above will be grouped together with vital sign assessments to limit 

                                               

   

    
      

      
       

      
    

    
        
      

        

     

     
    

      

    

     
      

                            
      

       
    

       
    

       
    

       
    

       
    

       
    

        
    

        
    

        
    

        
    

                 
          

Figure 2. Dosing day experimental schedule.  ASC = Altered States of Consciousness 

Questionnaire; CVLT = California Verbal Learning Test; MDZ = midazolam; NRSE = narrative 
report of subjective experience; OAA/S: Observer’s Assessment of Arousal and Sedation; PBO = 
placebo; Preg = pregnancy test; PSIL: psilocybin; Tox = urine drug screen; Vitals = blood pressure, 

heart rate, pO2. 
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the number of interruptions to the psychedelic experience, and they will be timed to capture the 

peak of the subjective experience as it correlated to peak plasma concentrations of psilocin [109]. 

In addition to behavioral assessments, brain activity will be assessed through monitoring 

resting state brain activity using hd-EEG continuously throughout the dosing session. From this 

we will derive two independent and objective measures of the subjective quality of the 

psychedelic experience: 1) Lempel-Ziv complexity [110] and 2) eyes closed alpha power (8-13 

Hz) [111]. Previous studies have evidenced psilocybin and other serotonergic psychedelic induced 

increases in the complexity of scalp EEG, which likely reflects an increase in network repertoire 

or information capacity [112, 113]. These drugs have also been evidenced to attenuate the 

decrease in alpha band power typically observed under control conditions when participants close 

their eyes [425]. This is linked to the visual cortex entering an ‘idling mode’ during periods of 

decreased visual processing and so the psychedelic induced blockade of this decrease may reflect 

the presence of visual hallucinations and increased activity in the visual cortex [113, 115, 116, 

117]. hd-EEG data will be filtered at 0.1-100 Hz, sampled at 250 Hz and stored for offline 

analysis.  

Finally, along with behavioral and electrophysiological measurements, saliva will be 

collected at pre-dosing and at 90 minutes post-dosing session and assessed for 1) circulating 

cortisol concentrations as a biomarker of drug-induced anxiety and stress responses, and 2) 

progesterone levels for female participants to help standardize measurements of plasticity relative 

to the menstrual cycle.  
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Post-Dosing Day Assessments 

Behavioral Assessments. On the day immediately following dosing (Day 1) hit rates, false alarms, 

memory accuracy, recollection accuracy, familiarity accuracy, and bias will be calculated from 

each assessment (CVLT, ASC, NRSE, audio/visual) using Yes-No Recognition tasks. Confidence 

measures will be used to assess memory, familiarity, recognition accuracy, as well as 

metacognitive accuracy and efficiency for each task. These outcomes will be compared between 

treatment groups as a bias-corrected, difficulty-insensitive approach for identifying differences 

arising in objective memory performance or assessment of performance across different tasks 

[118]. These measurements will be repeated on Day 7 to assess recovery of baseline memory and 

metacognitive function following elimination of the drugs from the system. Tasks on this day will 

include items from Day 1 as well as new distractors from thematically similar scales not used 

prior to Day 7.  

Long-term changes in behavior relating to wellbeing will be assessed using the 

WEMWBS at baseline and on Days 1, 7, 14, and 28. The subjective quality of the psychedelic 

experience will be assessed on Day 1 using the full ASC, Mystical Experiences Questionnaire, 

Emotional Breakthrough Inventory, Challenging Experiences Questionnaire, and the 

Psychological insight Questionnaire. Long-term reflections of the subjective experience will be 

assessed on Day 28 using the PEQ and the Psychological Insight survey.  Further, 

microphenomenological interviews will be conducted on Day 14. This data will be used to assess 

the emotional salience of the experience and its noetic quality, a feature that contributes strongly 

to the MEQ [122,123].  
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Behavioral plasticity will be measured using various self-report and performance-based 

measures administered at baseline and at Days 7 and 28. These measures are focused on 

psychological flexibility, shown previously to increase in response to psilocybin [266, 426]. 

Performance-based measures will include the Penn Conditional Exclusion Test (PCET) [427] a 

measure of task switching, and the Alternative Use Task  (AUT)  [428], a measure of divergent 

thinking [429]. Self-perceived changes across different domains of psychological and cognitive 

flexibility will be assessed using the brief experiential avoidance questionnaire [430] (BEAQ; 

degree of engaging challenging emotions, thoughts, and situations), cognitive control and 

flexibility questionnaire [431] (CCF; self-regulation in the context of internal and external stress), 

and the personalized psychological flexibility index[432] (PPFI; ability to pursue goals amidst 

situational challenges). The Visual Contrast Detection Threshold task (VCDT), shown to rely on 

neural activity in primary visual cortex [433], will serve as control. 

Neuroplasticity assessments.  

Participants will be assessed using TMS-EEG at baseline and on Days 7 and 28. Each 

participant will be fitted with 64 TMS-compatible EEG electrodes (EASYCAP GmbH) using a 

Nexstim head tracker. EEG data will be recorded at 5 kHz and streamed from the BrainVision 

recorder software (Brain Products) to a separate computer displaying the TMS-evoked potentials 

in real time [434]. After target optimization, we will administer a sequence of at least 200 TMS 

pulses @0.5 Hz. Repetitive TMS stimulation (1500 pulses) will then be applied as described 

[435], with pulses organized according to safety guidelines [436]. Specifically, pulses will be 

organized into bursts (50 pulses @ 5 Hz), bursts organized into trains of 6 bursts (separated by 5 
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sec), with 5 trains delivered (separated by 1 min). A second TEP will then be obtained as above 

to evaluate the magnitude of LTP.  

Facilitation 

In this study, the primary objective of facilitation is to review study procedures, monitor 

safety and adverse events, and administer assessments at preparation, dosing, and integration. 

Facilitation will not involve targeted psychosocial strategies to improve wellbeing outside of 

psychosocial history gathering, providing acute emotional support during dosing and integration, 

and establishing rapport and a therapeutic alliance which are critical for safety, minimizing 

participant burden, and study completion [437]. Facilitation checklists and a validated measure 

of the therapeutic alliance (Working Alliance Inventory [438]) completed by the facilitator and 

participant will be administered to ensure fidelity to study procedures and account for non-

specific therapeutic factors [439, 440].  

Outcome Measures 

This study will consist of various primary, secondary, and exploratory outcomes. See table 2. 

 

Type (Primary, 

Secondary, Other) 

Name Time Frame Brief Description 

Primary WEMWBS Baseline, 28-days 
post-treatment. 

WEMWBS is a standard 
measure of wellbeing 
and is the primary 

behavioral outcome for 
all three aims. 
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Primary Prefrontal TEP 
amplitude 

Baseline, 7-days 
post-treatment 

TEP (transcranial 
magnetic stimulation 
evoked potential) 

amplitude measures 
neural excitability in the 

stimulated region of the 
brain. 

Primary PCET Baseline, 7-days 

post-treatment 

The PCET (Penn 

Conditional Exclusion 
Test) is a performance-
based measure of 

psychological 
flexibility (task-

switching). 

Secondary TEP amplitude 28-days post-
treatment 

TEP (transcranial 
magnetic stimulation 
evoked potential) 

amplitude measures 
neural excitability in the 

stimulated region of the 
brain. Hypothesis 
testing will be 

performed if effect on 
TEP amplitude at 7-

days is found to be 
significant. 

Secondary PCET 28-days post-
treatment 

The PCET (Penn 
Conditional Exclusion 

Test) is a performance-
based measure of 

psychological 
flexibility (task-
switching). Hypothesis 

testing will be 
performed if effect on 

PCET at 7-days is found 
to be significant. 

Secondary AUT Baseline, 7- and 28-
days post-treatment. 

The Alternative Use 
Task (AUT) is a 

performance-based 
measure of 

psychological 
flexibility (task-
switching). Hypothesis 

testing will be 
performed if effect on 
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PCET at 7-days is found 
to be significant. 

Secondary BEAQ Baseline, 7- and 28-

days post-treatment. 

The brief experiential 

avoidance questionnaire 
(BEAQ) is a self-report 
measure of 

psychological 
flexibility, specifically 

the degree of engaging 
challenging emotions, 
thoughts, and situations. 

Hypothesis testing will 
be performed if effect 

on PCET at 7-days is 
found to be significant. 

Secondary CCF Baseline, 7- and 28-
days post-treatment. 

The cognitive control 
and flexibility 

questionnaire (CCF) is a 
self-report measure of 

psychological 
flexibility, specifically 
self-regulation in the 

context of internal and 
external stress. 

Hypothesis testing will 
be performed if effect 
on PCET at 7-days is 

found to be significant. 

Secondary PPFI Baseline, 7- and 28-
days post-treatment. 

The personalized 
psychological 

flexibility index (PPFI) 
is a self-report measure 
of psychological 

flexibility, specifically 
the ability to pursue 

goals amidst situational 
challenges. Hypothesis 
testing will be 

performed if effect on 
PCET at 7-days is found 

to be significant. 

Secondary ASC Dosing day, Day 1 
post-dosing 

The Altered States of 
Consciousness 
questionnaire will be 

used as a manipulation 
check, i.e., to confirm 
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that midazolam is 
working as expected 
(blocking memory 

without affecting 
subjective quality of 

psychedelic experience. 

Other SETS Day 1 post-dosing SETS will measure 
expectation for 

treatment outcomes 

Other Blinding Day 1 post-dosing Blinding will be 
assessed with 
confidence measures 

using AUROCs for 
Treatment Group and 

Dose ID 

Other WEMWBS 7- and 14-days post-
treatment 

WEMWBS is a standard 
measure of wellbeing. 
Changes at these 

additional time points 
will be analyzed on an 

exploratory basis. 

Other TEPLTP 7-, 28-days post-
dosing 

Log of ratio of TEP 
amplitude after vs. 
before high frequency 

stimulation (TEPLTP) 
will be analyzed on an 

exploratory basis. 

Other VCDT Baseline, 7- and 28-
days post-treatment 

The Visual Contrast 
Detection Task (VCDT) 

is a performance-based 
measure of visual 
acuity. Performance on 

the VCDT will be 
analyzed on an 

exploratory basis. 

Other Occipital TEP 
amplitude 

Baseline, 7-days 
post-treatment 

TEP (transcranial 
magnetic stimulation 
evoked potential) 

amplitude measures 
neural excitability in the 

stimulated region of the 
brain. Occipital TEP 
amplitude changes will 

be analyzed on an 
exploratory basis. 
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Other CVLT, ASC, NRSE, 
AUDVIS 

1 and 7 Days post-
treatment 

Changes in yes-no signal 
discrimination with 
confidence will be 

assessed using 
AUROCs as an 

exploratory measure of 
memory 

Other Salivary Cortisol Baseline and 90 min Salivary cortisol will be 

used as a biological 
marker of stress and 
HPA axis activation 

 

Statistical Analysis  

Sample size and power analysis. Sample size for this study is based on the hypothesis that 

midazolam interferes with psilocybin’s effect on wellbeing (WEMWBS). We conservatively use 

this hypothesis for power analysis because we anticipate the difference between 

psilocybin+placebo and psilocybin+midazolam will be smaller than differences between 

psilocybin+placebo and placebo+placebo used in Aim 1. A sample size of 20 per group will be 

sufficient to detect a significant interaction between psilocybin and midazolam, assuming a 7.5-

point difference in WEMWBS for psilocybin+placebo compared to placebo+placebo, 67% 

reduction of this effect in the psilocybin+midazolam group, 80% power, and two-sided α = 0.05. 

Power analysis simulations assumed a latent individual WEMWBS score = 51, SD = 6.34, and 

within-subject SD = 2.89, corresponding to retest reliability of 0.83 and total SD = 7 [441]. We 

mimicked recruitment criteria by excluding cases with baseline WEMWBS>=51. 

Analysis of resting state hd-EEG data and memory assessments. hd-EEG data will be analyzed 

using EEGLAB, a custom MATLAB-based toolbox [127]. Visual inspection will discard bad 

epochs and channels. The hd-EEG data will be epoched and average-referenced, then independent 
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component analysis will be applied to remove eye movements and spontaneous muscle activity. 

Lempel-Ziv complexity and alpha-band power will be computed as previously described 

[128,129]. CVLT, ASC, and NRSE data will be analyzed using the standard definitions for hit 

rates, false alarm rates, bias, and memory accuracy [130]. Recollection and familiarity accuracy 

will be assessed using an independence remember/know model and dual process signal detection 

analysis validated in memory studies with MDMA [442].  

Confidence ratings will be measured on a six-point receiver operating characteristic 

(ROC) curve, plotting cumulative (H) against (F) at each confidence level, and calculating area 

under the ROC curve (AUROC) for each condition to assess objective state discrimination. 

AUROC’s for metacognitive accuracy will use analogous definitions for hits, false alarms, bias, 

and rates as above; metacognitive efficiency will be defined by meta-d’ / d’ [443]. Two-way 

ANOVAs (group x time) will be used to compare performance across groups for each accuracy 

and efficiency measure for CVLT, ASC, NRSE, and audio/visual  (AUDVIS) items on Day 1 

versus 7. A large (~135,000 trial) dataset [424] will be used as a normative benchmark for decay 

in visual item recognition over time.   

Expectancy. Pre-treatment expectancy has been shown to mediate outcomes in psychotherapy and 

pharmacotherapy clinical trials [444-446] and is associated with the quality of the subjective 

experience and outcomes in psychedelic trials [447, 448]. Expectancy effects for psilocybin will 

be examined in all groups using the Stanford Expectations of Treatment Scale (SETS) [449], a 

validated measure of treatment expectancy adapted to account for pre-dosing beliefs about 

psilocybin and facilitation on outcome measures. Measurements of midazolam interactions with 
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expectancy effects and the psychosocial facilitation elements will also be performed, including 

factors associated with facilitation, such as perceived therapeutic (working) alliance [439]. 

Blinding efficacy. Given the importance of blinding in psychedelic clinical trials[447], 

participants, facilitators, and anesthesiologists will be asked about identity and dosage of 

compound(s) received (psilocybin and/or midazolam) and the confidence in their responses at 

post-dose follow-up[450]. The hypothesis that midazolam’s amnestic effects will increase 

blinding effectiveness (for participants) will be tested by comparing the AUROC’s generated for 

treatment group and dose ID accuracy between +/-midazolam groups. 

Relevant biological variables. Sex-differences in the effects of psychedelics in human participants 

have not been reported previously. However, the effects of psychedelics in pre-clinical models 

are reported to be sex-dependent [451-453]. Furthermore, plasticity in response to direct cortical 

stimulation in human participants has been shown to be sex-dependent [454, 455], an effect that 

may be hormonally-mediated [456, 457]. Data will be stratified according to sex, and female 

participants’ menstrual phase will be included as a covariate in exploratory analyses to investigate 

whether plasticity-inducing effects of psychedelics exhibit similar sex- and hormone-dependence. 

Data protection 

Loss of confidentiality is a risk of research participation. Every effort will be made to 

maintain subject confidentiality throughout the study. Data entry forms will be developed using 

the REDCap® database system developed at the Vanderbilt Institute for Clinical and Translational 

Research (CTSA). REDCap® (Research Electronic Data Capture) is an Oracle-based, secure, 

password-protected, HIPAA-compliant, web-based application designed to support data capture 
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for research studies. All electronic and hard entry forms will include unique subject identifiers to 

maintain subject confidentiality and will not relate to the subject in any way. Any protected 

personal health information will be encrypted and stored separately. The only link between 

identifying information and project data will be in a key stored on a password-protected computer 

accessible only to the PIs and to the project coordinators, who will be making appointments and 

assigning research personnel to meet with the participant.  

Timeline 

We estimate study start-up will take approximately 6-8 months. During this time, 

appropriate personnel will be established and trained, procedures for protocol implementation 

will be developed and practiced, study materials will be curated, and the REDCap® database will 

be developed and undergo user acceptance testing. Additionally, we will obtain IRB approval, 

submit the study application to the FDA, and register the study at clincialtrials.gov. Recruitment 

may occur through various means including flyers, web-based postings, mass emails, etc. Based 

on previous experience, we expect a 2:1 screen fail rate in this population (i.e., for every 2 subjects 

screened, 1 will screen fail and 1 will be eligible). We feel a 4-year enrollment period is necessary 

because of the time and effort that goes into each screening and dosing visit. Based on the Pilot 

RECAP study leading up to this study, we estimate that we will enroll up to ~3 evaluable 

subjects/month.  

At this rate, we are well positioned to enroll 100 evaluable subjects by the 4th year. Data 

collection will be continuous from year 1 to the second quarter of year 5. UW-Madison’s Office 

of Clinical Trials (OCT) will conduct study monitoring throughout the duration of the study. 

Monitoring will occur approximately every 6 months throughout the enrollment and data 
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collection period. Study monitors will conduct data quality assessments, ensure regulatory 

compliance and compliance with the study protocol. A study initiation visit will occur prior to 

enrollment and a study close-out visit will occur at the end of data collection. The PIs will be 

responsible for reporting issues (e.g., adverse events, noncompliance) to the IRB and FDA 

throughout the data collection periods. Additionally, the PIs are responsible for submitting annual 

and final reports to the FDA, continuing reviews and study closeout reports to the IRB, and NIH 

progress reports. Finally, cleaning of imaging data will occur continuously throughout the study. 

After enrollment is complete, six months will be needed for data analysis, and results write-up.  

6.4. Discussion 

Currently, psychedelic clinical trials are increasing in number and rigor, and as such, it is 

likely that psychedelic assisted psychotherapy will receive FDA approval in the next few years 

for major depressive disorder. It is vital that we clarify the role of neural plasticity and the 

psychedelic experience to contribute to optimization of clinical approaches. This work represents 

one of the attempts to disentangle the contributions of the acute psychedelic experience from the 

biological changes to neuroplasticity. This study will provide vital data towards understanding 

the mechanistic basis for therapeutic benefit after psychedelic administration. 

Further, there are still many details regarding psychedelic effects that remain unclear. 

Regional specificity of psychedelic-induced behavioral and neural plasticity remains untested. 

Deficits in glutamatergic signaling in PFC are associated with multiple psychiatric disorders [179, 

458, 459], occur in animal models of these disorders [40, 460-462], and are ameliorated in these 

models by serotoninergic psychedelics[283, 286]. Surprisingly, analyses of gene expression 
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patterns suggest that the density of serotonin type 2A receptors, which underlie the 

phenomenology of the ‘psychedelic experience’[97, 99, 100], is higher in visual cortex compared 

to PFC [99], consistent with strong visual hallucinations during the dosing session[98]. Thus, it 

is unclear whether psychedelic-induced neural plasticity is specific to the PFC or is more 

widespread. Two elements of our study will directly address this question. First, we plan to record 

responses to TMS stimulation in two locations, one prefrontal and one occipital, and hypothesize 

that we will observe plasticity in the former and not the latter. Second, behavioral plasticity will 

be evaluated in two domains: psychological flexibility, previously shown to depend on activity in 

PFC [266, 463-465], and visual contrast detection, previously shown to depend on activity in 

primary visual cortex [433].  

Additionally, fundamental questions about the mechanisms underlying the development 

and expression of psychiatric disorders such as major depressive disorder and anxiety remain 

unanswered. The monoamine theory of depression, based largely on the success of 

antidepressants that acutely elevate brain levels of serotonin, norepinephrine or dopamine [466], 

has been largely supplanted by a model based on impaired neural plasticity in key brain regions 

including PFC [422]. A mechanism of action for serotonergic psychedelics based on neural 

plasticity will be strong supporting evidence for the plasticity model of psychiatric disorders.  
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