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Abstract 

The dissociative anaesthetics are a classification of drugs including ketamine and 

phencyclidine which induce hallucinogenic and psychomimetic effects by antagonism of the 

N-methyl D-aspartate receptor (NMDA-R). In recent years synthetic psychoactive substances 

have been designed with a similar structure to ketamine such as methoxetamine. The NMDA-

R is an ionotropic glutamate receptor that has various functions in the central nervous system 

including synaptic plasticity and pain modulation. The non-competitive antagonism of 

ketamine at the NMDA-R is believed to be a key mechanism in the expression of its rapid-

acting antidepressant effects. The new ketamine derivative 2-oxo-PCMe has been developed 

as a possible alternative to ketamine with a potential reduction in the psychomimetic effects. 

The hypothesis is that 2-oxo-PCMe will inhibit NMDA-R mediated synaptic transmission. 

 

In-vitro electrophysiological recording from the stratum radiatum of CA1 region in the 

hippocampal slice preparation was used to investigate the effect of 2-oxo-PCMe on NMDA-R 

mediated synaptic transmission. The results demonstrated that 2-oxo-PCMe has a dose 

dependent effect on inhibition of NMDA-R mediated field excitatory post-synaptic potentials. 

Furthermore, long-term potentiation (LTP) induction by theta burst stimulation was blocked 

by application of 10 µM 2-oxo-PCMe in the hippocampus. The data suggests that 2-oxo-PCMe 

has antagonist action on the NMDA-R which is more potent than ketamine at the same 

concentration. Furthermore, the blockade of LTP by 10 µM 2-oxo-PCMe illustrates the ability 

of 2-oxo-PCMe to inhibit LTP without full block of the NMDA-R mediated response.  

 

These results are the first investigation of the mechanism of action of 2-oxo-PCMe on 

hippocampal synaptic activity mediated by the NMDA-R. Further investigations should be 

conducted to outline the full pharmacological properties and therapeutic potential of 2-oxo-

PCMe. 
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Introduction 

Hippocampal Neuroanatomy  

The hippocampus is a brain structure located deep within the temporal lobe and it has a critical 

role in the formation of memories. The hippocampus provides a spatio-temporal framework 

that contains the various sensory, emotional, and cognitive components of an experience which 

are bound together and stored in a way that it can be retrieved as a conscious recollection of 

the experience at a later point in time (Knierim, 2015). The hippocampal anatomy in the human 

has a strong lateralisation in respect to cognitive function with the left hippocampus specialised 

for episodic, contextual, and long-term autobiographical memory whereas the right 

hippocampus is specialised for navigation. The rat hippocampus was presumed to lack this 

lateralisation regarding function, but chemical and physiological studies have found this 

distinction in the rat brain (Jordan, 2020). The rodent hippocampal formation is a C-shaped 

structure located in the posterior part of the brain with three distinct subregions: dentate gyrus 

(DG), the hippocampus proper which consists of the Cornu Ammonis (CA) areas (CA1, CA2 

and CA3) and the subiculum (Strien et al, 2009).  

 

The cortical hippocampal circuit facilitates the flow of information through the hippocampus 

from one brain region to another. The entorhinal cortex (EC) is the main source of 

glutamatergic input to the hippocampus and is a polymodal sensory association area which 

transfers both spatial and non-spatial information. The most studied route for the flow of 

information through the hippocampus is the trisynaptic loop (Figure 1). The stellate cell axons, 

known as the Perforant path (PP), project to granule cells in the dentate gyrus (DG). The 

granule cell axons, form the mossy fibres, which excite the CA3 pyramidal neurons. The 

Schaffer Collateral (SC) pathway is formed of the projection of CA3 pyramidal cells which 

excite CA1 pyramidal cells (EC→DG→CA3→CA1) (Basu and Siegelbaum, 2015). This is a 

simplified account of the complex details of hippocampal connectivity which goes beyond the 

scope required for this project.  

 

In summary, the hippocampus is a key brain structure that underlies the mechanism of memory 

formation and the trisynaptic loop is an example of a hippocampal circuit which facilitates the 

flow of information through the hippocampus. 
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Figure 1. Rodent Hippocampal Circuitry. A diagram illustrating the trisynaptic loop in the 

hippocampus. The Perforant path is formed of fibres projecting from the entorhinal cortex to 

the granule cells located in the dentate gyrus. The mossy fibres project from the dentate gyrus 

to the CA3 pyramidal cells. The Schaffer-Collateral pathway consists of the projections from 

the CA3 to the CA1 pyramidal cells. The plus (+) symbol indicates the excitatory function of 

the inputs labelled in the figure (Adapted from Cuperlier et al,2007).  

 

Synaptic Transmission 

A synapse is located between the pre-synaptic and post synaptic cell and this is the site of 

communication between neurons. The process in which a pre-synaptic neuron communicates 

with a target cell is known as synaptic transmission. There are two types of synapses: electrical 

and chemical synapses. Electrical synapses are supported by gap junctions which are formed 

of the aggregates of intracellular channels (plaques). The channels formed by gap junctions are 

permeable to both ions and small molecules which enables fast electrical communication 

between cells as well as biochemical signalling through secondary messengers i.e. calcium 

(Ca2+) and cyclic adenosine monophosphate (Curti et al, 2022). However, in chemical synaptic 

transmission a neurotransmitter is released from the pre-synaptic neuron and binds to the target 

receptors located on the post-synaptic neuron.  

 

In a chemical synapse (Figure 2), excitatory inputs into the dendrites and soma result in an 

influx of positively charged ions which results in depolarisation of the plasma membrane. This 

depolarisation can result in the activation of sodium (Na+) channels located at the axon hillock 

which can trigger an action potential. Once at the pre-synaptic terminal, the action potential 

results in membrane depolarisation which activates voltage dependent calcium channels 
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(VDCC) resulting in an influx of Ca2+ into the pre-synaptic terminal. The increase in 

intracellular Ca2+ mobilizes vesicles containing neurotransmitter to fuse at active zone sites on 

the pre-synaptic membrane which are located directly opposite to the post-synaptic targets 

across the synaptic cleft. Neurotransmitter binding to post-synaptic receptor proteins can evoke 

inotropic ion flux resulting in an excitatory postsynaptic potential (EPSP) or inhibitory post 

synaptic potential (IPSP) depending on the type of neurotransmitter released. 

Neurotransmitters have a direct action at ionotropic receptors by causing ion flux and an 

indirect action at metabotropic receptors which triggers intracellular signalling cascades, both 

mechanisms can lead to 2nd messenger cell signalling, structural growth, and protein synthesis 

(Glasgow et al, 2019). 

                                               

Figure 2. Chemical synaptic transmission. The arrival of an action potential (grey spike) at the 

pre-synaptic terminal results in the depolarisation of the pre-synaptic neuron and activation of 

Voltage-dependent calcium (Ca2+) channels. The influx of Ca2+ causes the synaptic vesicles 

containing the neurotransmitter to fuse with the pre-synaptic membrane and release the 

neurotransmitter across the synaptic cleft. The neurotransmitter binds to ligand-gated ion 

channels located on the post-synaptic neuron which evokes a PSP (post-synaptic potential) 

(Adapted from Faber and Pereda, 2018). 

 

There are a multitude of neurotransmitters that play different roles in the function of the 

nervous system. The three major classifications of neurotransmitters are excitatory, inhibitory, 

and modulatory neurotransmitters. Over many decades of research, the pathology of various 

neurodegenerative diseases has been attributed to dysfunction in neurotransmitter systems. The 

loss of dopaminergic neurons in the substantia nigra has been established as the cause of 
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Parkinson’s disease, GABAergic markers were selectively reduced in the post-mortem brains 

of Huntington’s disease patients and Alzheimer’s disease patients were characterised by 

marked decreases in Acetylcholine levels first in the cerebral cortex which were later found in 

the basal forebrain (Young et al, 2009).  

 

Consequently, various therapeutic agents target the neurotransmitter systems to rectify the 

dysfunction caused by the pathology of diseases that occur within the central nervous system 

(CNS). 

 

Glutamatergic Receptors 

In the mammalian CNS the major excitatory neurotransmitter is glutamate. The two 

classifications of glutamatergic receptors are the metabotropic glutamate receptors (slow 

acting) and the ionotropic glutamate receptors (iGluRs) (fast acting). The subclasses of the 

iGluRs include alpha-amino-3-hydroxy-5-methyl-4-isolepropionic acid receptors (AMPA-Rs), 

Kainate receptors and of particular importance to this project the N-methyl D-aspartate 

receptors (NMDA-Rs) (Karakas et al, 2015).  

 

The AMPA-Rs consist of 4 subunits (GluA 1-4) and require glutamate for activation. AMPA-

Rs are responsible for mediating rapid synaptic excitation in the CNS. The AMPA-R has a key 

role in the expression of long term potentiation (LTP) and long-term depression (LTD) as the 

lasting changes in synaptic transmission are largely determined by the trafficking of AMPARs 

to the membrane in LTP and LTD (Bassani et al, 2013). 

 

The NMDA-R was first identified in the 1960s by the synthesis of N-methyl-D-aspartate which 

was more potent in binding to the receptor than the endogenous ligand L-glutamate; the 

receptor was subsequently named after the compound NMDA (Watkins and Jane, 2006).  

 

Evidently, glutamatergic receptors play a key role in the excitatory synaptic activity within the 

CNS and would be key targets for drug development in the regulation of glutamate activity.  

 

Synaptic Plasticity 

The signal transmission across synapses is pivotal in a variety of cognitive processes including 

attention, perception, learning & memory, and decision making. A prominent feature of 

synaptic transmission is synaptic plasticity: dependent on the pattern of synaptic activation and 
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overall level of excitation of the neural network, the efficacy of synaptic transmission (synaptic 

strength) is changed dynamically, which alters information processing in neural circuits 

(Vitureira and Goda, 2013). Furthermore, synaptic plasticity is the mechanism underlying the 

development and persistence of chronic pain. The mechanism of wind-up occurs when 

continuous or intense noxious stimuli causes the ‘wind-up’ of action potentials which leads to 

an increased experience of pain. The mechanism of wind-up shares biochemical features which 

are associated with some forms of LTP linked to memory consolidation, including activation 

of NMDA-Rs (McCarberg and Peppin, 2019).  

 

In ‘The organization of Behaviour’ Hebb (1949) first proposed a mechanism in which synaptic 

plasticity may occur within neurons. Hebb hypothesised that two neurons referred to as A and 

B, which are simultaneously active and closely located to each other would influence the 

synaptic activity of one another. Specifically, when cell A repeatedly stimulated cell B this 

would result in growth changes in the synapse, leading to a strengthened connection between 

these cells and they would have synchronous activity.  

 

The early investigations of Bliss and Lomo (1973) were the first report of LTP. In their study, 

the experimental protocol consisted of the intact adult rabbit hippocampi in which the PP was 

stimulated, and the recordings were taken from the granule cells located in the DG. Their 

findings illustrated that high frequency stimulation of the PP produced increased synaptic 

activity that was sustained for several hours after the initial stimulus was applied. Following 

this initial discovery, LTP induction was demonstrated within the in vitro guinea-pig slice 

preparation following tetanisation of the SC pathway (Schwartzkroin and Wester, 1975). 

Further investigation of the phenomenon established that although NMDA-Rs had no role in 

the mediation of synaptic excitation they were required for induction of hippocampal LTP 

evidenced by application of the competitive antagonist (2R)-amino-5-phosphonopentanoate 

(AP5) at the SC pathway blocking LTP induction altogether (Collingridge et al, 1983). 

 

Contrastingly, long-term depression (LTD) can be described as a weakening of synaptic 

efficacy which can induced by a specific stimulus such as low frequency stimulation which is 

mainly mediated by the NMDA-R (Compans et al 2021). The study by Dudek and Bear (1992) 

demonstrated that repetitive stimulation of the SC pathway at sub-threshold frequencies for the 

induction of LTP (900 shocks, 1-50 Hz) can generate a reliable and long-lasting synaptic 
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depression. Optogenetic studies have illustrated that LTD induction in the SC pathway results 

in the elimination of weakly integrated synapses (Wiegert and Oertner, 2013). 

 

Our understanding of synaptic plasticity has been heavily influenced by Hebb’s postulate 

which has been supported by the discovery of the mechanisms of LTP and LTD.  

 

Structure and properties of the NMDA-R 

The NMDA-R belongs to the iGluRs classification, and it has a heterotetrametric structure. 

The NMDA-R is a ligand gated ion channel which is blocked by the presence of a magnesium 

ion (Mg2+) in the channel pore at resting membrane potential. The AMPA-Rs provide the 

depolarisation to remove the Mg2+ block of surrounding NMDA-Rs (Lau and Tymianski, 

2010). The NMDA-R has a ligand gated ion channel and requires the binding of two co-

agonists, glutamate and glycine (D-serine) for the activation of the receptor. Additionally, the 

NMDA-R is characterised as a co-incidence receptor as it responds to the simultaneous events 

of pre-synaptic release of glutamate and post-synaptic depolarisation with a slow current that 

allows the influx of external Ca2+ into the dendritic spine (Hansen et al, 2018). The NMDA-R 

is a non-selective ion channel that allows the passage of Na+, potassium (K+) and Ca2+ ions 

(Luscher and Malenka, 2012). The influx of Ca2+ post-synaptically triggers the activation of 

several cell-signalling pathways.  

 

The NMDA-R is composed of seven subunits which are categorised into three subfamilies: the 

GluN1subunit, four GluN2 subunits (A-D) and two GluN3 subunits (A-B). The distribution of 

these subunits varies in the CNS with GluN1 and GluN2A expressed ubiquitously, GluN2B is 

limited to the forebrain, GluN2C is limited to the cerebellum and the GluN2D is rarer than 

other subtypes. The precise GluN2 subunits that are present in the configuration alter 

pharmacology and other key properties of the NMDA-R (Kemp and McKernan, 2002). In most 

synapses, functional NMDA-Rs are formed by two GluN1 and two GluN2 subunits (Figure 3) 

arranged as a dimer of dimers (Salussolia et al 2011). 
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Figure 3. Different NMDA-R configurations. A diagram illustrating the conventional NMDA-

R subunit composition and the non-conventional NMDA-R subunit compositions. The 

presence of the GluN3 subunit results in a decreased sensitivity to Mg2+ compared to 

conventional subunit composition (Adapted from Kehoe et al, 2013). 

 

Activation of the NMDA-R generates a synaptic current with a slow rise and an exceptionally 

slow decay time, which is much slower than the AMPA-R mediated component. The NMDA-

R first opens 10 ms following glutamate release into the synaptic cleft and continues to open 

and close for hundreds of milliseconds until glutamate unbinds from the receptor (Cull-Candy 

et al, 2001). The GluN1 and GluN3 subunits preferentially bind glycine whereas the GluN2 

subunits bind glutamate (Vieira et al, 2020). The GluN2A containing receptors express faster 

kinetics, higher channel open probability and low sensitivity to Mg2+ in contrast to the GluN2B-

containing receptors. Additionally, the GLuN2C containing NMDA-Rs exhibit low 

conductance, low open probability, and decreased sensitivity to Mg2+ whereas the GluN2D 

subunit results in extremely slow decay times. However, the presence of GluN3A leads to 

higher binding affinity for both glycine and d-serine than the GluN1 subunit (Kehoe et al, 

2013). 

 

The NMDA-Rs have fundamental roles in mediation of synaptic plasticity and higher cognitive 

function. Furthermore, NMDA-Rs are expressed across a wide range of non-neuronal cells 

including central & peripheral glial cells, endothelium cells, bone, kidney, pancreas, and others. 

The activation of NMDA-Rs located in the kidneys stimulates vasodilation in the glomerulus 

consequently influencing renal blood flow, filtration, and reabsorption in the proximal tubule 

(Liu et al, 2019)  
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In brief, the NMDA-R has a key role in excitatory activity within the CNS and the subunit 

composition is critical in determining the physiological behaviour and the receptor kinetics.  

 

NMDA-R dysfunction and the role in disease states 

The excitoxicity hypothesis proposes that glutamate neurotoxicity is mediated by a prolonged 

depolarising action at the post-synaptic receptor sites which is theorised to result in 

pathological changes in membrane permeability leading to impaired ion homeostasis (Rothman 

& Olney, 1987). The excessive stimulation of the NMDA-R leads to the production of 

damaging free radicals and other enzymatic processes that result in cell death. The disruption 

to energy metabolism which occurs in acute and chronic neurodegenerative disorders leads to 

increases in cellular levels of glutamate as it is not cleared properly, or it may be released 

inappropriately. Consequently, the membrane becomes depolarised, and this leads to the 

sustained open channel configuration of the NMDA-R due to the removal of Mg2+ from the 

channel pore. During periods of ischemia and in many neurodegenerative diseases including 

Alzheimer’s disease, Parkinson’s disease, Multiple sclerosis, and Huntington’s disease the over 

stimulation of glutamate receptors is believed to occur (Lipton, 2004). Theoretically, an 

NMDA-R antagonist would be effective in CNS disorders that are caused by glutamate induced 

excitotoxicity such as cerebral ischemia which arises from stroke/brain trauma. There are 

multiple sites of drug action that exist on the NMDA-R (Figure 4) that illustrate why it is a 

targeted receptor within therapeutic drug research. 

 

Figure 4. A model of the NMDA-R illustrating the binding sites of agonists and antagonists at 

different sites of the receptor. The pore domain is where magnesium (Mg2+) block occurs in 

the NMDA-R under normal physiological conditions. Furthermore, the non-competitive 

antagonists including MK801, Phencyclidine (PCP) and ketamine act as pore blockers of the 

NMDA-R (Adapted from Ghasemi and Schachter, 2011). 
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The NMDA-R has a key role in the pathology of various diseases with the CNS. Thus, the 

development of drug compounds targeting the NMDA-R is a focus for therapeutic benefits in 

several disease states such as ischemia, Alzheimer’s disease, and Parkinson’s disease. 

 

The Clinical use of NMDA-R antagonists 

The development of drug compounds which exert antagonism of the NMDA-R has produced 

clinical benefits with drugs like Dextromethorphan (DXM), Amantadine and Memantine being 

approved for clinical use in neurological disorders and other medical conditions. 

 

Firstly, DXM is a non-narcotic synthetic analog of codeine which is widely used as a cough 

suppressant in many over the counter cough and cold medications and it is considered safe at 

therapeutic doses. DXM has a wide ranging pharmacological action, but its cough suppressant 

effect is attributed to its antagonism of the sigma-1 opioid receptor and the non-competitive 

antagonism of the NMDA-R (Silva and Dinis-Oliveira, 2020). On the 18th of August 2022 the 

United States Food and drug administration (FDA) first approved DXM/bupropion for use in 

adults diagnosed with Major depressive disorder (MDD). DXM/bupropion is the first oral 

NMDA receptor antagonist approved for us in MDD. The combination was formulated because 

DXM is rapidly metabolised in humans and the antidepressant bupropion (an aminoketone and 

competitive CYPD6 inhibitor) inhibits a major biotransformation pathway for 

dextromethorphan, thus co-administration of these drugs increases the bioavailability of DXM 

required for a psychotherapeutic effect (Keam, 2022). 

 

Amantadine has shown efficacy in treating the side effects generated by levodopa (a 

medication used in the treatment of Parkinson’s disease). Long-term treatment with levodopa 

is linked to the development of levodopa-induced dyskinesia. Amantadine is currently the only 

NMDA-R antagonist that provides symptomatic relief for patients with dyskinesia; it is often 

used in combination with levodopa for patients with levodopa induced dyskinesia. An 

observational study demonstrated that patients with early Parkinson’s disease who were treated 

with amantadine treatment for at least 6 months had a significantly lower risk of levodopa 

induced dyskinesia compared to those who received either anticholinergics or monoamine 

oxidase type-B inhibitors for at least 6 months (Wang et al, 2022). 

 

Memantine is a non-competitive NMDA-R antagonist that was FDA approved in 2003 for 

treatment of the excitoxicity which occurs in Alzheimer’s disease, which was the first treatment 
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option offered to patients diagnosed with moderate – severe Alzheimer’s disease (Alam et al, 

2017). Therefore, memantine by its antagonistic action at the NMDA-R delivered a new 

treatment pathway for Alzheimer’s disease patients who had not yet been provided a 

therapeutic agent. Memantine is a small molecule which targets the transmembrane domain of 

the NMDA-R channel and binds weakly to the ion channel, but it is well tolerated in clinical 

use (Song et al, 2018). Despite the many NMDA-R antagonists available, memantine alone has 

demonstrated the ability to block exitoxic cell death by only targeting the pathological state of 

NMDA-Rs while leaving the physiological states active which established a large therapeutic 

index for memantine. Additionally, memantine has fast on-off kinetics, resulting in a short 

dwell time at the NMDA-R, in contrast to first generation non-competitive antagonists (i.e. 

MK801 and phencyclidine (PCP)) which are tight binders with slow off rates at the NMDA-R 

induce psychomimetic effects due to the disruption of normal NMDA-R function (Alam et al, 

2017). 

 

Overall, the development of therapeutic agents with a mechanism of NMDA-R antagonism has 

yielded various compounds that have been approved for treatment in key neurodegenerative 

disorders such as MDD, Alzheimer’s disease and Parkinson’s disease. The ideal NMDA-R 

antagonist would have a similar pharmacological profile to memantine however, the 

characteristics of memantine are very difficult to replicate given the unique properties 

memantine exhibits. 

 

Synthetic Psychoactive Substances 

In recent decades, the popularity of synthetic psychoactive substances (SPS) has increased with 

this class of drugs becoming available for purchase online. 

 

SPS are a classification of novel drugs that have been designed with unique chemical structures 

that mimic naturally existing psychoactive substances. The classic psychoactive drugs that SPS 

mimic include synthetic cannabinoids, psychostimulants, synthetic cathinones, dissociative 

anaesthetics, hallucinogens, and synthetic opioids (Zawilska and Andrzejczak, 2015). These 

SPS were developed as an alternative to otherwise illegal or controlled substances, which they 

were designed to mimic.  
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However, in May 2016 the UK government passed the Psychoactive Substances Act which 

defined a SPS as a substance capable of inducing a psychoactive effect in a person who 

consumes it and a substance which is not classified as exempt according to UK legislation 

(Psychoactive Substances Act, 2016).  

 

The pharmacological effects of these compounds remain unexplored and their effect on the 

brain remains unknown due to the difficulty in getting approval to conduct experiments 

investigating these banned substances. 

 

Dissociative Anaesthetics 

The dissociative anaesthetics are a group of compounds that are classified as SPS which include 

ketamine (KET) and PCP. The dissociative anaesthetics produce a distinct euphoric 

‘dissociated’ state which includes the perception of the absence of time, weightlessness, and a 

disconnection from the physical body. These substances can be inhaled, ingested, or injected 

into the body (Tracy et al, 2017). These dissociative properties have made these compounds 

popular ‘party’ drugs for recreational use, consequently the abuse potential of these compounds 

has limited their therapeutic efficacy. 

 

The mechanism of action by which the dissociative anaesthetics take effect is blockage of the 

NMDA-R at the PCP binding site as non-competitive antagonists, a mechanism which may 

include anaesthetic activity for most of the substances in this classification at high doses 

(Schifano et al, 2019). The dissociative anaesthetics are use-dependent antagonists as they 

require prior activation of the NMDA-R to occlude the ion channel pore. The dissociative 

anaesthetics each have a different magnitude of inhibition of NMDA-R field excitatory post-

synaptic potentials (fEPSPs) (Figure 5) and affect synaptic transmission to different extents 

dependent on concentration. The dissociative anaesthetics tend to be non-selective of NMDA-

R subtypes (Paoletti and Neyton, 2007). However, recent studies have established the structural 

basis of KET binding to human NMDA-Rs of the GluN1/GluN2A and GluN1/Glun2B 

subtypes using cryo-electron microscopy (Zhang et al, 2021). Thus increasing our 

understanding of the drug-receptor interaction of KET with the different NMDA-R subtypes. 

 

In conclusion, the dissociative anaesthetics have a distinct pharmacological action which varies 

for each compound: dependent on the route of administration and the dose administered. 
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Figure 5. Graphs showing the time course inhibition of two dissociative anaesthetics. The 

graphs illustrate the reduction in the NMDA-R mediated fEPSP when subjected to 1 µM (blue) 

and 10 µM (red) ketamine and phencyclidine (PCP) in the CA1 region of the hippocampus 

(Adapted from Wallach et al, 2016). 

 

Models of Schizophrenia 

The experimental use of dissociative anesthetics in animal subjects suggests that this 

classification of drugs through, their induction of psychomimetic effects, can produce animal 

models of schizophrenia. The side effects induced by high affinity NMDA-R channel blockers 

(i.e. PCP and KET) resemble the symptoms of patients diagnosed with schizophrenia. The 

NMDA-R hypofunction model of psychosis postulates that that multiple symptoms associated 

with schizophrenia may be the result of sub-normal NMDA-R mediated glutamatergic activity 

in key brain circuits (Hansen et al, 2017). Animal studies have reported that PCP produces a 

form of psychosis like the type observed in schizophrenia including the positive and negative 

symptoms alongside cognitive dysfunction (Salter and Gunja, 2022).  

 

Evidently, the use of dissociative anesthetics in vivo can have a huge impact on brain function 

and behaviour which has limited their therapeutic use due to the prevalence of psychomimetic 

effects. 

 

Ketamine 

KET is classified as a dissociative anaesthetic and it has been used extensively within human 

and animal medicine, but it has also been a drug of abuse due to the dissociative effects it 

induces.  
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KET was approved in 1970 by the food and drug administration (FDA) as an anaesthetic, it 

was used extensively to treat injured American soldiers during the Vietnam war due to its large 

therapeutic margin (Domino and Warner, 2010). Additionally, KET is the most frequently used 

injectable anaesthetic in horses as it induces a rapid onset and short duration of dissociative 

anaesthesia (Lin et al, 2015). Despite its established clinical efficacy, KET became widely 

abused due to its dissociative effects. 

 

KET is a racemic mixture of equal amounts of two enantiomers: S-KET and R-KET. In 

humans, S-KET is more potent as an analgesic and anaesthetic than R-KET which is 

presumably explained by its higher affinity for the NMDA-R (Jelen et al, 2021). In the United 

States, the FDA approved a nasal spray formulation of S-KET for treatment resistant 

depression (TRD) in adults in 2019. TRD describes a depressive episode with no adequate 

response to at least two antidepressant trials of adequate doses and duration (Gastaldon et al, 

2020). 

 

As with many drug compounds, the initial clinical use of KET has evolved over time as 

evidence has been generated for its efficacy in the treatment of neurological disorders (i.e. 

MDD).  

 

Ketamine action on synaptic transmission 

The main mechanism by which KET exerts its action is by NMDA-R antagonism which has 

led to an investigation into its effects on synaptic transmission. 

 

The disinhibition hypothesis postulates rapid NMDA-R antagonism on fast acting GABAergic 

inhibitory interneurons causes a reduction of inhibitory input onto pyramidal neurons which 

indirectly increases their excitability. An investigation of current clamp recordings of CA1 

pyramidal neurons in the presence of 1 µM KET demonstrated a rapid decrease in synaptic 

transmission and increased probability in synaptically driven action potential generation 

without an effect on intrinsic excitability (Widman and McMahon 2018)-52. The disinhibition 

of pyramidal neurons results in increased glutamatergic transmission which activates AMPA-

Rs leading to membrane depolarisation and Ca2+ influx through VDCC. The influx of calcium 

initiates the mammalian target of rapamycin complex 1 signalling pathway which is believed 

to be the underlying signalling cascade responsible for the morphological changes in pre-

frontal cortex pyramidal neurons (Gerhard et al, 2016). A single dose of KET has been reported 
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to increase the number of spines on apical dendrites of layer V pyramidal neurons and increased 

function of these spines demonstrated by an increase of neurotransmitter induced excitatory 

post-synaptic currents of neurons (Duman and Li, 2012). 

 

Additionally, the effect of both PCP and KET have been studied in the induction of LTP in 

vivo. Experiments by Stringer and Guyenet (1983) demonstrated animals pre-treated with PCP 

at 6 mg/kg and KET at 30 mg/kg resulted in block of LTP induction and illustrated the effect 

of dissociative anaesthetics in blockade of LTP induction. In vitro experimentation of KET 10 

µM (Figure 6) resulted in block of LTP induction in the mouse hippocampal slice preparation. 

 

 

Figure 6. Ketamine blocks LTP induction in the Schaffer-Collateral pathway. The graph 

illustrates the block of LTP induction in Schaffer-Collateral pathway of the mouse 

hippocampus. The vehicle control (black) illustrates successful induction of LTP whereas the 

10 µM ketamine (green) illustrates complete block of LTP induction (Adapted from Kang et 

al, 2020). 

 

Overall, KET produces a marked effect on synaptic transmission within the CNS, with 

alterations in cell signalling that trigger morphological changes in synaptic cells theorised as a 

possible mechanism of the antidepressant action KET. 

 

Ketamine as a rapid acting Antidepressant 

MDD is a serious mood disorder with severe symptoms that affect the emotional state, 

cognition, and performance of daily activities such as sleeping, eating, and working. 

 

The diagnosis criteria specifies that symptoms must be present for at least two weeks (National 

Institute of Mental Health, 2022). The Global Burden of Disease study (2019) reported 
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approximately 280 million people worldwide have been diagnosed with MDD. Depression has 

a global prevalence of 3.8% of the population with the disorder affecting 5.0% of people over 

20 years old and 5.2% over the age of 60 (Global burden of disease collaborative network, 

2019). The most severe outcome of depression is suicide with 703,000 cases of people dying 

because of suicide each year. In 2019, suicide was reported as the fourth largest cause of 

mortality amongst 15–19 year olds globally (World Health Organization, 2021). Evidently, 

MDD is a significant disorder that can have catastrophic effects on the life of the individual 

sufferer and can have widespread effects on the lives of the people close to them. It is a global 

necessity to develop effective treatments to rehabilitate the population that has been diagnosed 

with the disorder. 

 

Traditional antidepressant drugs target the monoaminergic neurotransmitters in the brain such 

as serotonin to restore the physiological levels observed in healthy patients (Zhang et al, 2021). 

However, antidepressants such as the Serotonin reuptake inhibitors have an onset of action that 

ranges from weeks to months before they produce a therapeutic response and are only 

moderately effective as one-third of depressed individuals are resistant to these drug treatments 

(Duman and Aghajanian, 2012). This is particularly a problem in depressed patients that are 

experiencing suicidal ideation as the delay in onset of action has been linked with increased 

risk of suicidal behaviour (Zanos and Gould, 2018). Resultantly the efficacy of approved 

antidepressant treatments is limited, especially in cases of TRD in which there is no therapeutic 

benefit from their use. 

 

A clinical trial first reported the antidepressant actions of KET in which it was administered 

intravenously (40 mins infusion) at a subanaesthetic dose of 0.5 mg/kg and a rapid onset of 

action was reported in depressed patients (Berman et al, 2000). The findings generated a great 

interest in the pharmacological profile of KET as a treatment for depression. 

Electrophysiological studies of the effect of KET on the synaptic plasticity of CA1 

hippocampal function recorded from the apical dendritic layer (stratum radiatum) found that a 

low micromolar concentration of KET (10 µM) partially inhibited NMDA-R fEPSPs by 50% 

(Izumi and Zorumski, 2014). These results demonstrate that micromolar concentrations of KET 

present in brain tissue can greatly modulate synaptic transmission. 

 

A study to distinguish the neuropsychological mechanisms of KET and Venlafaxine 

(noradrenaline and serotonin reuptake inhibitor) used the rodent affective bias test which is an 
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experimental paradigm that has demonstrated that learning which is based on experience is 

biased by affective state or pharmacological treatments. The study found that KET attenuated 

previously acquired negative biases through its effects in the prefrontal cortex. However, KET 

treatment before learning did not lead to an affective bias being formed when preference testing 

was conducted. Contrastingly, Venlafaxine induced a positive bias when administered before 

learning through effects in the amygdala, yet it was unable to attenuate previously learned 

negative biases (Stuart et al, 2015). These findings indicate that one mechanism by which KET 

exerts an antidepressant effect is through its ability to modify the negative bias of previously 

learned information. This would be effective in the treatment of MDD as a common symptom 

is rumination, which is a fixation on negative experiences that occurs in a depressive state. 

Therefore, if KET can alter the bias of the information which rumination is focused on it can 

have a significant effect on the patient’s health.  

 

One hypothesis of depressive symptomology is that there is increased activity in the default 

mode network (DMN) which is responsible for introspection and rumination. A double-blind, 

placebo-controlled crossover study investigated the sustained neural effects of KET at 2 days 

and 10 days post-infusion of a single dose that was administered intravenously in MDD patients 

and healthy control subjects. It was reported that when compared to control subjects, the insular 

connectivity within the DMN was normalised in subjects with MDD 2 days post-KET infusion, 

particularly in the right hemisphere. However, this change was reversed 10 days post-KET 

infusion and this change did not appear in either placebo scan (Evans et al, 2018). This 

indicates that KET influences structural properties in the brain that are rapidly induced but are 

not sustained over a long period of time. This may be an indication of tachyphylaxis which is 

a progressive decrease in response to a fixed dose of a drug after repeated administration. The 

KET action in depressed patients is distinct from its therapeutic action in healthy subjects. In a 

similar experimental protocol using magnetoencephalography the MDD subjects showed a 

robust, rapid, and relatively sustained antidepressant response to a single KET infusion. 

However, they observed significant increases in depressive symptoms expressed by healthy 

subjects which lasted up until 24h post-KET infusion, the main symptoms being increased 

feelings of anxiety and anhedonia. This short duration of depressive symptoms evoked by KET 

implies a rapid adaptation to the effect of the compound (Nugent et al, 2019). 

 

However, studies have determined that the initial rapid antidepressant effects of KET which 

can be observed soon after the first infusion are not maintained over a long period of time. An 
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experimental investigation into the antidepressant effect of KET in bipolar depression found 

that the average time before relapse from a single KET infusion of 0.5 mg/kg was 4.5 (standard 

error =1.3) days and a single patient maintained the antidepressant response to KET until day 

14 post-infusion (Zarate et al, 2012). Furthermore, limited studies have been conducted on the 

effect of multiple doses of KET in depressed patients. A study comparing the effect of a single 

dose of KET vs 6 infusions over 12 days in TRD patients reported that the antidepressant effect 

of the 6 KET treatments was not significantly different when compared to a single KET 

infusion (Shiroma et al, 2020). Thus, illustrating that although KET exerts a rapid 

antidepressant effect it is not sustained over long periods of time. Furthermore, KET as a long 

term treatment in MDD would not be able ideal due to its high abuse potential and multiple 

side effects.  

 

Overall, KET has a strong profile as a rapid acting antidepressant which justifies its approval 

for use in MDD. All things considered; the rapid action it initially exhibits is not maintained 

over time. An effective drug target that could exhibit the same therapeutic potential and 

improved efficacy over time is a key research aim in the treatment of MDD. 

 

Ketamine as a pharmacological treatment in Alcohol Dependence 

Interestingly, KET use in the treatment of neuropsychological disorders is not limited to MDD, 

evidence has illustrated that KET has efficacy in the treatment of alcohol use disorder. 

 

The development of alcohol dependence is believed to reflect an allostatic state- a state that 

occurs when the chronic presence of alcohol creates a continuous challenge to regulatory 

systems that unsuccessfully attempt to defend the physiological equilibrium of various internal 

processes (i.e. homeostatic set points) (Becker, 2008). 

 

In 2016, it was reported that alcohol misuse was responsible for approximately 5.3 % of deaths 

globally and represented 5.1% of the global burden of disease (World Health Organization, 

2018). Maladaptive reward memories (MRMs) are theorised to be the basis of substance use 

disorder, which in the case of alcohol use disorder are developed through continuous 

naturalistic exposure to alcohol cumulative drinking episodes. These memories are highly 

robust and demonstrate a remarkable endurance even after long periods of abstinence thus they 
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are presumed to be the core substrate underlying persistent relapse susceptibility (Gale et al, 

2021). 

 

In a study that investigated the effect of KET on the MRMs associated with excessive drinking, 

infusions of KET at 350 ng/ml in a single-blind and placebo-controlled trial found that 

intravenous KET following the brief retrieval period of maladaptive cue-alcohol memories 

produced a comprehensive reduction in the reinforcing effects of alcohol among harmful 

drinkers (Das et al, 2019). This provides evidence for the action of KET in the modulation of 

synaptic consolidation of memories associated with MRMs to diminish the synaptic strength 

of these memories which may allow for new memories to be formed and an adaption for 

memories associated with abstinence.  

 

Therefore, KET has a significant effect on synaptic plasticity at micromolar concentrations 

within the brain. In addition, KET illustrates an efficacy in treating alcohol use disorder through 

its ability to modulate the synaptic strength of the MRMs which are the robust memories which 

reinforce alcohol dependence. 

 

Methoxetamine 

The chemical structure of KET has formed the basis of various compounds that were designed 

to have similar effects to the parent compound. 

 

Methoxetamine (MXE) is a KET analogue (Figure 7), which an interview published in 2011 

revealed the clandestine chemist self-identified as ‘M’ to be the creator of the compound in 

their efforts develop a treatment for their phantom limb syndrome (Morris, 2011). MXE is a 

3-methoxy, N-methyl derivative of KET, the structural changes have been suggested by ‘M’ 

and drug user forums as: the addition of the N-ethyl group to increase potency and duration in 

action relative to KET, while alleviating the renal toxicity associated with chronic use of KET 

and the replacement of the 2-chloro group with a 3-methoxy group to decrease the anaesthetic 

and analgesic effects (Craig et al, 2014). However, animal studies have demonstrated that daily 

treatment of rats with 30 mg/kg of MXE for 4-12 weeks resulted in bladder fibrosis and 

cytotoxicity (Wang et al, 2017). Additionally, MXE is widely reported to produce more potent, 

more intense, and longer lasting dissociative effects than KET (Tracy et al, 2017). 
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Figure 7. The chemical structure of ketamine and methoxetamine. A figure illustrating the 

chemical structure of ketamine and the analogue methoxetamine (Adapted from Luethi and 

Lietchi, 2020) 

 

The structural similarity of MXE and KET lead to the presumption that MXE would exhibit 

NMDA-R antagonism. MXE has been found to have sub-micromolar affinity for the NMDA-

R (pKi= 6.59), which is comparable to KET (pKi=6.18) (Zawilska, 2014). Furthermore, 

investigations of the two MXE enantiomers S-MXE and R-MXE displayed significant 

inhibitory capacity for the NMDA-Rs and appreciable activity to inhibit serotonin uptake. 

Results also demonstrated S-MXE and R-MXE produce rapid and sustained antidepressant-

like effects in mice during the forced swim test and tail suspension models for depression 

(Botanas et al, 2021). 

 

The pharmacological profile of MXE is like that of its parent compound KET. Although it was 

designed to be a safer alternative to KET, MXE exhibits the same dissociative properties and 

is not ‘bladder friendly’ as it still causes damage to urinary function.  

 

The prominence of SPS provides an exploration into the unknown effects of these new drug 

compounds on brain function. This project focuses on investigating the pharmacological 

properties of a new KET derivative 2-oxo-PCMe and its effect on synaptic transmission in 

comparison to its parent compound KET. 

 

 

 



 30 

Aims and Hypothesis 

The hypothesis is that 2-oxo-PCMe (a new KET derivative) will inhibit the fEPSPs mediated 

by the NMDA-R in a dose dependent manner. It is further hypothesised that the action of 2-

oxo-PCMe will block the induction of LTP mediated by the NMDA-R.  

 

The aim of this research is to investigate the effect of 2-oxo-PCMe on NMDA-R mediated 

synaptic transmission. Another aim is to characterise the pharmacological action of 2-oxo-

PCMe on NMDA-R mediated synaptic transmission at different concentrations. Additionally, 

this project will investigate the effect of 2-oxo-PCMe on NMDA-R mediated induction of LTP 

at hippocampal CA1 synapses. Given that 2-oxo-PCMe is a derivative of KET (a known 

NMDA-R antagonist) it can be inferred that 2-oxo-PCMe would have a similar 

pharmacological action at the NMDA-R. 
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Materials and Methods 

Animals 

Experiments were conducted using male Wistar rats aged 4–9 weeks -old (Charles River, UK). 

The animals were housed in standard plexiglass cages with a normal 12-hour light-dark cycle, 

at room temperature. Animals had access to food and water at will in accordance with the 

Animals Scientific Procedures Act (1986). 

 

Controlled Substance 

KET is classified as a Class C drug and as such it was handled as a controlled substance in 

accordance with the Misuse of Drugs Act 1971 (Amended order 2014). KET was obtained for 

use in scientific research which was conducted under the supervision of a licenced individual. 

 

Hippocampal Slice Preparation 

There were two principal sequences to prepare the hippocampal slices. Firstly, it was necessary 

to prepare all the required equipment and then to manipulate the brain itself to obtain the slices.  

1) The equipment list to prepare the hippocampal slices included: 

-An isolated chamber to anaesthetize the animal by exposure to isoflurane  

-A Guillotine for decapitation 

-A manual advance Vibratome (World Precision Instruments), to obtain the slices at 

400 µm  

-Several surgical tools to dissect and manipulate the brain (scalpels of 11 and 15 size, 

a spoon, tweezers, a small spatula, and medical scissors) and super glue 

- A solution of artificial cerebro-spinal fluid (aCSF) formulated from 124 mM NaCl, 3 

mM KCl, 26 mM NaHCO3, 1.4 mM NaH2PO4, 1.0 mM MgSO4, 10 mM D-glucose 

with 2 mM CaCl2, bubbled continuously with 95% Oxygen and 5% CO2 to set the pH 

value to7.4 with a starting temperature of -5C and later rising to 27C (See below). 

2) The procedure to obtain the slices involved the following standard protocol: 

1. Anesthetization of the animal in the anaesthetic chamber using 100% Isoflurane in 

Oxygen with a flow rate of 1.7 ml per minute 

2. Animal sacrifice in accordance with the Animal Scientific Act (1986) by use of a 

guillotine. The brain was extracted with medical scissors which exposed the skull, 

and a scalpel was used to remove the layers of tissue surrounding the brain. The 
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scalpel was also used to remove the prefrontal and cervical regions which remained 

in the skull. 

3. Submerged the brain in a solution of chilled aCSF perfused with a mixture of 

Oxygen (95%) and CO2 (5%). 

4.  The brain was then dissected by removal of the frontal cortex and cerebellum. The 

remaining part of the brain was separated by cutting through the central sulcus. 

5. Fixation of the brain by glue in the slicing chamber with oxygenated/iced (-5ºC) 

aCSF, including an agar block to secure the cervical region of the brain. 

6. Brain sliced at a thickness of 400 µm following a septo-temporal progression. 

7. Dissection of the hippocampal slices from the rest of the brain with the use of a 11 

& 15 size scalpels. 

8. Addition of fresh aCSF at room temperature to allow the hippocampal slices to rest 

for at least one hour.  

 

The electrophysiological recordings 

The set-up used for in-vitro electrophysiology in this research was constructed of the following 

elements: anti-vibration table (Newport), dissecting microscope (Leica), micromanipulators 

for the stimulating and recording electrode (Narishigie), one glass recording electrode filled 

with aCSF, two twisted NiCr wire (0.05-0.08 mm diameter) stimulating electrodes (S0 and S1 

respectively), ground electrode, electrode stimulation boxes (Digitimer Ltd.), recording 

chamber, perfusion and suction system constructed from polyethene tubing, a bottom and cover 

net, unstirred water bath (Clifton), amplifier (Axoclamp 2B, Axon Instruments), digitizing 

card, 60 Hz electrical noise eliminator (Humbug) and computer and software for data 

acquisition using WinLTP. The assembly of the recording chamber is shown in Figure 8. 

 

The experiments to isolate the NMDA-R response included the use of the following 

compounds: NBQX (10 µM) (AMPA receptor antagonist), Picrotoxin (50 µM) (PTX) (GABAa 

receptor antagonist) and CGP 55845 (1 µM) (GABAb receptor antagonist). 
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Figure 8. Photograph captured from the experimental set-up and recording chamber. A distal 

view of chamber a. & b. micromanipulators with the two stimulating electrodes (S0 and S1), c. 

micromanipulator with the recording electrode, d. ground electrode, e. microscope, f. the 

suction system to submerge and interface the slices as necessary. 

 

Experimental procedures 

After at least an hour of resting, two hippocampal slices were transferred to the recording 

chamber with the use of a small brush to place them in the appropriate position. The health of 

the slices was maintained by the constant perfusion of oxygenated aCSF at 2ml per minute and 

kept at 272C. The slices were maintained in the interface configuration to position the 

electrodes correctly in the slice. The two stimulating electrodes (S0 and S1) were required to 

stimulate two independent sets of fibres within the slice, this increased the probability of a 

successful experiment as there was a greater chance of locating viable axon fibres to record in 

case one set of axon fibres failed to evoke a response. The stimulating electrodes S0 and S1 

alongside the recording electrode were positioned in the stratum radiatum of CA1 to stimulate 

the SC pathway as illustrated in Figure 9. The recording electrode had a resistance between 3-

7 M to minimise electrical signal noise. Once the electrodes were in the desired configuration 

a. S0 

 

b. S1 

e 

c 

d 

f 
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the slices were submerged to create a stable recording environment and enabled the fast 

diffusion of the drug compounds into the slice. Following the submersion of the slices, the 

main protocol for the fEPSP baseline was initiated using WinLTP. 
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Figure 9. Visual representations of the 

recording configuration in the 

hippocampal slice preparation. A. 

Diagram illustrating the configuration 

of the recording and stimulating 

electrodes within the stratum radiatum 

of the CA1 in the hippocampus 

(Adapted from Doherty A., personal 

communication, 2010) 

  

 

 

B 

S0 
S1 

Recording 

B. Photograph captured from the microscope 

when the slices were in the interface 

configuration. The slices were placed above 

the supporting net and fixed below the cover 

net with the electrodes positioned in CA1 

region of the hippocampus. 
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NMDAR mediated fEPSP 

Once a stable field EPSP amplitude in the range of 0.5-1.0 mV was recorded, the NMDA-R 

mediated component of the fEPSP was isolated by the application of a cocktail of drugs 

containing: NBQX (10 µM), Picrotoxin PTX (50 µM) and CGP 55845 (1 µM) via the aCSF 

perfusion. To evoke an NMDA-R mediated fEPSPs the stimulus strength was increased by 

100-150% of the initial value. 

 

Once a fEPSP of 0.5-1.0 mV was achieved for the NMDAR-fEPSPs a new baseline of the 

NMDA-R fEPSP was then established. 

 

Pharmacological effects of 2-oxo-PCMe on NMDA-R fEPSP 

The combination of drugs to abolish AMPA, GABAa and GABAb receptor mediated 

components combined with an increase of the stimulus strength, generated a response which 

was composed of the synaptic activation of the NMDA-R. Therefore, it was possible to test 

and validate the effect of known NMDA-R antagonists and subsequently investigate and 

compare the effects of the novel compound, 2-oxo-PCMe. Once a stable baseline of the 

NMDA-R mediated component was established for a minimum of 30 mins, the response was 

challenged by addition of the standard non-competitive NMDA-R antagonist, KET at 10 µM 

for 3 hours (180 mins) in the aCSF perfusion. Following the confirmation that this was a 

suitable protocol for the investigation of NMDA-R antagonism, later experiments investigated 

the effects of 0.1 µM, 1 µM, 3 µM, 10 µM and 30 µM of 2-oxo-PCMe. Once the experimental 

recording was completed, the competitive NMDA-R antagonist D-2-amino-5-

phosphonopentanoate (D-AP5) at 100 µM was used as a positive control to block any 

remaining NMDA-R component. 
 

Long-term potentiation (LTP) experiments 

The following control experiments demonstrated that the slice was able to induce LTP. A stable 

baseline of the AMPA-R mediated fEPSP was established using the previously mentioned 

protocol. Theta burst stimulation (TBS) (5 bursts, each comprised of 5 stimuli at 100 Hz, each 

separated by 200 ms) was applied to axon fibres within the slice to induce LTP and followed 

for 1 hour (60 mins) post induction. 

 

For the investigation with 2-oxo-PCMe 10 µM, an AMPA-R baseline was established and then 

2-oxo-PCMe at 10 µM was perfused into the aCSF for 2 hours (120 mins). Following this, TBS 
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was delivered to the axon fibres to test whether 2-oxo-PCMe 10 µM would block the induction 

of LTP.  

 

Drug Compounds 

Table 1 shows the drug compounds which were added to the aCSF perfusion. The drug 

compounds were stored in the freezer at -20°C to prevent degradation over time. 

 

Data Acquisition and protocols within WinLTP 

The signal registered from the recording electrode was amplified by a magnitude of 1x103, 

filtered from 50/60 Hz noise and displayed using WinLTP. The experiments were performed 

using the main protocol configured for 2 stimulation electrodes that measured peak amplitude 

every 2 minutes, responses were evoked alternatively in S0 and S1 with each input stimulated 

every 30 seconds. The 4 consecutive responses were averaged for each input and the peak 

amplitude was plotted. 

 

The LTP experiments followed the same protocol before the induction of TBS consisting of 1 

train with 5 pulses each with 5 stimuli at 100 Hz and interval of 200 ms. The responses 

following the TBS protocol were recorded and the peak amplitude was plotted.  

 

Statistical analysis and Graph generation 

The graphs were generated using Microsoft Office Excel of which the peak amplitude of each 

experiment was normalised in respect of the baseline value. For the NMDA-R fEPSP 

experiments the data was normalised to the NMDA-R fEPSP baseline whereas the LTP 

experiments were normalised to the AMPA-R fEPSP baseline. 

 

The data generated did not adhere to the gaussian distribution when analysed by the Shapiro-

Wilks test. The non-parametric Wilcoxon test was selected to analyse the data using the last 

point of baseline compared to the last point of drug perfusion for each experimental condition, 

where p<0.05 was the point of significance.  

 

The pooled data for each experimental condition was plotted in Microsoft Office Excel with 

each graph displaying the mean SEM (standard error of mean) as error bars and as a value of 

inference as opposed to the descriptive statistic of standard deviation.  
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The log inhibition graph was generated in GraphPad prism 9.0 using the non-linear regression 

analysis with the log [inhibitor] vs normalised response equation. The Inhibitory concentration 

50 (IC50) value is displayed on the graph.  

 

The traces inserted in the figures are representative of the fEPSP recorded at the time point 

indicated on the graph. 

 

 

Table 1. The principal chemical features of the drug compounds used in this research project. 
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Name Action Stock 

Concentration 

(mM) 

Experimental 

concentration 

(µM) 

Solvent Structure Manufacturer 

NBQX AMPA-R 

antagonist 

10 10 Distilled 

water 

 

 

Hello 

Bio 

Picrotoxin GABAa 

antagonist 

100 50 Distilled 

water 

 

 

Hello Bio 

CGP55845 GABAb 

antagonist 

10 1 DMSO 

 

 

Hello Bio 

D-AP5 Competitive 

NMDA-R 

antagonist 

100 100 Distilled 

water  

Hello Bio 

Ketamine Non-

competitive 

NMDA-R 

antagonist 

10 10 Distilled 

water 

 

 

University 

of Bristol 

2-oxo-

PCMe 

Not 

determined 

10 0.1, 3, 1, 10 

and 30 

Distilled 

water 

 

 

- 

Dr. Jason 

Wallach 

(University of 

Sciences, 

Philadelphia, 

USA) 
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Results 

NMDA-R mediated response validation 

The first experiment was designed to validate the isolation of the NMDA-R mediated fEPSP 

after the application of a cocktail of antagonists for the AMPA/GABA receptors (NBQX 10 

µM, PTX 50 µM and CGP 55845 1µM) and the response was challenged by the known 

NMDA-R antagonists KET (10µM) and D-AP5 (100µM). 

 

NMDA-R mediated response challenged with ketamine and D-AP5 

The complete experimental protocol to validate the NMDA-R mediated response is shown in 

Figure 10 A, with the application of KET at 10 µM as the standard NMDA-R antagonist. 

Once a stable baseline was established of the AMPA-R mediated response the AMPA, GABAa 

and GABAb receptor components were blocked (with NBQX (10 µM), PTX (50 µM) and CGP 

55845 (1 µM), respectively) and the NMDA-R mediated response was evoked by increasing 

the stimulus strength. After 30 mins of a stable NMDA-R fEPSP baseline, KET at 10 µM was 

infused with the AMPA and GABA antagonist containing aCSF and the NMDA-R fEPSPs 

were gradually inhibited. In Figure 10 A, a single experiment is shown whereas Figure 10 B 

illustrates the pooled data (mean±SEM, n=4) with 4 different subjects demonstrating a 

reduction in the NMDA-R fEPSP after 180 mins perfusion with KET. The addition of D-AP5 

at 100 µM in the last 16 mins of experimentation showed a rapid reduction of the NMDA-R 

fEPSP, demonstrating the validity of the NMDA-R mediated response in these experiments.  
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Figure 10. Validation and time course inhibition of NMDA-R mediated fEPSP by ketamine at 

10 µM and D-AP5 100 µM. A. The whole experimental protocol after application of the 

AMPA/GABA antagonist cocktail and increase of the stimulus strength (black arrow) which 

isolated the NMDA-R fEPSP (red box). The NMDA-R fEPSP was inhibited by the application 

of ketamine at 10 µM and D-AP5 100 µM. The traces indicate the nature of the response 

recorded at the time points a, b, c, d and e respectively. B. Pooled data (n=4) of the time course 

inhibition by ketamine at 10 µM and D-AP5 at 100 µM from an average of four experiments 

(The data is represented as the mean SEM). 
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This experimental procedure illustrated the protocol used effectively produced an NMDA-R 

mediated fEPSP, thus it was feasible to proceed with the protocol and test the effect of 2-oxo-

PCMe on the NMDA-R response. 

 

Effect of 2-oxo-PCMe on NMDA-R mediated fEPSPs 

Following the established experimental protocol to isolate the NMDA-R mediated component 

and once the second 30 mins baseline was generated, 2-oxo-PCMe was added to the perfusion 

with the AMPA/GABA antagonist cocktail for 180 mins to investigate the capacity of the drug 

to inhibit the NMDA-R fEPSP. During the last 16 mins, D-AP5 was added to the perfusion to 

validate the NMDA-R response. 

 

Addition of 0.1 µM 2-oxo-PCMe reduced the NMDA-fEPSP by 4% after 90 mins and 3%   

after 180 mins in a single experiment (Figure 11 A). The pooled data (Figure 11 B, n=4, mean 

SEM) of 4 subjects showed a reduction of 7  3% after 90 mins and 7 5% after 180 mins 

(Wilcoxon test, n=4, p>0.05) 
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Figure 11. Time course inhibition of the NMDA-R fEPSP by 0.1 µM 2-oxo-PCMe. The 

example raw traces indicate the nature of the response at each time point (a, b and c) on the 

graph. A. Example of a single experiment, after establishing a stable baseline with NBQX (10 

µM), PTX (50 µM) and CGP55845 (1 µM), 0.1 µM 2-oxo-PCMe and lastly D-AP5 was added 

to validate the NMDA-R response. B. Pooled data (n=4, mean SEM) of 4 single experiments 

reflects the same pattern of inhibition (Wilcoxon test, n=4, p> 0.05). 
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To further test the sensitivity of the NMDA-R fEPSP to 2-oxo-PCMe, 1 µM, 3 µM, 10 µM and 

30 µM 2-oxo-PCMe were added following the same protocol as mentioned previously. The 

addition of 1µM reduced the NMDA-R fEPSP in a single experiment by 39% after 90 mins 

and by 46% after 180 mins (Figure 12 A). The pooled data (n=6, mean SEM) reflected a 

similar pattern with a reduction of 313% after 90 mins and by 423% 180 mins of drug 

perfusion (Figure 12 B, Wilcoxon test, n =6, p<0.05).  

 

 

Figure 12. Time course inhibition of the NMDA-R mediated fEPSP by 1 µM 2-oxo-PCMe. 

The example raw traces indicate the nature of the response at each time point (a, b and c) on 

the graph. A. Example of a single experiment of 1 µM 2-oxo-PCMe with D-AP5 added later 

to validate the NMDA-R response. B. Pooled data (n=6, meanSEM) of 6 subjects (Wilcoxon 

test, n=6, p<0.05). 
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Application of 3 µM 2-oxo-PCMe saw a larger inhibition of the NMDA-R fEPSP in a single 

experiment of 33% after 90 mins and 49% after 180 mins (Figure 13 A). The pooled data 

(Figure 13 B, n=6, mean SEM showed) a similar inhibition of 443% after 90 mins and 

533% after 180 mins of drug perfusion (Wilcoxon test, n=6, p<0.05).   

 

 

Figure 13. Time course inhibition of the NMDA-R mediated fEPSP by 3 µM 2-oxo-PCMe. 

The example raw traces indicate the nature of the response at each time point (a, b and c) on 

the graph. A. Example of a single experiment of 3 µM 2-oxo-PCMe with D-AP5 added later 

to validate the NMDA-R response. B. Pooled data (n=6, meanSEM) of 6 subjects (Wilcoxon 

test, n=6, p<0.05). 
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mean SEM) showed 703% after 90 mins and 752% after 180 mins (Wilcoxon test, n=6, 

p<0.05). 

 

 

Figure 14. Time course inhibition of the NMDA-R mediated fEPSP by 10 µM 2-oxo-PCMe. 

The example raw traces indicate the nature of the response at each time point (a, b and c) on 

the graph. A. Example of a single experiment of 10 µM 2-oxo-PCMe with D-AP5 added later 

to validate the NMDA-R response. B. Pooled data (n=6, meanSEM) of 6 subjects (Wilcoxon 

test, n=6, p<0.05). 
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(Figure 15 B, n=4, mean SEM) with a reduction of 832% after 90 mins and a plateau at a 

reduction of 862% after 180 mins (Wilcoxon test, n=4, p>0.05).  

 

 

Figure 15. Time course inhibition of the NMDA-R mediated fEPSP by 30 µM 2-oxo-PCMe. 

The example raw traces indicate the nature of the response at each time point (a, b and c) on 

the graph. A. Example of a single experiment of 30 µM 2-oxo-PCMe with D-AP5 added later 

to challenge the NMDA-R response. B. Pooled data (n=4, meanSEM) of 6 subjects (Wilcoxon 

test, n=4, p>0.05). 

 

Figure 16 shows the combination of the pooled data for each concentration of 2-oxo-PCMe, 

which illustrates the inhibitory action of 2-oxo-PCMe was concentration dependent. 
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Figure 16. The different patterns of time-course inhibition and magnitude of the NMDA-R 

fEPSP by 0.1 µM, 1 µM, 3 µM, 10 µM and 30 µM 2-oxo-PCMe. The addition of D-AP5 in 

the last 16 mins to validate fEPSP was mediated by the NMDA-R (positive control). (0.1 µM, 

n=4, mean SEM; Wilcoxon test, P>0.05), (1 µM, n=6, mean SEM; Wilcoxon test, P<0.05), 

(3 µM, n=6, mean SEM; Wilcoxon test, P<0.05), (10 µM, n=4, mean SEM; Wilcoxon test, 

P<0.05), (30 µM, n=4, mean SEM; Wilcoxon test, P>0.05). 

 

The concentration dependent effect of 2-oxo-PCMe was further analysed to deduce the IC50 

value. A log inhibition graph of 2-oxo-PCMe (Figure 17) displays the IC50 which was 

calculated as 2.31 x 10-6 M which is converted to 2.31 µM. 
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Figure 17. Log 2-oxo-PCMe concentration inhibition of NMDA-R fEPSP Amplitude. The 

figure illustrates the concentration dependent inhibition by 2-oxo-PCMe of the NMDA-R 

mediated fEPSP amplitude. The IC50 value was calculated as 2.31 x 10-6 M (2.31 µM). 

 

Effect of 2-oxo-PCMe on LTP experiments 

The protocol of TBS was used to induce LTP in the SC pathway. Once control experiments 

validated the TBS induction, the protocol was then feasible to test the effect of 2-oxo-PCMe 

on LTP induction.  

 

A concentration of 2-oxo-PCMe at 10 µM was selected to investigate the effect of the drug on 

LTP induction. Once a stable AMPA-R mediated baseline was generated, 10 µM 2-oxo-PCMe 

was perfused in the aCSF for 120 mins. Following a stable baseline in the presence of 2-oxo-

PCMe the TBS protocol was initiated to induce LTP. 

 

Figure 18 A shows control experiments in which the application of the TBS resulted in the 

induction of LTP with an increase of 30% peak amplitude after 60 minutes in a single 

experiment. In Figure 18 B the pooled data (n=4, mean SEM) showed an increase of 368% 

in the peak amplitude after 60 mins.  
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Figure 18. The induction of LTP in the hippocampal CA1 Schaffer Collateral pathway by 

Theta burst stimulation. A. An example of a single control experiment showing the induction 

of LTP, the point of theta burst stimulation is indicated by the black arrow. The example raw 

traces indicate the response which was recorded at points a and b respectively. B. Pooled data 

(n=4, mean SEM) of the induction of LTP from 4 single experiments. 
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60 minutes (Wilcoxon test, n=6, p>0.05). These results indicate that 2-oxo-PCMe blocks LTP 

induction generated by TBS protocol. 

 

 
Figure 19. The block of LTP induction by 2-oxo-PCMe in the hippocampal CA1 Schaffer 

Collateral pathway. A. Example of a single experiment of LTP induction in the presence of 2-

oxo PCMe at 10 µM. The point of theta burst stimulation is indicated by the black arrow. The 

example raw traces indicate the nature of the response that was recorded at points a and b 

respectively. B. Pooled data (n=6, mean ± SEM) from 6 subjects (Wilcoxon test, n=6, p>0.05). 
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Discussion 

The effect of 2-oxo-PCMe on NMDA-R mediated hippocampal activity 

In this study, the results with KET and D-AP5 validated the experimental protocol as suitable 

for testing the NMDA-R antagonist activity of 2-oxo-PCMe, a new KET derivative, which 

greatly inhibited the NMDA-R mediated fEPSP (Figures 13, 14 & 15). These are the first 

descriptions of the pharmacological actions of 2-oxo-PCMe as a thorough search of the 

relevant literature yielded no related material. The time-course of inhibition by 2-oxo-PCMe 

was like its parent compound; the non-competitive antagonist KET, rather than the rapid action 

of the competitive antagonist D-AP5.  

 

The recording of hippocampal synaptic activity from the SC-CA1 and the subsequent isolation 

of the NMDA-R fEPSP facilitated the investigation of the effect of 2-oxo-PCMe on NMDA-R 

mediated synaptic activity. The fEPSP response was validated by using the established non-

competitive receptor antagonist, KET 10 µM as evidence that the isolated response was 

NMDA-R dependent. Additionally, application of D-AP5 at the end of each experiment further 

validated the NMDA-R dependency of the fEPSP response. The perfusion of 0.1 µM, 1 µM, 3 

µM, 10 µM and 30 µM 2-oxo-PCMe shows a more potent magnitude of inhibition of the 

NMDA-R fEPSPs than KET. The results for the concentrations 1 µM, 3 µM and 10 µM 2-oxo-

PCMe (Figure 12B, 13 B and 14 B) were significant which demonstrates the inhibition of 

NMDA-R fEPSPs was due to the antagonist properties of 2-oxo-PCMe.  

 

The results illustrate a concertation-dependent inhibition of the NMDA-R mediated response 

(Figure 16). The largest inhibition by 2-oxo-PCMe was at a concentration of 30 µM at a plateau 

of 862%. Moreover, the data was further analysed by generating a log concentration inhibition 

graph of 2-oxo-PCMe (Figure 17) which calculated the IC50 as 2.31 x 10-6 M which is converted 

to 2.31 µM. The IC50 is the concentration of an inhibitor where the biological response or 

binding is reduced by 50%. However, in all experimental conditions, 100% inhibition of the 

NMDA-R fEPSP was never achieved even in the presence of D-AP5. An established problem 

within electrophysiology is the existence of electrical noise, which is any disturbance that 

interferes with the desired signal and within electrophysiological preparations ‘noise’ can be 

generated from the recording electrode, electronic equipment (i.e. amplifier), interference from 

external sources (fluorescent lights, computer monitors etc.) and noise from the digitization 

process (i.e. quantizing) (Axon Guide, 2021). Although, the appropriate equipment was utilised 
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(i.e. Humbug electrical noise eliminator) to minimise electrical noise within the preparation it 

is a limitation that can never be fully resolved. 

 

The effect of 2-oxo-PCMe on NMDA-R mediated LTP 

As illustrated in Figure 19, perfusion of 10 µM 2-oxo-PCMe blocked the induction of NMDA-

R mediated LTP. The concentration of 10 µM was selected for efficiency to investigate the 

effect of 2-oxo-PCMe on NMDA-R mediated LTP induction due to the limited resources for 

experimentation and time constraints of the research project. Taking the result of LTP induction 

blockade by 10 µM 2-oxo-PCMe alongside the result of 2-oxo-PCMe at 10 µM inhibiting 

752% of NMDA-Rs indicates that a low concentration is sufficient to block synaptic 

transmission of the NMDA-R mediated response. The implication of this finding is that only a 

low concentration of 2-oxo-PCMe might be sufficient to deliver a therapeutic effect and may 

result in a reduced likelihood of side effect prevalence by using such low concentrations. 

However, the fact that 2-oxo-PCMe results in LTP induction blockade might reflect chronic 

use of this compound would impair memory function as documented for other established non-

competitive NMDA-R antagonists (Morgan et al, 2004). 

 

However, the protocol used to induce LTP in these experiments was TBS which is a similar 

frequency to the hippocampal rhythm of 4-7 Hz which is the EEG pattern generated during 

exploratory activity and LTP induction in the rat hippocampus (Capocchi et al, 1992). 

Furthermore, an investigation into the difference between TBS (four repeated bursts at 200 ms 

intervals) and Tetanus (100 Hz train consisting of 8-100 pulses) for LTP induction found 

significantly larger LTP was induced by TBS with 20 pulses, 40 pulses and 100 pulses when 

compared to LTP induced by a tetanus consisting of the same number of pulses (Larson and 

Munkácsy, 2015). Thus, LTP induction by TBS protocol was selected due to its physiological 

relevance to existing brain patterns and its ability to evoke a more robust LTP in comparison 

to a tetanus induction protocol.  

 

The chemical structure of 2-oxo-PCMe 

The chemical structure of 2-oxo-PCMe is currently not available. However, the existence of 

another ketamine analogue named N-ethyl-deschloroketamine (2-oxo-PCE) which was 

synthesised in 1962 as part of a project focused on the development of a short-acting PCP 

derivative resulted in the discovery of KET (Chong et al, 2017). Although the basic skeleton 
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of KET, MXE and 2-oxo-PCE is maintained (2-phenyl-2-aminocylohexanone) (Figure 20) but 

2-oxo-PCE has an ethyl group substituent group at the amino group alone and although similar, 

MXE has an additional methoxy group substituted at the 3 position of the phenyl ring (Cheng 

and Dao, 2020). Additionally, the structure of another KET analogue 2-methylamino-2-

phenyl-cyclohexanone (2-oxo-PCM) features a similar structure to 2-oxo-PCE but with a 

methyl group substituent at the amino group (Hájková et al, 2020). Perhaps the chemical 

structure of 2-oxo-PCMe is structurally identical to 2-oxo-PCM with a difference in the 

molecules linked to the methyl group or possibly the methyl group is positioned at a different 

point of the chemical skeleton.  

 

Figure 20. A diagram illustrating the chemical structure of recent ketamine derivatives. The 

following compounds are depicted; 1) N-ethyl-deschloroketamine (2-oxo-PCE), 2) 2-

methylamino-2-phenyl-cyclohexanone (2-oxo-PCM) (Adapted from Theofel et al, 2018). 

 

The pharmacological action of KET compared to 2-oxo-PCMe 

The experimental data obtained from testing the five concentrations of 2-oxo-PCMe indicate 

that it may have a more potent inhibitory action of NMDA-R mediated fEPSPs. 

 

Firstly, experiments recording time-course inhibition of NMDA-R fEPSPs after 3 hours 

reported 1 µM KET produced a reduction of 66% whereas the inhibition by 1 µM 2-oxo-

PCMe was found to be 403% and the inhibition of KET at 10 µM has been reported as 632% 

whereas 10 µM 2-oxo-PCMe was found to be 752% (Wallach et al, 2016). When compared 

to KET at the same concertation 2-oxo-PCMe has a larger magnitude of inhibition of NMDA-

R mediated fEPSPs. 

 

Secondly the IC50 value is a measure of the potency of a drug compound: it is the concentration 

of a drug that inhibits 50% of receptors/ the biological response. Experimentally, the IC50 value 

of KET in mouse hippocampal slices was calculated as 4.5 µM (Lumsden et al, 2019). The IC50 
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value of 2-oxo-PCMe obtained from these experiments was 2.31 µM. The IC50 calculated for 

2-oxo-PCMe is smaller than that of KET which suggests that it has a more potent effect at the 

NMDA-R as a smaller concentration is required in comparison to KET to establish a 50% 

inhibition of NMDA-Rs. 

 

Lastly, both KET and 2-oxo-PCMe are potent at micromolar doses to block LTP induction. 

Experimentally, KET at 10 µM concentration was sufficient in blockade of LTP induction in 

the SC-CA1 pathway in the mouse hippocampus (Kang et al, 2020). Similarly, the 

concentration 10 µM 2-oxo-PCMe was sufficient in blocking LTP induction in the SC-CA1 of 

the rat brain hippocampus. 

 

Overall, the results from these experiments when compared to the existing literature of KET 

indicates that 2-oxo-PCMe has a more potent action at the NMDA-R. Although, these are first 

experiments investigating 2-oxo-PCMe, and reproducible results are required to confirm its 

effects on NMDA-R mediated synaptic transmission. 

 

The possible Mechanisms of action expressed by 2-oxo-PCMe 

The NMDA-R is a significant drug target as the pathology of several neurological disorders 

are linked to NMDA-R dysfunction such as depression, autism, schizophrenia, and epilepsy 

which would subsequently benefit from NMDA-R antagonism treatment (Hansen et al, 2017). 

The development of novel compounds belonging to the dissociative anaesthetics classification 

has prompted research into the pharmacological properties of these compounds to investigate 

their effects on the NMDA-R and potential therapeutic benefits (Kang et al, 2017, Wallach et 

al 2019). New analogues of dissociative anaesthetics are being designed to deliver therapeutic 

benefits beyond the anaesthetic properties for which these compounds were initially designed 

for.  

 

KET is an ‘open-channel’ blocker of the NMDA-R meaning that KET only binds to the ion-

channel pore when the NMDA-R is in the open configuration which means KET would be 

most effective in excessive pathological activity as there would be statistically more open 

channels that would be more susceptible to blockade by KET (Chen and Lipton, 2006). 

Experiments have found that KET binding facilitates faster recovery from desensitization in 

GluN1/GluN2B expressing receptors (Glasgow et al, 2017). This is important as 

desensitization is a key feature of all membrane receptors and limits the effectiveness of the 
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receptor. Thus, KET action at the NMDA-R has the benefit of modulating excessive activity 

whilst potentially facilitating recovery from the desensitized state to restore function of the 

receptor function. This could be a possible mechanism of action expressed by 2-oxo-PCMe 

antagonism at the NMDA-R. Additionally, given that 2-oxo-PCMe has antagonistic properties 

at the NMDA-R it may induce the adverse effects documented for the dissociative anaesthetics 

such as agitation, confusion, disorientation, hallucinations, and amnesia (Luethi and Liechti, 

2020). 

 

The non-competitive antagonists target the channel pore of the NMDA-R which is a highly 

conserved portion of the receptor and results in minimal selectivity for various channel 

blockers across the NMDA-R subtypes (Ogden and Traynelis, 2011). However, studies have 

demonstrated that the knockout of the GluN2B subunit on GABAergic interneurons and not 

pyramid cells of the medial pre-frontal cortex had antidepressant effects and occluded the 

antidepressant effects of KET (Jelen et al 2021). It’s possible that 2-oxo-PCMe has a broad 

action across all NMDA-R subtypes but may have a preferential action on the GluN2B subtype 

and may also mediate antidepressant effects through mediating the disinhibition of GABAergic 

neurons as demonstrated by KET (Widman and McMahon 2018). 

 

KET has also illustrated clinical efficacy as a rapid-acting antidepressant and pharmacological 

treatment of alcohol dependency (Berman et al 2000, Das et al 2019, Stuart et al 2015). 

Furthermore, experimental results have illustrated that systematic and intracortical KET 

application triggers an increased efflux from serotonergic and noradrenergic neurons within 

central brain circuits (López-Gil et al, 2019). Furthermore, KET has been reported as a weak 

agonist at the dopaminergic D2 receptors and increases the release of dopamine whilst 

inhibiting uptake (Ingram et al, 2018). In the rat learned helplessness model of depression, 

KET restored dopaminergic population activity within helpless rats when compared with 

control animals (Belujon et al, 2017). Therefore, the antidepressant efficacy of KET extends 

beyond its antagonism of the NMDA-R by its ability to modulate the transport proteins of key 

neurotransmitters that have been demonstrated to contribute to the pathology of depression. 

Therefore, it could be possible that 2-oxo-PCMe may also have similar mechanisms of action 

independent of the NMDA-R that could produce an antidepressant effect. Therefore, it would 

be beneficial to investigate the binding properties of 2-oxo-PCMe at the relevant monoamine 

transporter proteins to investigate the potential action of 2-oxo-PCMe at these protein channels. 
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The sustained antidepressant effects of KET were recently attributed to its ability to regulate 

the kcnq2 gene which encodes for the Kv7.2 protein (a slow-acting voltage-gated K+ channel 

which is crucial in the regulation of neuronal excitability). The experiments demonstrated that 

KET evokes an acute anti-depressant like effect in the forced swim test 30 mins post injection 

whereas knock down of kcnq2 in the ventral hippocampus results in disruption to this effect. 

However, a change in mRNA levels of kcnq2 was detected 2 days post-injection which 

suggests kcnq2 has an important role in the long-lasting antidepressant effects of KET as 

opposed to a rapid onset of action (Lopez et al, 2022). Thus, a possible mechanism by which 

KET exerts long-term effects could also be applicable to 2-oxo-PCMe. 

 

Furthermore, it could be possible that 2-oxo-PCMe has some action that is not NMDA-R 

dependent. One possible action of 2-oxo-PCMe is the reduction in neurotransmitter release 

from the vesicles. However, if this was the case the long period of drug infusion with 2-oxo-

PCMe would have seen complete depletion of the NMDA-R mediated response as it is 

dependent on glutamate release. Furthermore, it could be speculated that 2-oxo-PCMe has 

some action at the AMPA-R as this receptor was not blocked during LTP experiments. 

Although a slight reduction in AMPA-R fEPSPs was observed during infusion of 2-oxo-PCMe 

this is probably a reflection of reduced NMDA-R function which would have been reflected as 

a reduction in the AMPA-R mediated response. A recording of the slope value as opposed to 

the peak amplitude would determine whether 2-oxo-PCMe effects the AMPA-R mediated 

response. 

 

To summarise, there are many possible mechanisms that 2-oxo-PCMe exerts that are NMDA-

R dependent, but it may have non-NMDA-R action like its parent compound KET. 

 

Limitations of the study of 2-oxo-PCMe 

The results generated from this research can only be used as an early investigation into the 

pharmacological properties of 2-oxo-PCMe. Due to the time constraints and resources 

available this project was limited in its scope to further explore the pharmacological properties 

of 2-oxo-PCMe.  

 

One limitation of this study is that the effect of 2-oxoPCMe on NMDA-R mediated LTD was 

not investigated. The age range of the animals used in these experiments would have required 

chemical induction of LTD (Kemp et al, 2000). Thus, the additional pharmacological 
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manipulation involved in chemical LTD induction is not an accurate reflection of physiological 

LTD induction and would have caused difficulty in distinguishing the effect of 2-oxo-PCMe 

this form of synaptic activity. Thus, due to the limitations of this study it was possible to 

investigate the action of 2-oxo-PCMe on LTD. 

 

In addition, LTP induction experiments have reported increases of 50-200% in fEPSP 

responses which were sustained for hours or days. The LTP reported in these experiments was 

a 14-52% increase in fEPSPs from the use of TBS protocol. A possible explanation for the 

smaller increases reported in these experiments could be issues that occurred during the 

experimental protocol such as the health of the slices used for experimentation and the 

positioning of the electrodes within the slice (Bortolotto et al, 2001). An improvement to this 

experimental protocol would be LTP induction with 40 pulses which induced the greatest 

increase of approximately 65% in TBS LTP induction experiments as opposed to the 25 pulses 

that were used in this protocol (Larson and Munkascy 2015). 

 

Another limitation of this study is that the LTP experiments only recorded for 1 hour post 

induction protocol and might reflect a different form of synaptic potentiation rather than LTP. 

Therefore, it is unknown how long the LTP induced from our protocol lasts for. There are three 

main types of synaptic potentiation which are classified as short-term potentiation (STP) lasting 

30-45 mins, early phase LTP (E-LTP) which has duration of 1-2 hours and late phase LTP (L-

LTP) which persists for a considerably longer time than 2 hrs. The induction of STP involves 

paired-pulse facilitation, whereas E-LTP induction is triggered by a single train of high 

frequency stimulation. The TBS protocol used within these experiments is the induction 

protocol for L-LTP (Mannien et al, 2010). Overall, these results may reflect the effect of 2-

oxo-PCMe on L-LTP, but this can only be confirmed with further experimentation over longer 

periods of recording and comparison to the other main types of synaptic plasticity. 

 

The results from these experiments demonstrate that 2-oxo-PCMe has antagonistic properties 

at the NMDA-R however these results do not provide details of which group of antagonists 2-

oxo-PCMe belongs to. The identification of the site of action at the NMDA-R site is important 

in establishing how 2-oxo-PCMe would interact with the NMDA-R under physiological 

conditions; whether it directly competes with glutamate or glycine to bind to the receptor or as 

an open channel blocker following Mg2+ removal. Furthermore, establishing the site of action 

would have an implication in the profile of side effects and the effects on cognition in the brain.  
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Additionally, the total number of concentrations tested for the NMDA-R mediated fEPSP was 

five and a single concertation for the NMDA-R mediated LTP induction. The number of 

concentrations used in these experiments do not provide enough data to construct a complete 

inhibition concentration graph so the accuracy of the IC50 is limited in this respect. 

Furthermore, the single concentration used in the experimental investigation of LTP gives no 

indication of a dose-dependent effect of 2-oxo-PCMe on NMDA-R mediated LTP. 

 

Consequently, the study was limited due to various factors such as time, resources, and the 

viability of hippocampal slices which affected the ability to generate valid data. Despite these 

limitations, the time allocated for experimentation yielded sufficient results to gain an initial 

investigation of the effect of 2-oxo-PCMe o NMDA-R mediated hippocampal activity. 

 

Further Research into the pharmacological properties of 2-oxo-PCMe  

The experiments conducted in this research project are the primary investigation into the 

pharmacological properties of 2-oxo-PCMe. Consequently, they provide an initial description 

of the drug action but do not provide the full pharmacological profile of 2-oxo-PCMe. 

 

Further study into the pharmacological of profile 2-oxo-PCMe should test a great number of 

concentrations (i.e. 8) to obtain a full concentration vs inhibition graph and therefore a more 

precise calculation of the IC50.  

 

The further research into 2-oxo-PCMe should include experiments that investigate the action 

of 2-oxo-PCMe in an animal model of depression (i.e. affective bias test) following 

administration of the drug to observe the behavioural effects in vivo. Furthermore, this would 

be an indication of the effect of 2-oxo-PCMe on cognitive performance within the intact subject 

brain.  

 

Furthermore, experimentation of the effect of 2-oxo-PCMe on the various forms of synaptic 

plasticity would be critical in establishing the forms of LTP susceptible to the effect of 2-oxo-

PCMe. Therefore, future research should focus on investigating the effect of 2-oxo-PCMe o S-

LTP, E-LTP and L-LTP to gain a great understanding of the broader action of 2-oxo-PCMe on 

NMDA-R mediated LTP. 
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Moreover, further research should investigate the concentration dependent effect of 2-oxo-

PCMe on LTP induction. This is because the data here indicates that concentrations 1µM, 3M 

and 10 µM blocks 403%, 533% and 752% of NMDA-R mediate fEPSPs respectively. 

Furthermore, the IC50 value of 2-oxo-PCMe is 2.31 µM which suggests that a concentration of 

3µM PCMe would be sufficient in blocking LTP induction.  

 

Additionally, A study of the effect of 2-oxo-PCMe on LTD induction would be critical in 

understanding the ability of the drug to modify synaptic activity. Further research can 

investigate the effect of 2-oxo-PCMe on LTD induction to ascertain whether the drug is able 

to block this form of NMDA-R mediated synaptic activity.  

 

To characterise the antagonist mechanism at the NMDA-R cell voltage/patch clamp studies 

could be conducted to observe whether 2-oxo-PCMe generates the same pattern of voltage 

dependent current of established non-competitive NMDA-R antagonists and this would 

validate the open channel block of the NMDA-R by 2-oxo-PCMe. 

 

Lastly, an investigation of the antagonist properties may include radioligand binding assays in 

which the action of 2-oxo-PCMe is challenged by known NMDA-R competitive antagonists 

such as D-AP5 (glutamate site) and Kynurenic acid (glycine site) to validate the site of 

competition at the NMDA-R. 

 

Ultimately, the results obtained from this research project provide the first documentation of 

experimentation using 2-oxo-PCMe. However, it does not provide a conclusive account of all 

the properties that 2-oxo-PCMe exhibits in its action on NMDA-R mediated hippocampal 

activity. Therefore, further research should focus on expanding on the work that has been 

presented in this project and explore beyond the initial findings stated here.  
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Conclusion 

In conclusion, the results reported in this research project present the first investigation into the 

pharmacological action of 2-oxo-PCMe on NMDA-R mediated synaptic transmission. The 

results indicate that the drug has antagonistic effects on the NMDA-R but lacks the precise 

information of the type of antagonism expressed by 2-oxo-PCMe and by default, no 

confirmation of its site of action on the NMDA-R.  

 

Additionally, the results demonstrate that a micromolar concentration of 2-oxo-PCMe can 

block LTP induction which might be an indication of its efficacy in vivo as a low concentration 

would ideally produce fewer side effects. 

 

However, to gain a greater understanding of the full pharmacological and therapeutic 

applications of 2-oxo-PCMe further electrophysiological, receptor binding and behavioural 

studies are required. Moreover, 2-oxo-PCMe may express a higher affinity for other receptors 

that are crucial in depressive symptomology and could be effective in the expression of 

antidepressant effects. 
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