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Abstract 

 

Parkinson’s disease (PD) is the second most common neurodegenerative disease. It is 

characterized by its cardinal motor symptoms, but patients also experience significant non-

motor symptoms, including depression and pain. Dopamine replacement therapy by L-

DOPA is the gold-standard therapy for PD, but it only treats the motor symptoms and can 

result in the development of L-DOPA-induced dyskinesia (LID), a debilitating side effect. 

Effective LID treatment is limited to neurosurgery. Therefore, an effective non-invasive 

pharmacological therapy is a critical unmet need to extend the therapeutic lifetime and 

improve the quality of life in PD patients taking L-DOPA. The opioid receptor system and 

N-methyl-D-aspartate receptors (NMDARs) have been identified as two potential targets 

for the development of novel or repurposed drugs for the treatment of LID. The endogenous 

opioid peptides enkephalin and dynorphin modulate the dopamine system. They are 

important co-transmitters of gamma-aminobutyric acid (GABA) and glutamate 

transmission in the direct and indirect striatofugal pathways that are disrupted in PD and 

have been implicated in genesis and expression of LID. NMDAR antagonism has also been 

studied in preclinical LID models, with mixed results. This dissertation provides evidence 

for the use of novel and repurposed compounds that target both opioid receptors and 

NMDARs for the treatment of LID.  

 

Here we investigated the potential therapeutic effects of a highly-specific µ-opioid receptor 

antagonist CTAP and its glycopeptide congener (gCTAP5), based on data showing that a 

µ-opioid receptor antagonist, ADL5510, with modest selectivity for µ- over d-opioid 
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receptors is anti-dyskinetic in a preclinical non-human primate model. Our data indicate 

that highly-selective µ-opioid receptor antagonism alone might not be sufficient to be anti-

dyskinetic and suggests that additional opioid receptor properties in less specific µ-opioid 

receptor antagonists might contribute to the published anti-dyskinetic effects. This is 

further supported by our investigation of the use of sub-anesthetic ketamine, a well-known, 

multi-ligand binding compound with known NMDAR-antagonist activity and opioid 

activity. Here we show that sub-anesthetic doses of ketamine provide a long-term 

suppression of LID in two preclinical rodent models that are mediated by the release of 

brain-derived neurotrophic factor-release in the striatum, followed by activation of ERK1/2 

and mTOR pathway signaling. These molecular changes ultimately lead to morphological 

changes, specifically a reduction in the density of mushroom spines on dendrites in the 

striatal medium spiny neurons, which we show to be highly correlated with dyskinesia in 

this model. These molecular and cellular changes are similar to those caused by ketamine 

in preclinical models of depression. This suggests that ketamine-treatment for these two 

diseases may have similar underlying molecular and cellular mechanisms. Given its 

therapeutic benefit in a few PD patient case studies and the clinically proven therapeutic 

benefits for both treatment-resistant depression and several pain states, both common co-

morbidities in PD, sub-anesthetic ketamine could provide a triple benefit to PD patients in 

the future. The preclinical mechanistic studies complement currently ongoing clinical 

testing of sub-anesthetic ketamine infusions for the treatment of LID by our group, and 

provide further evidence to support repurposing of sub-anesthetic ketamine to treat PD 

patients.  
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1.1. An Introduction to Parkinson’s Disease 

 

The first documented case of Parkinson’s disease (PD) was described in an essay published 

in 1817 by James Parkinson titled, “An Essay on the Shaking Palsy (1).”  Today, PD is 

second most common neurodegenerative disease, affecting approximately 2-3 % of the 

population over the age of 65 (2). It is most frequently characterized by the cardinal motor 

symptoms of bradykinesia, postural instability, rigidity, and tremor (3). These symptoms 

result from cell death of dopaminergic (DAergic) neurons in the substantia nigra pars 

compacta (SN), which subsequently causes dysregulation of the basal ganglia (BG) 

circuitry. While primary thought of as a movement disorder, patients may experience a 

host of non-motor symptoms such as autonomic dysfunction (orthostatic hypotension, 

constipation, bladder dysfunction), depression, sleep disturbances, and sensory dysfunction 

(pain or restless leg syndrome) (4). Combined, both the motor and non-motor impairments 

significantly reduce the quality of life in this patient population.  

 

 

1.2. The Epidemiology of Parkinson’s Disease 

 

As stated above approximately 2-3% of the population over the age of 65 is diagnosed 

with PD (2). The global incidence of PD ranges from 5 to more than 35 new cases per 

100,000 individuals per year (5). While cases of young-onset PD (before the age of 50) 

do occur, they are considerably rare and the incidence of the PD increases exponentially 

after the age 60 and continue to increase with age (6). Moreover, the incidence of PD is 
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expected to further increase as general health care improves, leading to a more aged 

population. The latter is a reality for any neurodegenerative disease as the overall 

advances in healthcare are leading to longer lifespans, which coincides with an 

increasing prevalence in PD (7). One study has suggested that the number of individuals 

diagnosed with PD in the most densely populated nations will double in the 25-year span 

between 2005 and 2030 (8). This increase will have an immense socioeconomic impact 

and put further pressure on an already taxed healthcare system. A recent report published 

by The Lewin Group Incorporated, in collaboration with the Michael J. Fox Foundation 

and the Parkinson’s Foundation, titled the “Economic Burden and Future Impact of 

Parkinson's Disease” estimates that the current economic burden of PD is approximately 

52 billion dollars (9). 

 

 

1.3. The Etiology of Parkinson’s Disease 

 

PD is a complex neurodegenerative disease and the exact underlying pathophysiology 

remains unknown. In previous decades it was thought to be primarily idiopathic or sporadic 

in nature, with no genetic linkage. However, the improvement of genetic testing and greater 

initiation of genome-wide association studies has identified a number of genes associated 

with PD. Current data indicates that approximately 90-95% of cases are idiopathic and the 

remaining 5-10% are inherited (10). These heritable cases have been linked primarily to 

monogenetic mutations, including both dominant, inherited mutations in the α-synuclein 

gene (SNCA) and leucine-rich repeat kinase 2 genes, as well as recessive forms of PD 
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caused by heterozygous mutations in genes that encode for parkin, DJ1, and PTEN-induced 

kinase 1 (PINK1) (11). Alterations in other genes, including glucosylceramidase beta (12, 

13) and ubiquitin C-terminal hydrolase L1 (14), do not cause PD but appear to modify the 

risk of developing the condition for some. However, it is more than likely that both genes 

and environment contribute to its pathogenesis in most cases. Regardless of whether an 

individual has idiopathic or monogenetic PD, both share common pathophysiological 

mechanisms, including mitochondrial dysfunction and oxidative stress, which leads to 

DAergic cell death.    

 

 

1.3.a. Mitochondrial Dysfunction and Oxidative Stress in Parkinson’s Disease 

 

Mitochondria act as the primary energy source for individual cells. Energy is produced in 

the form of adenosine triphosphate (ATP) via respiration and then oxidative 

phosphorylation at the inner mitochondrial membrane. More specifically, electrons from 

nicotinamide adenine dinucleotide (NADH) or flavin adenine dinucleotide (FADH2) 

transport along the electron transport chain, create a proton gradient. The continuous 

movement of protons from the mitochondrial matrix to the intermembrane space creates 

an additional electrochemical gradient through which the adenosine phosphate is converted 

to ATP by the enzyme, ATP synthase. One hypothesis for the development of idiopathic 

PD is that the mitochondria, specifically NADH-quinone oxidoreductase (Complex I), 

produce reactive oxygen species (ROS) that induce intracellular oxidative stress and 

apoptosis in the SN (15). This is supported by post-mortem evidence that mitochondrial 
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Complex I activity is reduced in the SN, frontal cortex, and striatum of patients with 

idiopathic PD (16–18). Deficiencies in Complex I have also been found outside the central 

nervous system in this patient population, including fibroblasts and blood platelets (19, 20). 

In addition to being reduced, Complex I function has also been shown to be impaired in 

PD patients. A paper by Keeney et al. demonstrated that Complex I function was impaired 

in the frontal cortex mitochondria due to internal oxidation of its catalytic subunits and that 

this correlated with Complex I misassembly (21). 

 

 

1.3.b. Mitochondrial Dysfunction and Oxidative Stress in Animal Models of Parkinson’s 

Disease 

 

Evidence from animal models have provided further insight into the roles of mitochondrial 

dysfunction and oxidative stress in the development of PD. These models do not 

recapitulate the entire behavioral phenotype of the disease, but they provide a unique tool 

to assess the cellular mechanism and pathways that lead to DAergic cell death in the SN. 

While monogenetic models of PD also exist, and are a useful tool for further understanding 

PD pathophysiology, the focus below is on evidence provided from the standard toxin 

models in the PD literature, including 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

(MPTP), rotenone, and 6-hydroxydopamine (6-OHDA). 

 

In two separate incidents, individuals self-administering meperidine analogues developed 

rapid and irreversible parkinsonian symptoms (22, 23). Post-mortem analysis of these 
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individuals showed pathological similarities to patients with idiopathic PD, including 

significant neurodegeneration of dopamine (DA) neurons in the SN, but without the 

presence of Lewy bodies. These effects were determined to be due to the formation of 

MPTP, a by-product of meperidine synthesis capable of bypassing the blood brain barrier 

due to its high lipophilicity (24, 25). Upon entering the brain, MPTP is oxidized into the 

neurotoxic metabolite 1-methyl-4-phenylpyridinium (MPP+) in glial cells by monoamine 

oxidase (24, 25). DA transporters then bring MPP+ into the mitochondria of DAergic cells, 

where it inhibits Complex I, impairing the electron transport chain, reducing ATP 

production, increasing ROS production, and ultimately inducing apoptosis of DA neurons  

(26, 27). 

  

Rotenone is an organic pesticide still used in farming and has been identified to increase 

the risk of developing PD in humans (28). Similar to MPTP, it is a lipophilic compound 

that crosses the blood brain barrier and inhibits mitochondrial Complex I leading to 

selective DAergic neuron loss in the SN. However, it differs from MPTP in that it binds to 

the acceptor end of the Complex I enzyme, increasing its reduction state, which allows for 

electrons to combine with oxygen and form the ROS, superoxide (29). Interestingly, 

chronic intravenous (i.v.) rotenone exposure in rats also pathologically resembles the 

course of idiopathic PD. In this preclinical rat model of PD, rotenone initiates 

neurodegeneration in the striatal terminals before causing retrograde degeneration along 

the nigrostriatal fibers and selectively kill the DA cells in the SN (30). In this same study 

it was also shown that chronic rotenone resulted in the formation of Lewy body-like 
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inclusions with α-synuclein and ubiquitin positive immunoreactivity in the SN and 

striatum (30). 

 

The MPTP and rotenone pre-clinical models of PD are important tools that can be used to 

further our understanding of the mechanisms that lead to DA cell death in PD. However, 

the 6-OHDA pre-clinical model remains the gold-standard. 6-OHDA is a specific 

catecholaminergic neurotoxin that does not pass the blood brain barrier and requires an 

intracerebral injection in either the striatum, medial forebrain bundle, or SN. It is 

structurally analogous to DA and norepinephrine (NE) and undergoes reuptake by their 

respective reuptake transporters. In order to selectively target DAergic neurons, 6-OHDA 

injections are preceded by administration of the noradrenaline reuptake inhibitor, 

desipramine hydrochloride. Several studies have demonstrated that 6-OHDA auto-

oxidation leads to selective DA cell death via oxidative stress due to ROS formation and 

by directly inhibiting Complex I (31–33). This latter mechanism of 6-OHDA is similar to 

the actions of MPTP, in that by blocking Complex I intracellular ATP is depleted and the 

DAergic neurons die (33). 

 

1.4. Oscillatory Changes in Parkinson’s Disease and L-DOPA-Induced Dyskinesia  

 

In addition to changes at the molecular and cellular levels, the loss of DAergic neurons in 

the SN also leads to systems level changes between neural networks in both patients and 

preclinical animal models of PD. Through advancements in functional neurosurgical 

techniques it has been discovered that neurons in the motor cortex (M1) and basal ganglia 
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of PD patients have specific oscillatory signatures when measured by 

electroencephalography (EEG). Most relevant to PD is the development of synchronized 

oscillations in the beta band (13-30 Hz) (34). Beta band oscillations have been previously 

identified to play a role in working memory function (35, 36). However, as these bands 

have also been recorded in the somatomotor cortex, cerebellum, and basal ganglia it has 

been hypothesized that it also plays a role in the initiation or coordination of motor 

movements (37). Moreover, the abnormal hypersynchronisation of these beta bands, 

specifically in the BG, is correlated with bradykinesia (38). The hypothesis that beta band 

hypersynchronization is anti-akinetic is further supported by the fact that beta synchrony 

is suppressed during the initiation of movement, by L-DOPA administration, and by deep 

brain stimulation (DBS) (34, 39). 

 

The exact mechanism by which dopamine depletion leads to hypersynchronous beta band 

oscillations is unclear. However, hypotheses have been proposed to explain its 

development and origins. The subthalamic nucleus/external globus pallidus (STN/GPe) 

pacemaker hypothesis suggests that the oscillations are derived from an interaction 

between these two basal ganglia structures. Evidence for this comes from cultures of 

cortex, striatum, STN, and GPe that show the STN and GPe generate synchronized 0.4 to 

1.8 Hz bursting activity in vitro (40). However, in vivo studies of anesthetized rats, showing 

that oscillatory spikes in the STN and the GPe is dependent on slow wave (approximately 

1 Hz) oscillations in the cortex, providing evidence that beta bands may be the result of 

cortical patterning of the STN (41).  Using a combination of experimental and 

mathematical models, McCarthy et al. has provided evidence that these pathological beta 
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oscillations might originate in response to the depletion of dopamine and increased 

acetylcholine levels in the striatum (42). Their group hypothesizes that despite the striatum 

containing almost exclusively inhibitory gamma-aminobutyric acid (GABA) neurons, it 

can generate neuronal excitation in the MSNs. This may occur due to increased excitation 

of MSNs, which creates MSN to MSN inhibitory interactions, amplifying PD specific beta 

oscillations (42).  

 

An alternative theory posits that the hypersynchronization of beta in PD is a signature of 

the hyper-direct pathway (43). The hyperdirect pathway is composed of direct 

glutamatergic projections and bypasses the striatum, which acts as the entry point for the 

direct and indirect pathways in the BG. It is hypothesized that this pathway receives 

voluntary motor input in advance of the direct and indirect pathways, allowing it to inhibit 

the thalamus and cerebral cortex and fine tune the initiated motor programs(44).  

 

1.5. Cardinal Motor Symptoms and Diagnosis of Parkinson’s Disease 

 

Regardless of etiology, as a clinical diagnosis, PD is determined by the detection of the 

cardinal motor symptoms of bradykinesia, rigidity, and tremor upon neurological 

examination. While postural instability is a cardinal motor symptom, as it often occurs in 

the latter stages of PD it is not a requirement for diagnosis (45, 46). These motor deficits 

are due to a significant loss of DAergic neurons in the SN. It is estimated that at the onset 

of symptoms at least 30-40% of DA cells have already been lost due to disease (47). 

However, the total nigral cell loss due to disease and ageing has been debated with 
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estimates ranging between 50% to upwards of 70% in the lateral ventral tier of the SN with 

a corresponding 70-80% decrease in striatal DA (47, 48). While it is generally agreed upon 

that symptoms begin to develop at this point, it is possible that deficits may be compensated 

for by other mechanisms earlier in disease onset. 

 

 

1.5.a. Bradykinesia 

Bradykinesia is the most common symptom of PD, seen in at least 80 percent of patients 

at the onset of symptoms and is eventually seen in nearly all PD patients (49, 50). It is also, 

arguably, the most prominent cause of PD-related disability as it leads to weakness, a loss 

of coordination, and the eventual inability to initiate movement. It most often presents as a 

motor impairment in the fingers; patients will report a loss of manual dexterity that they 

detect when trying to perform basic occupational and everyday tasks, such as writing, 

typing, or getting dressed (51). As the disease progresses it can affect the legs, causing gait 

changes, such as shorter “shuffled” steps, imbalance, or generalized weakness that prevents 

the patient from standing up (52). 

 

1.5.b. Resting Tremor 

Resting tremors occur in 70 to 90 percent of patients (50, 53). Some studies report that 

between 79 and 100% of patients with PD develop tremor at some point in the course of 

the disease (53). Tremors usually begin as a unilateral, intermittent low frequency 

(approximately 4-6 Hz) motion in the hand, while the patient is at rest (54). As the 
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dopamine cell loss continues and the disease progresses it can spread to the contralateral 

side of the body and increase in frequency (55). While less common, PD-related tremors 

can also involve the legs, lips, jaw, and tongue, but rarely involves movements of the head 

(56). However, the classic description is movements in the wrists and hands, described as 

a "pill-rolling tremor” at rest (54). The distinction of a low-frequency tremor at rest is 

critical in differentiating PD from other movement disorders with tremors, where the 

unwanted movements in the affected limb may occur during use or at a higher frequency 

(8-10 Hz), as is the case in essential tremor (57).  

 

 

1.5.c. Rigidity 

Rigidity is characterized by an increased resistance to passive movements throughout the 

range of motion of a joint. It occurs in upwards of 90 percent of PD patients (50). Like the 

other motor symptoms, rigidity often presents unilaterally in the early stages of PD before 

progressing to both sides of the body. However, while it can affect both sides of the body, 

it tends to remain asymmetric throughout the course of the disease. There are two types of 

rigidity reported in the clinical literature: cogwheel and lead-pipe rigidity (58). Cogwheel 

is the less common form and is characterized by a “rachety” pattern of resistance and 

relaxation that has been hypothesized to be a form of tremor superimposed on increased 

muscle tone (58). Lead-pipe rigidity is far more common. It is characterized by a tonic, 

continuous resistance that exists throughout the entire range of motion (58). 
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1.5.d. Postural Instability 

Postural instability is a cardinal motor symptom, but not required for diagnosis due 

to its appearance in latter stages of the disease. It is characterized by an impairment of the 

centrally-mediated postural reflexes which leads to imbalance (59). It is a major health 

concern for patients with PD due to the fact that is can lead to an increase in falls and other 

significant injuries in an aging population (60). 

 

 

1.6. Pharmacological Therapeutic Agents in the Treatment of Parkinson’s Disease 

Pharmacological treatment options for PD are broad and include a number of different 

classes of drugs to choose from depending on the patient’s age, symptoms, stage of disease, 

degree of functionality, and desired quality of life. All of the treatment options provide 

symptomatic relief and do not slow or reverse the course of the disease. Therefore, patients 

must weigh the cost and benefit of each drug with respect to their current symptoms.  

 

The drug classes that are most frequently considered in the treatment of PD are the 

monoamine oxidase type B (MAO B) inhibitors, catechol-o-methyl transferase (COMT) 

inhibitors, weak NMDA antagonists, anticholinergics, dopamine agonists, and the gold 

standard treatment levodopa (L-DOPA) plus carbidopa. Again, the goal of each of these 

drugs is to reduce symptoms and improve the quality of life; each will differ in regard to 

its potency, dosing frequency, and potential side effects.  
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1.6.a. Levodopa Plus Carbidopa 

 

L-DOPA is the gold-standard therapeutic option for PD patients of any age, but especially 

those over the age of 65 years, with moderate to severe symptoms. L-DOPA acts as a DA 

replacement and therefore only addresses motor symptoms of PD. Like other DA 

replacement strategeies it does not slow the progression or reverse the disease course, but 

it is the most effective therapeutic treatment available. L-DOPA is the main precursor in 

the synthesis of DA. Endogenously it is formed from the amino acid L-tyrosine which is 

then converted to L-DOPA by the rate limiting enzyme tyrosine hydroxylase (TH). Unlike 

dopamine, L-DOPA can cross the blood brain barrier, where it is converted into DA by the 

aromatic L-amino acid decarboxylase (DOPA decarboxylase) enzyme.  

 

Carbidopa, also known as benserazide, is another drug that is paired with L-DOPA to 

increase its availability in the brain. Carbidopa is an inhibitor of DOPA decarboxylase, 

thus preventing the conversion of L-DOPA to dopamine. At first glance this seems 

counterintuitive as DA synthesis is the primary goal in the treatment of PD. However, 

carbidopa is unable to cross the blood brain barrier so it only inhibits the DOPA 

decarboxylase in the periphery thus preventing L-DOPA from turning into dopamine 

before it reaches the brain which increases L-DOPA availability to cross the brain and thus 

increases dopamine in the brain. L-DOPA plus carbidopa combinations can be 

administered orally as controlled release formulations or extended release. Treatment 

usually begins with the smallest dose that provides symptomatic relief and is then carefully 

titrated to maximize results and reduce the development of motor complications.  
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L-DOPA has many of the same side effects as the dopamine agonists. However, the major 

concern with L-DOPA use is the development of L-DOPA-induced dyskinesias (LID) 

which have been reported to occur in upwards of 60% of patients after 5 years of L-DOPA 

therapy (61). 

 

 

1.6.b. Monoamine Oxidase Type B Inhibitors 

 

Newly diagnosed patients, with mild symptoms, especially those that do not interfere with 

quality of life may not need any treatment immediately. However, if a patient wants relief 

of their mild symptoms, a MAO B inhibitor is a good first option. The three main MAO B 

inhibitors used in PD patients are selegiline, rasagiline, and safinamide. These drugs work 

by inhibiting MAO B, an enzyme, which selectively metabolizes DA. In preventing its 

degradation, DA remains elevated in the synaptic cleft. The fact that these MAO B 

inhibitors increase the availability of endogenous DA make them a good first line 

treatment, as well as a good adjunctive treatment to L-DOPA, potentially allowing for 

lower doses of L-DOPA to be used by patients.  

 

Safinamide in particular is most used as an adjunctive therapy to L-DOPA along with 

selegiline, which improves the effects of L-DOPA by slowing down its oxidative 

metabolism. In general, MAO B inhibitors have been shown in clinical trials to provide 

modest symptomatic relief in PD patients including small, but statistically significant 

improvements in patients motor scores on the Unified Parkinson Disease Rating Scale 
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(UPDRS), a reduction in patients need for L-DOPA, and a reduction in the development 

of motor fluctuations, but not LID (62, 63). Moreover, a long-term study has shown that a 

combination of selegiline and L-DOPA resulted in better symptom control after 7 years 

than a placebo with L-DOPA (64). 

 

The MAO B inhibitors do have some side effects that must be considered and managed. 

Nausea, and headache are most common. Confusion and hallucinations are also a concern, 

especially with selegiline in later stages of PD (65). Hypertensive crisis is a risk for patients 

who consume large amounts of tyramine containing foods, therefore diet must be addressed 

before treating patients with any MAO B inhibitor. This is primarily a concern for the non-

selective MAO inhibitors, but can also be a risk if a patient exceeds the recommended dose 

of a selective MAO B inhibitor, like selegiline (65). In general, rasagiline is probably the 

best tolerated by PD patients with fewer major side effects, although there are some reports 

that it can lead to the development of impulse control disorders in some patients (66). 

 

 

1.6.c. Catechol-o-methyl Transferase Inhibitors 

 

COMT inhibitors have also been used in conjunction with L-DOPA. They are not to be 

used on their own as they have no direct effect on PD symptoms. These drugs, such as 

tolcapone and entacapone, inhibit the COMT enzyme which metabolizes L-DOPA. 

Therefore, the use of one of these drugs can increase the duration of L-DOPA’s actions 

and thus be helpful in preventing or rather slowing the “wearing-off” period of L-DOPA. 
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This can be especially helpful to patients in which the effects of L-DOPA become short-

lived. However, they also come with the increased risk of worsening dyskinesia and the 

fact that then can cause reduced liver function which must be tested for before giving to 

patients (67). 

 

 

1.6.d. Amantadine 

 

Amantadine is another monotherapeutic option for PD patients with mild symptoms, 

especially older patients with tremor dominant symptoms. In early uncontrolled clinical 

trials, two-thirds of PD patients receiving amantadine showed an improvement in tremor, 

bradykinesia, and rigidity (68). As relevant to PD, amantadine acts as weak antagonist of 

the NMDA receptor, increases dopamine release and blocks dopamine reuptake (69). Its 

actions at NMDA receptors might also account for its therapeutic effects as it would reduce 

potentially excessive glutamate release into the basal ganglia. Like all drugs amantadine 

does have some side-effects and can include livedo reticularis, edema, confusion, 

hallucinations, and sleep disruptions (70). However, these side effects are rarely severe 

enough to limit use of amantadine and primarily occur in the elderly who are also using 

other anti-parkinsonian drugs in conjunction with amantadine. 
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1.6.e. Anticholinergics 

 

Anticholinergics, such as trihexyphenidyl and benzotropine, are probably the least used of 

all therapeutic options for PD patients. However, a subset of patients, specifically those 

who are less than 65 years of age and whose disease is dominated by tremor without any 

significant signs of bradykinesia or gait impairment may benefit from this monotherapy 

(71). In the treatment of PD these drugs act as selective M1 muscarinic acetylcholine 

receptor antagonists, reducing the cholinergic activity in the basal ganglia (BG). This helps 

to reduce and bring the acetylcholine levels back in parity with the reduced dopamine levels 

in the BG of PD patients (72). These drugs may also block DA reuptake thus allowing for 

more available DA to be utilized by the cell. Trihexyphenidyl is the more commonly used 

of the two, while benztropine is most commonly used to treat antipsychotic drug-induced 

parkinsonism. As with any antimuscarinic drug there are a number of peripheral side-

effects including dry mouth, blurred vision, constipation, urinary retention, and nausea to 

name but a few. However, the real concern is the use of these in patients who are 

susceptible (i.e. elderly patients) to confusion, memory impairment, and hallucinations 

(73). 

 

 

1.6.f. Dopamine Agonists 

 

When motor symptoms begin to interfere with daily function and quality of life, 

symptomatic therapy with either a DA agonist or L-DOPA is indicated. The decision to 
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use one versus the other is largely predicated on the age of the patient and the severity of 

the symptoms. In general, the decision between these two options usually is determined by 

age as elderly patients do not often tolerate DA agonists and these can be problematic in 

those with cognitive dysfunction. Moreover, L-DOPA is more effective at improving motor 

function and quality of life. However, it is also thought to increase the risk of LID in 

younger patients which is why starting patients on DA agonists is often recommended with 

the goal to provide patients more time before beginning L-DOPA therapy.  

 

The two major types of dopamine agonists are the ergot and non-ergot dopamine agonists. 

Non-ergot agonists are the more commonly prescribed of the two groups and include, 

pramipexole, ropinirole, and rotigotine. Each of these is effective as a monotherapy in the 

younger (less than 65 years of age) PD patients for whom symptoms are interfering with 

quality of life. Using one versus another is largely based on formulation, dosing frequency, 

and cost as they are only negligibly different, if at all, in their efficacy. Pramipexole and 

ropinirole are oral dopamine agonists available in both immediate and extended release 

formulations. Rotigotine is a newer non-ergot dopamine agonist and is often preferred by 

patients as it is applied as single use, daily, transdermal patch, which provides convenience 

compared to multiple or difficult to swallow pills. Ergot dopamine agonists such as 

bromocriptine, pergolide, and cabergoline are also options but have largely fallen out of 

favor due some rare, but severe complications associated with long-term ergot use. For 

example, pergolide and cabergoline have been associated with cardiac, pulmonary, and 

peritoneal fibrosis as well as valvular heart disease. Bromocriptine may also increase the 

risk of valvular heart disease, but the data is not conclusive. Regardless, newer non-ergots 
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are preferred as they only have the classic adverse effects associated with all DA agonists 

(including L-DOPA), which include: nausea, vomiting, sleepiness, orthostatic 

hypotension, confusion, and hallucinations. Another side effect to be concerned with is 

withdrawal symptoms, which is why dopamine agonists should never be abruptly stopped 

(74). 

 

 

1.7. Levodopa-Induced Dyskinesia 

As stated above, L-DOPA is currently the gold-standard therapy for reducing PD-related 

symptoms. Although well-tolerated in the short term, chronic use of L-DOPA, in 

combination with progression of the disease, results in the development of abnormal 

involuntary movements or LID, which are an unfortunately common and disabling side 

effect (75). These abnormal movements are mainly choreic or dystonic in nature and occur 

in the face, limbs and torso.  Approximately 50% of patients with PD will develop LID 3-

5 years after the initiation of levodopa therapy and this number rises to upwards of 90% 

after 10-15 years of treatment (75). LID may interfere with motor function, cause or 

aggravate existing pain and is known to significantly worsen quality of life. The exact 

pathophysiology of LID is unknown, with both pre- and post-synaptic changes 

hypothesized.  One such hypothesis, suggests an imbalance between the direct and indirect 

striato-fugal pathways occurs in the BG resulting in the denervation super sensitivity of 

dopamine receptors (76). Progressive DAergic cell loss in the SN paired with non-

physiological, chronic pulsatile L-DOPA levels and excess glutamatergic input is also 
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possible (75).  However, both PD, and subsequently LID, also have non-motor 

comorbidities that may be more detrimental to the individual patient than their PD 

diagnosis. For example, depression and chronic pain states are both undertreated in PD and 

LID. Therefore, the development of a novel therapy that can prevent or delay PD and LID 

in patients, while providing relief from non-motor symptoms is a critically unmet need in 

this aging population.  

Current medical therapies include the oral NMDA receptor antagonist amantadine, which 

may moderately improve dyskinesia in 20-25% of patients, but also has significant side 

effects (61). Deep brain stimulation (DBS) an invasive surgical procedure that only a select 

subpopulation of PD patients qualify for, is another option for the treatment of dyskinesia 

(77). Trials of therapies affecting serotonergic, adenosine, adrenergic and cholinergic 

neurotransmission have met with limited success at best (75).  Therefore, there is an urgent 

need for alternative treatments. 

 

1.8. The Opioid System in Parkinson’s Disease and L-DOPA-Induced Dyskinesia 

 
 
The opioid receptors (ORs), µ- (MOR), δ- (DOR), and 𝜅- (KOR) are all expressed 

throughout the brain and BG (78) MORs have predominantly been found in the thalamus, 

(79) thalamic afferents to the striatum, (80) and in striosomes that project to the SN (80). 

Within the striosomes, MORs are expressed on both direct (dSPNs) and indirect (iSPNs) 

SPNs (81). DORs are present in layers II-IV of the cerebral cortex as well as the striosomes 
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and matrix of the striatum (82). However, they are only expressed on iSPNs (81). Last, 

KORs located primarily on the dSPNs of the medial striatum and ventral striatum or 

nucleus accumbens (81). Within the BG, these ORs, in concert with the endogenous 

opioids peptides, Dynorphin (Dyn) and Enkephalin (Enk), control motor movement 

through modulation of the striatal projection neurons (SPNs) (83). Enkephalins act as 

endogenous ligands for DORs, whereas the dynorphins, such as dynorphin A and β-

endorphin, are associated with KORs and MORs, respectively (35). 

 

In preclinical models and patient studies OR expression has been shown to be altered in 

both PD and LID. In a small (13 patients) clinical study, patients with PD showed a 

reduction in OR binding in the caudate region of the striatum (84).This same study also 

showed a reduction of OR binding in the putamen region of the striatum and the thalamus 

in PD patients with dyskinesia when compared to PD controls (84). PD patients actively 

being treated with L-DOPA have also shown a decrease in MOR binding and µ-receptor 

immunoreactivity (85). This change in MOR binding an immunoreactivity has also been 

replicated in controlled studies wherein the rodent 6-OHDA (86) and non-human primate 

(NHP) MPTP (87) models of PD were repeatedly exposed to L-DOPA. DOR binding is 

also reduced in the posterior putamen of PD patients using L-DOPA and the globus pallidus 

and striatum of 6-OHDA rats with LID. These rats also had an increase in δ-

immunoreactivity in the premotor and motor cortex. Similarly, KOR binding is reduced in 

the striatum of dyskinetic rats and the GP of L-DOPA treated rats with and without LID 

(86). Interestingly, despite the reduction in OR binding levels in patients using L-DOPA 



 37 

and animal models of LID, signal transduction is increased across all three ORs, suggesting 

an elevated activation of the OR system in LID (88). 

 

Opioid peptide expression is also altered in PD and LID. In the striatum of a rodent 6-

OHDA (89, 90) and NHP MPTP model (91), as well as PD patients (92) the opioid system 

undergoes significant changes in response to dopamine depletion. Specifically, striatal 

messenger ribonucleic acid (mRNA) levels of the Enk precursor, preproenkephalin A 

(PPEnk), and Enk peptide itself are upregulated in these models, while preprodynorphin 

(PPDyn) is downregulated. When treated with L-DOPA, both the rodent 6-OHDA (89, 93, 

94) and NHP MPTP (95) models showed an increase in PPEnk and PPDyn and their 

respective peptides. Whereas, in PD patients with LID, post-mortem analysis showed only 

increases in precursor mRNA expression (92, 96, 97). 

 

This data suggests a role for the opioid system in the development of PD and LID, which 

has been further supported by a number of studies in both rodent and non-human primate 

models. For example, it has been found that a δ-selective analogue, SNC80, has anti-

parkinsonian actions, reversing the akinesia caused by both reserpine and the independent 

actions of a D1, SCH23390, and the D2 DA receptor antagonist, haloperidol (11) SNC80 

also had anti-parkinsonian effects in NHPs. OR-binding compounds have also proven 

effective in preclinical animal models of LID. The MOR antagonists, cyprodime(10) and 

ADL5510 (83), as well as the DOR antagonist, naltrindole, reduce dyskinesia in NHP 

models of LID. The non-selective opioid antagonist, naltrexone, and the mixed DOR 
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agonist/MOR antagonist, DPI-289 (98), also reduce LID in NHP models. DPI-298 was also 

anti-dyskinetic in a rodent model of LID (98). 

 

Our lab has also verified the efficacy of a novel glycosylated mixed MOR/DOR agonist, 

MMP-2200, in the treatment of both PD and LID. We showed that systemic administration 

of MMP-2200 reduced amphetamine-induced rotations in the 6-OHDA rat model and 

apomorphine-induced hyperkinesia in reserpine treated rats (99). In a follow-up study we 

showed that MMP-2200 had no direct effects of AIMs in a rodent model of LID, but it did 

reduce the pro-parkinsonian side-effect of MK-801, a selective NMDA antagonist (99), 

without interfering with its anti-dyskinetic properties.  

 

While drugs targeting ORs have not yet proven translatable (74) it is clear that the opioid 

system plays an important role in the BG’s modulation of normal motor function and 

movement disorders. However, it is unclear if the changes that occur in the opioid system 

of PD and LID are a cause of LID or a compensatory response to dopamine depletion and 

subsequent administration of non-physiological levels of L-DOPA. Therefore, further 

investigation into the use of opioids for treating movement disorders is needed, as they may 

provide a non-dopaminergic treatment option. Based on the supporting evidence from the 

literature and our own laboratory, in Chapter 2 we investigated a highly-specific MOR 

antagonist, CTAP, and a glycosylated congener, CTAP5, with improved stability. 
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1.9. An Introduction to Ketamine 

 

Ketamine is a dissociative anesthetic drug that was first tested clinically in 1965 (100)  and 

approved by the Food and Drug Administration (FDA) in 1970. Due to its well-established 

safety profile, ease of use as a sedative for both children and adults, analgesic effects, and 

low cost it was added to the World Health Organizations Essential Medicines List in 1985. 

More recently it has been investigated for use in the treatment of post-traumatic stress 

disorder (PTSD) (101), chronic pain (102), and depression (103), of which the latter two 

are common non-motor symptoms in patients with PD and LID (3, 4). As a rapid anti-

depressant ketamine received “Breakthrough Therapy” status and was approved by the 

FDA, under the brand name Spravato (esketamine), in 2019 (88). However, the exact 

mechanism by which ketamine works therapeutically in each of these disease states is 

complex, as it is a multifunctional ligand, binding at a number of receptor targets, 

including, but not limited to the glutamate, dopamine, and opioid receptor systems.  

 

 

1.9.a. Ketamine and Glutamate Receptors: Mechanisms Behind its Anti-Depressive 

Effects 

 

Glutamate, a neurotransmitter, is the most abundant amino acid in the central nervous 

system (CNS) and acts as an agonist at pre- and post-synaptic ionotropic receptors. 

Ketamine’s primary mechanism of action is through antagonism of the ionotropic 

glutamate receptor, NMDAR, which is present on the majority of cells in the CNS. The 
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receptor primarily exists in an inactive state and requires multiple coordinated 

physiological events to occur in order for the ion channel to open. In addition to glutamate, 

which must bind to the agonist-binding domain (ABD) on the NMDA receptor 2 subunit, 

glycine must also be simultaneously bound to the ABD on the NMDA receptor 1 subunit. 

However, even in the presence of these co-agonists, calcium influx cannot occur due to the 

presence of a magnesium ion bound to the intracellular part of the receptor, which blocks 

ion flux. The removal of the magnesium ion is voltage-dependent and thus activation of 

NMDA receptors, requires both agonists binding to their respective ABDs in concert with 

membrane depolarization. Ketamine has two binding sites that reduce NMDA receptor 

activity and works as an open-channel blocker. The first involves binding to the intraductal 

phencyclidine (PCP) site, which partially obstructs the magnesium binding site, and 

interferes with ions entering the cell. The second site is in the hydrophobic domain of the 

receptor. It is important to note that ketamine does not entirely inactivate the receptor by 

binding to either site, but rather reduces the ion channel’s opening time, ability to sensitize 

to repeated receptor activation, or the frequency with which the channel opens. This direct 

inhibition hypothesis of NMDA receptors on pyramidal neurons (PNs) has a number of 

downstream effects. It is proposed that direct NMDA receptor antagonism by ketamine 

prevents glutamate excitotoxicity and suppresses the inhibition of eukaryotic elongation 

factor 2 (eEF2)-mediated protein synthesis. Additionally, it may recruit downstream 

signaling pathways that cause the release of brain-derived neurotrophic factor (BDNF) and 

mammalian target of rapamycin (mTOR). However, it should be noted that there is some 

evidence that opposes the direct inhibition hypothesis. Ro-25-698, a selective antagonist 

of the NMDA receptor NMDAR2B subunit had less potent and shorter effects than racemic 
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ketamine (104). These same results have been found for a number of NMDA receptor 

antagonists such as memantine, AZD6765, and CP-101 606 Newport et. al (105). 

 

The disinhibition hypothesis provides an alternative theory to explain ketamine’s actions. 

Much of our understanding of these mechanisms comes from evidence provided from the 

depression literature. Here, it is proposed that low doses of ketamine selectively antagonize 

NMDA receptors located on GABAergic interneurons. This causes disinhibition of 

pyramidal neurons (PNs), which in turn release glutamate that binds α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid (AMPA) receptors. The opening of the AMPA 

receptor channel pore results in sodium ions entering the cell and leading to a change in 

membrane potential and subsequent depolarization of the cell, which has further 

downstream effects. Specifically, depolarization activates nearby voltage-gated calcium 

channels (VGCCs), which is necessary as AMPA receptors are impermeable to calcium, a 

functional difference that distinguishes them from their NMDA receptor counterparts. 

Calcium entry through VGCCs causes activity-dependent release of BNDF into the 

synapse, which binds to its own surface receptor tropomyosin receptor kinase B (TrkB). 

TrkB agonism activates two major signaling pathways, MEK-ERK and PI3K-Akt which 

both converge on mTOR resulting in the translation of synaptic proteins such as glutamate 

receptor 1 (GluR1), post-synpatic density 95 (PSD95), activity-regulated cytoskeletal 

associated protein (Arc), in addition to the upregulation and insertion of new AMPA 

receptors into the postsynaptic density (PSD) as reviewed by Zanos et al. (106, 107).  
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In contrast to data opposing a direct role of NMDA receptor inhibition, there is substantial 

evidence supporting the necessary involvement of AMPA receptors in ketamine’s 

antidepressant effects (108–111). First, the rapid and sustained antidepressant effects of 

ketamine are blocked, as measured using the forced swim test in rodents, when these 

models are pretreated (108–110, 112) with or administered the AMPA receptor antagonist 

2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) 23.5 hours 

post-ketamine (109, 112). The role of AMPA receptor activation in the antidepressant 

effects of ketamine is further supported by studies showing that AMPA (113) alone and 

the AMPA receptor selective compound, CX546 (114), have dose-dependent 

antidepressant actions in rodents and enhance ketamine’s effects.  

 

In addition to behavioral effects, ketamine has been shown to induce a rapid and transient 

rise in glutamate release in the medial prefronal cortex (mPFC), which acutely activates 

AMPA receptors in rodents (115). Using both in vitro (intracellular recording of rat layer 

V/VI pyramidal cells in mPFC) (116) and in vivo (extracellular recording of rat CA3 

hippocampal pyramidal neurons) (117) techniques, subanesthetic ketamine injections have 

been shown to facilitate AMPA receptor-mediated synaptic transmission. In addition to an 

increase in synaptic transmission, expression of glutamate receptor subunits, GluR1 and 

GluR2, are also increased in both the PFC and hippocampus as measured via western blot 

analysis (112). 

 

While there is evidence of a role for both, it is more than likely that the proposed direct 

inhibition and disinhibition hypotheses are not mutually exclusive. In the depression 
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literature a unifying model of ketamine action has been proposed suggesting both act in 

concert with each other through the mutual recruitment of downstream, intracellular 

cascades that include BDNF release, mTOR activation, and initiation of long-term 

potentiation via AMPA receptor upregulation. Additionally, it is thought that ketamine’s 

anti-depressive actions may work through its ability to increase the ratio of AMPA to 

NMDA receptors by directly blocking NMDA receptors, while indirectly increasing 

AMPA receptors at the PSD, as proposed by the disinhibition hypothesis (106, 107).  

 

 

1.9.b. Ketamine and Dopamine Receptors: Mechanisms for Increased Dopamine 

Release 

 

As stated above, ketamine has a known safety profile and provides therapeutic 

benefit for a number of disease states, especially patients with treatment resistant 

depression. However, there are some safety concerns when used at higher doses including 

an increase in psychomimetic effects (118), increased intracranial pressure (119, 120), and 

potential damage to the urogenital system (121, 122).  Ketamine’s psychomimetic effects 

have been linked to its binding to the intracellular PCP site of the NMDA receptor and its 

regulation of the DA system. Specifically, ketamine has been shown to have an affinity for 

DA D2 receptors that is similar to its affinity for the NMDA receptor (123). A single 

subanesthetic dose of ketamine has been shown to rapidly increase DA release in the PFC, 

whereas repeated, daily, subanesthetic ketamine injections increased basal DA 

concentrations while simultaneously attenuating DA release (124). Evidence for alterations 
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in DA release also exist outside of the PFC. For example, a meta-analysis of six rodent 

studies shows that acute ketamine administration significantly increases DA release in the 

striatum compared to control conditions (125). This same paper also performed meta-

analyses of the frontal cortex and nucleus accumbens and found that acute ketamine also 

increased DA levels in these regions (125). Changes in DA levels in response to chronic 

ketamine exposure is less clear as not enough studies exist using this paradigm for a proper 

meta-analyses. However, three studies on the effects of chronic ketamine on DA levels in 

the cortex and striatum exist in the literature. All three studies showed chronic ketamine, 

both at anesthetic and sub-anesthetic doses, increased dopamine levels in the frontal cortex 

from 88% to 184% (125, 127, 128). Interestingly, the anesthetic ketamine doses had the 

smallest increase in DA levels.  Only one study showed an increase in DA levels in the 

striatum and this was at an anesthetic dose of 100 mg/kg (126). However, as addressed in 

the 2018 paper by Kokkinou et al., the other two studies, which looked at striatal DA levels 

in response to sub-anesthetic ketamine may have been compromised by poor study design, 

including oral administration of ketamine (128) and the use of a DA ELISA assay (127). 

A parenteral method for ketamine administration would be preferred in the former due to 

ketamine undergoing first pass metabolism, while high-pressure liquid chromatography is 

the preferred method for proper DA content analysis in the latter study.  

 

The exact mechanisms by which dopamine release is increased are not fully elucidated. 

However, it is thought that it occurs through the same mechanisms as the disinhibition 

hypothesis described above, wherein ketamine initiates its effects by NMDA receptor 

antagonism at GABAergic interneurons (129). Here, NMDA receptor blockade at this level 
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then leads to a disinhibition and an increase in pyramidal cell firing that excites DA neurons 

(130), resulting in an increase in DA release. This is further supported by studies showing 

that NMDA receptor antagonists cause a significant release of glutamate (131, 132). While 

there is sound evidence for a version of the disinhibition hypothesis causing activation of 

dopaminergic neuron activity via an increase in glutamate, it should be taken into 

consideration that this may not be the sole contributing factor (125). 

 

 

1.9.c. Evidence for Proposing to Test Ketamine as a Novel Therapeutic Agent for 

Movement Disorders 

 

As stated in the previous section on pharmacological treatment options for PD, current 

treatments do not alter disease progression, they only relieve the motor symptoms related 

to dopamine cell loss in the SN. While the need for a neuroprotective agent or replacing 

DA, without side-effects, loss are two critically unmet needs, they are not the only 

problems facing this patient population. PD patients also face a host of non-motor 

symptoms that arise from pathophysiological changes in other regions of the brain such as 

depression and pain. These symptoms are not responsive to traditional dopamine 

replacement therapies. Therefore, novel targets must be identified or previous targets must 

be reconsidered in an effort to find new treatment options for those suffering from PD and 

LID.  
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The glutamate receptor, NMDAR, is a potential therapeutic target that is being 

reconsidered in movement disorders as well as depression and pain. This reignited interest 

is largely due to novel research that has showing the repurposing of ketamine as an 

effective treatment for depression (103, 133–135), PTSD (101), and chronic pain (102). 

Interestingly, these three disease states have commonalities with PD and LID at both the 

cellular and systems level.  At the cellular level these diseases all cause changes in 

structural plasticity that is maladaptive and leads to their specific symptoms. At the systems 

level they are all characterized by hypersynchronous oscillatory patterns across their 

affected neural networks. While ketamine has been shown to be therapeutic in non-motor 

symptoms of PD and LID, these mechanistic similarities suggest that it could also be 

effective in the motor symptoms of PD and LID.   

 

However, there is an information in the literature suggesting that an NMDA receptor 

antagonist, like ketamine, may be an effective therapy for both PD and LID. First, as 

previously established, it has been shown that NMDA receptor activation can enhance 

dopamine release in the striatum, which could provide an increased function for surviving 

dopaminergic neurons (136, 137). These same NMDA receptors, located on dopaminergic 

neurons may also play a role in neurodegeneration, specifically fast and slow excitotoxic 

cell death (138). Fast excitotoxicity is the result of a large increase in extracellular 

glutamate input to dopaminergic neurons, which activates NMDA and AMPA receptors, 

leading to a toxic amount of calcium entering the cell, resulting in cell death. This input 

comes from the STN and therefore may explain why a lesion in this part of the BG could 

reduce hyperexcitability and slow disease progression in a 6-OHDA rodent model (139). 
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Similarly, slow excitotoxicity also results in excess calcium entry, but occurs when the 

dopaminergic neurons are metabolically impaired such that the physiological resting 

membrane potential is lost and the magnesium ion blocking the NMDA receptor channel 

dissociates reducing the requirement for activation to only the presence of physiological 

levels of glutamate and glycine. This effect has been demonstrated in an MPTP mouse 

model, in which mitochondrial Complex I is inhibited, resulting in a significant loss of 

striatal dopamine that was then reversed by the non-competitive NMDA receptor 

antagonist, MK-801, and the competitive NMDA receptor antagonists, LY274614 and 

CGP39551 (140). 

 

When given systemically, MK-801 has also been shown to reverse akinesia in rats induced 

by a combination of reserpine and a-methyl-p-tyrosine (140). In this same study, it was 

also shown that MK-801 could potentiate the effects of L-DOPA in this same 

pharmacological model of dopamine depletion (141). Localized administration of the 

NMDA receptor antagonists, 7-chlorokynurenate and ifenprodil also show anti-

parkinsonian effects, as measured by net contralateral turns away from the lesion, when 

injected locally in the rostral striatum (142). There is precedence for this result as both 7-

chlorokynurenate and ifenprodil have affinity for the NR2B subunit of the NMDA 

receptors and NMDA receptors containing NR2A and NR2B subunits are the most 

abundant throughout the striatum (143). Moreover, in 6-OHDA-treated rats there is an 

increase in phosphorylated NR2B subunits (144).  
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Research into novel N-methyl-D-aspartate receptor (NMDAR) antagonists for LID have 

been ongoing due to pharmacological studies that have identified a role for NMDAR-

mediated signaling in the development of LID (145). Additionally, drugs targeting 

NMDARs have received a boost due to FDA approval of an extended-release formulation 

of amantadine, a weak NMDA receptor antagonist, indicated for LID.  However, 

amantadine does not work for all patients (146), can cause psychiatric disturbances (147), 

and there is no evidence that it provides long-term effects.  

 

Based on the information presented above we started investigating the therapeutic potential 

of ketamine for PD and LID further, and a publication from our lab looked retrospectively 

at five case studies of patients with PD taking ketamine off-label for other comorbidities 

(148). This paper showed that patients being treated with subanesthetic ketamine self-

reported a reduction in their LID post-treatment and in two cases had an improvement in 

their UPDRS scores. Other evidence in the movement disorder literature has provided 

further proof for ketamine’s therapeutic potential. Two clinical case studies (3 patients) 

have also shown an acute reduction in tremor after an intravenous (i.v.) bolus of ketamine 

or ketamine plus, the short-acting µ-opioid receptor agonist, remifentanil (149, 150). The 

combination of ketamine and remifentanil was also shown to reduce dyskinesia in two 

patients with PD. A preclinical model of PD has also shown that when given at an 

anesthetic dose, ketamine provides neuroprotection as measured by a reduction in the loss 

of tyrosine hydroxylase (TH) immunoreactivity (151). 
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Based on these findings we hypothesize that low-dose, sub-anesthetic ketamine may have 

a therapeutic effect in both PD and LID.  The repurposing of ketamine for the treatment of 

movement disorders is a novel approach that may not only provide a reduction in motor 

deficits, but also simultaneously treat non-motor symptoms such as depression and chronic 

pain. Moreover, as drug-development is an arduous and expensive process, the repurposing 

of an inexpensive and readily available drug with a known safety in humans offers a 

potential therapy at a fraction of the time and cost. 
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Abstract 

Dopamine-replacement utilizing L-DOPA is still the mainstay of symptomatic treatment 

for Parkinson’s disease (PD).  A critical complication of this therapy is the common 

development of L-DOPA-induced dyskinesia (LID) in patients, which can be as 

debilitating as PD motor deficits.  There is currently no satisfactory adjunct therapy 

available.  The endogenous opioid peptides enkephalin and dynorphin are important co-

transmitters of gamma-aminobutyric acid (GABA) and glutamate transmission in the direct 

and indirect striatofugal pathways that are disrupted in PD and have been implicated in 

genesis and expression of LID.  The novel µ-opioid receptor antagonist ADL5510 with 

modest selectivity (15-fold selective for µ- over d-opioid receptors) has recently been 

shown to be anti-dyskinetic in a preclinical model.  In this study we investigated effects of 

the highly-selective µ-opioid receptor antagonist CTAP (> 1,200-fold selectivity for µ- 

over δ-opioid receptors) and a novel glycopeptide congener (gCTAP5) that was 

glycosylated to increase stability, in the standard rat LID model.  Systemic administration 

of CTAP and gCTAP5 as low as 0.5 mg/kg, i.p. completely blocked morphine’s 

antinociceptive effect (10 mg/kg; i.p.) in the warm water tail-flick test, showing in vivo 

activity in rats after systemic injection.  Neither CTAP (10 mg/kg; i.p.), nor gCTAP5 (5 

mg/kg; i.p.) had any effect on L-DOPA-induced limb, axial and orolingual, or locomotor 

abnormal involuntary movements (AIMs).  The data indicate that highly selective µ-opioid 

receptor antagonism alone might not be sufficient to be anti-dyskinetic and suggests that 

additional opioid receptor properties in opioid receptor antagonists such as ADL5510 

might contribute to the published anti-dyskinetic effects.  
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Introduction 

The mainstay of treatment for Parkinson’s disease (PD) consists of dopamine 

replacement therapy with levodopa (L-DOPA), which was introduced in the 1960’s and 

remains the most efficacious symptomatic therapy and is considered the gold standard.  

Although tolerated well in the short term, the chronic use of levodopa, in combination with 

progression of the disease, results in the development of involuntary movements termed L-

DOPA-induced dyskinesia (LID), an unfortunately common and disabling side effect [1].  

Patients with LID exhibit abnormal levels of many neurotransmitters in addition to 

dopamine.  For example, endogenous opioids are dysregulated in dyskinetic patients, and 

the striatum (STR) is rich in receptors for µ- and d-opioid receptors. Striatal neurons utilize 

the opioid peptides dynorphin and met-enkephalin as co-transmitters, and levels of these 

peptides are altered significantly in PD.  Long-term L-DOPA therapy leading to the 

development of LID elevates levels of opioid peptides and mRNA encoding their 

precursors in animal models of PD [2–5].  In postmortem studies, PD patients who 

expressed motor fluctuations due to long-term L-DOPA use express increased striatal 

preproenkephalin A and preproenkephalin B levels [6–8].  Opioid receptor activation 

produces long-term depression (LTD) in the dorsal STR, an area of interest for PD [9].  

There is disparity of data from both preclinical and clinical studies that has led to 

conflicting concepts that opioids represent either a cause of LID or a compensatory 

mechanism, and both opioid receptor antagonism and agonism, possibly specific to the µ-

opioid receptors, are actively being studied for their anti-dyskinetic properties [10–12].   

For example, a recently published novel µ-opioid receptor antagonist that was shown to be 

anti-dyskinetic, ADL5510, has only modest selectivity for the µ-opioid receptor [10].  And 
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while anti-dyskinetic effects from µ-antagonism have been reported, a recent ongoing 

study by E. Bezard’s group suggests that partial or full µ-opioid agonism and not µ-opioid 

antagonism might be anti-dyskinetic [13].   

In order to investigate the anti-dyskinetic potential of specifically only blocking µ-

opioid receptors we conducted experiments in the standard rodent model of established 

LID, the 6-hydroxydopamine (6-OHDA)-lesioned hemi-parkinsonian rat primed with L-

DOPA, using the highly-selective µ-opioid receptor antagonists CTAP (IC50 = 3.5 nM and 

> 1,200-fold selective for µ- over d-opioid receptors) [14] and a congener gCTAP5, that 

had been glycosylated to increase stability [15].  

 

Material and Methods 

Material 

CTAP glycopetides were prepared using published methods from Mitchell et al. 2001 

[16]. CTAP: dPhe  Cys  Tyr  dTrp  Arg  Thr  Pen  Thr (parent peptide), and it’s glycosylated 

congener gCTAP5:  dPhe  Cys  Tyr  dTrp  Arg  Thr  Pen  Thr  G  G  Ser-b Glucopyranoside. 

 

Animals for LID model and Tail Flick experiments 

Male Sprague-Dawley rats (n = 8 for LID study: 250 g and n = 8 for Tail Flick: 200 

g; Harlan, Indianapolis, IN) were used and housed in a temperature and humidity-controlled 

room with 12-hour light/dark cycles with food and water available ad libitum.  All animals 

were treated as approved by the Institutional Animal Care and Use Committee at the 

University of Arizona and in accordance with the NIH Guidelines for the Care and Use of 
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Laboratory Animals.  Number of animals used and their suffering were minimized.  Animals 

were acclimated in the animal facility for 1 week prior to surgery. 

 

Tail-Flick paradigm 

The rat tail-flick assay was used to test the µ-opioid receptor antagonists ability to 

penetrate the blood brain barrier and antagonize the antinociceptive effects of the µ-opioid 

receptor agonist, morphine.  The animals (n=8) were gently restrained and nociception was 

administered by dipping the distal third of the tail in a 52° C water bath.  Latency to tail-flick 

was recorded as the time required for the tail to withdraw from the bath, with a cutoff of 10 

seconds to prevent tissue damage.  Prior to administering compounds, three measurements 

of tail-flick latency were recorded with 2-minute intervals between tests to establish control 

latency.  The antinociceptive effect of morphine (10 mg/kg, i.p.) was determined for each 

animal with a single measurement of tail-flick latency at 15, 30, 45, 60, 75, and 90 minutes 

post-injection.  The individual abilities of CTAP (0.1, 0.5 and 1 mg/kg, i.p.) and gCTAP5 

(0.1, 0.5 and 1 mg/kg, i.p.) to antagonize the antinociceptive effect of morphine were then 

tested at 48-hour intervals. The µ-opioid receptor antagonists were administered 10 minutes 

after morphine in order to coincide with its peak effect.  Latency time and maximum possible 

effect (%MPE) were calculated.  %MPE = (post injection latency - baseline latency)/[cutoff 

(10 sec) - baseline latency]x100. 

 

The unilateral 6-hydroxydopamine (6-OHDA)-lesion rat PD model   

Injection of a total of freshly made 20 µg 6-OHDA (5.0 µg/µl in 0.9% sterilized saline 

with 0.02% ascorbic acid; Sigma, St Louis, MO) in 2 locations in the medial forebrain bundle 
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(MFB) at coordinates: A/P -2.8, M/L -1.8, DV -8.0 and A/P -4.7, M/L -1.5, DV -7.9, 

according to the Atlas of Paxinos and Watson, 1997 (Paxinos and Watson, 1997).  The rate 

of the injection was 0.5 µl per min using a Stoelting microinjector (Stoelting Co., Wood 

Dale, IL), and the Hamilton syringe was left in place for 5 additional minutes to prevent back 

flow of solution.  Rats were pretreated (30 min prior to the infusion of 6-OHDA) with 12.5 

mg/kg desipramine hydrochloride (Sigma, St Lois, MO) given intraperitoneal (i.p.) to 

prevent damage to noradrenergic neurons.   

 

Induction of LID in unilateral lesioned rats 

1) Two weeks after surgery the unilateral 6-OHDA-lesioned rats were injected with 

D-amphetamine (5.0 mg/kg, i.p. injection; Sigma, St Louis, MO) to induce asymmetrical 

dopamine release.  The number of ipsiversive rotations during 1 minute intervals, every 5 

minutes were counted for a total of 60 minutes after the injection.  2) Rats with ≥ 4 

rotations/minute were selected and were daily treated with 7 mg/kg L-DOPA (with 15 mg/kg 

benserazide, both i.p.; Sigma, St Louis, MO) for 3 weeks to establish LID, and the 6 rats that 

developed stable LID were included in the LID study. 

 

Behavioral analysis in the LID rat model 

L-DOPA-induced abnormal involuntary movements (AIMs) were scored by an 

experimentally blinded investigator according to established protocols [17,18], with a 

‘within subjects cross over design’ to have a vehicle control experiment for every drug dose 

tested and to reduce variability of the behavioral results.  In order to quantify the severity of 

the AIMs, rats were observed individually in their standard cages every 20th minute at 20-
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80 minutes after an injection of L-DOPA.  As described in the literature [18,19], AIMs were 

classified into four subtypes: (1) limb AIMs, i.e., jerky and/or dystonic movements of the 

forelimb contralateral to the lesion; (2) axial AIMs, i.e., dystonic or choreiform torsion of 

the trunk and neck towards the side contralateral to the lesion; (3) orolingual AIMs, i.e., 

twitching of orofacial muscles, and bursts of empty masticatory movements with protrusion 

of the tongue towards the side contralateral to the lesion; (4) locomotor AIMs, i.e., increased 

locomotion with contralateral side bias.  The latter AIM subtype does not provide a specific 

measure of dyskinesia [18], but rather provides a correlate of contralateral turning behavior 

in rodents with unilateral 6-OHDA lesions.  Each of the four subtypes was scored on a 

severity scale from 0 to 4, where 0 = absent, 1 = present during less than half of the 

observation time, 2 = present for more than half of the observation time, 3 = present all the 

time but suppressible by external stimuli, and 4 = present all the time and not suppressible 

by external stimuli.  Limb, axial, and orolingual AIMs have been shown to be modulated in 

a similar way.  Therefore, scores from these three AIMs subtypes were summed.  The sum 

of (1) locomotor, or (2) LAO (limb, axial and orolingual) AIMs scores per testing session 

were used for statistical analyses.  

 

Euthanasia and brain tissue harvest  

Rats were sacrificed after the last dose of drug with carbon dioxide. For a quantitative 

measure of the extend of the PD-lesion with our protocol for n=6 animals the whole brains 

were extracted, and striatal tissue prepped for quantitative dopamine (DA) measurements, as 

published [17]. 
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Data Analysis 

Statistical analysis was performed using GraphPad Prism 8.1 software (GraphPad 

Software, Inc., La Jolla, CA).  For the tail-flick time point data the raw MPE data were 

compared with paired two-tailed t-tests corrected for multiple comparison with the Holm-

Bonferroni Correction [20].  A non-parametric Kruskal-Wallis test with Dunn’s multiple 

comparisons post hoc tests was used to compare the effect of treatment on LAO- and 

locomotor AIMs.  The null hypothesis was rejected when p < 0.05.   

 

Results and Discussion 

CTAP had been shown in prior work to be a blood-brain barrier penetrant drug [14], 

and used in many rodent studies.  Tail-flick testing verified that not only CTAP but also 

gCTAP5 crossed the blood-brain barrier sufficiently to exhibit a strong reduction of 

morphine’s antinociceptive activity, as tested with the warm water tail-flick paradigm 

(Figure 1 A-C).  This block of morphine’s effects was seen at doses as small as 0.5 mg/kg, 

i.p. for both CTAP and gCTAP5.  In addition, gCTAP5 did already significantly reduce 

morphine’s maximal effect at 45 minutes at 0.1 mg/kg, while CTAP did not, indicating that 

indeed the glycosylated drug might have an increased stability or possibly an increased 

blood-brain barrier penetration.  

As has been shown in prior work [17] the MFB 6-OHDA-lesion protocol in our hands 

leads to > 90 % depletion of striatal DA content on the lesioned side of the brain, while 

leaving levels of serotonin unchanged.  We further confirmed the lesion post hoc by 

measuring striatal DA content, and did see >90 % reduction in the lesioned hemisphere 

(Figure 2).  In line with this, amphetamine-induced ipsiversive rotations for PD animals 
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(n=6) included in this study was 5.08 ± 1.3 (mean ± SEM).  These animals exhibited severe 

and stable LID after the 3-week priming with daily L-DOPA treatment.  The stability was 

confirmed with testing the severity of the AIMs three times 3-4 days apart before testing of 

compounds ensued.   The severity of LID is evidenced by mean LAO-AIMs scores of 60, 

and mean locomotor AIMs scores of 20. 

When testing for anti-dyskinetic activity in the LID rats, neither CTAP nor gCTAP5 

did reduce either LAO-AIMs (Figure 3A and 3C) or locomotor AIMs (Figure 3B and 3D), 

even at as high a dose as 5 mg/kg for gCTAP, or 10 mg/kg for CTAP.  

The data presented indicate that highly-specific µ-opioid receptor antagonism does 

not reduce LID in the standard rodent model.  This was a surprising finding given prior 

published findings showing anti-dyskinetic activity of drugs with µ-opioid antagonist 

activity.  Species differences could account for the discrepancy to the published results of 

the µ-opioid receptor antagonist ADL5510 having anti-dyskinetic effects in a non-human 

primate model of LID [10], or there could be ‘hidden’ beneficial d-opioid receptor 

properties in the µ-opioid receptor antagonist ADL5510 that had not been examined as 

extensively as the much used highly-selective µ-antagonist CTAP.   Specifically, it is 

important that ADL5510 is only 15-fold selective for µ- vs. d-opioid receptors, while 

CTAP is >1,200 fold selective for µ- over d-opioid receptors.  In that respect, it is of interest 

that ADL5510 had a U-shaped dose-response curve in the non-human primate experiments, 

indicative of more than one property being involved in its therapeutic activity [10].  

Further, a recent study did show that the novel molecule DPI-289, a mixed d-opioid 

agonist/µ-opioid receptor antagonist, was also anti-dyskinetic in both rodent and non-

human primate LID models [21].  Similarly, the mixed κ-opioid receptor agonist/µ-opioid 
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receptor antagonist nalbuphine did also reduce LID in dyskinetic non-human LID primates 

[22].  In a case report the combination of the µ-opioid antagonist remifentanil and ketamine 

was shown to control dyskinesia and tremor in PD patients undergoing surgery [23].  

Ketamine alone has also been shown to reduce tremor in a PD patient in a pre-operative 

setting [24].  It is further interesting that sub-anesthetic ketamine has also has been shown 

recently not to only reduce pain [25], but also to be anti-dyskinetic in rodents by itself [26].   

While being mostly known as an N-methyl-D-aspartate receptor (NMDAR) antagonist, 

ketamine binds to both µ- and d-opioid receptors at a similar affinity compared to 

NMDARs and enhances phosphorylation of ERK1/2 [27].  While the anti-dyskinetic 

effects have not been tested for this contribution of opioid receptors, the central 

antinociception induced by ketamine is mediated by both µ- and d-opioid receptors, and 

can be blocked by antagonizing them [28,29].  Similarly, the mixed opioid receptor agonist 

MMP-2200, with both µ- and d-agonist activities, modulates the non-competitive NMDAR 

antagonist MK-801 to result in a potent reduction of L-DOPA-induced AIMs without 

induction of parkinsonism [30].  This points to a possible contribution of µ- and d-opioid 

receptors together with targeting of NMDARs as effective therapy toward pain states and 

LID as well.   

In Conclusion, combined with the presented data, those findings discussed above 

further indicate that a combination of more than one opioid receptor activity might be 

needed for full anti-dyskinetic therapeutic activity of therapeutic drug candidates targeting 

the opioid system for the treatment of LID, and that highly-selective µ-opioid receptor 

antagonism alone might not be sufficient. 
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Figures 
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Figure 1.  CTAP and gCTAP5 block morphine effects in a rat model of nociception.  

(A) At the dose of 0.1 mg/kg gCTAP5 (i.p.) already significantly reduced the antinociceptive 

effect of morphine (10 mg/kg; i.p.) in the warm water tail-flick paradigm when the maximum 

morphine (M) effect is reached at 45 minutes, while CTAP did not.  At the doses of (B) 0.5 

mg/kg and (C) 1.0 mg/kg both gCTAP5 and CTAP completely blocked the morphine effect 

at every time point.  The mean %MPE ± SEM is plotted (n = 8; paired two-tailed t-tests, 

corrected for multiple comparison with the Holm-Bonferroni Correction; *p > 0.05, **p > 

0.01, ***p > 0.001 for M vs. M+gCTAP5; ^p > 0.05, ^^p > 0.01 for M vs. M+CTAP).    
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Figure 2.  Verification of the 6-OHDA lesion.  We verified the extent of the 6-OHDA 

lesion post hoc with measuring of the striatal dopamine content, and plotted mean dopamine 

(DA) content ± SEM; n = 6; two-tailed t-test, ***p < 0.0005. 
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Figure 3.  CTAP (10 mg/kg, i.p.) had no effect on either LAO or locomotor AIMs.  (A) 

The mean total LAO AIMs scores over 180 minutes were plotted and there was no difference 

between vehicle (gray bar) and drug (black bar) condition (mean AIMs count±SEM; n = 6; 

paired two-tailed t-test).  (B) The mean total locomotor AIMs scores over 180 minutes were 

plotted and there was no difference between vehicle (gray bar) and drug (black bar) 

condition.  gCTAP5 (5 mg/kg, i.p.) had no effect on either LAO or locomotor AIMs.  (C) 

The mean total LAO AIMs scores over 180 minutes were plotted and there was no difference 

between vehicle (gray bar) and drug (black bar) condition.  (D) The mean total locomotor 

AIMs scores over 180 minutes were plotted and there was no difference between vehicle 

(gray bar) and drug (black bar) condition.  In all graphs the mean AIMs counts ± SEM were 

plotted; n = 6; paired two-tailed t-test.   
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Abstract 

Low-dose sub-anesthetic ketamine infusion treatment has led to a long-term reduction of 

treatment-resistant depression and posttraumatic stress disorder (PTSD) symptom severity, 

as well as reduction of chronic pain states, including migraine headaches.  Ketamine also 

is known to change oscillatory electric brain activity.  One commonality between migraine 

headaches, depression, PTSD, Parkinson’s disease (PD) and L-DOPA-induced dyskinesias 

(LID) is hypersynchrony of electric activity in the brain, including the basal ganglia.  

Therefore, we investigated the use of low-dose sub-anesthetic ketamine in the treatment of 

LID.  In a preclinical rodent model of LID, ketamine (5 - 20 mg/kg) led to long-term dose-

dependent reduction of abnormal involuntary movements, only when low-dose ketamine 

was given for 10 hours continuously (5 x i.p. injections two hours apart) and not after a 

single acute low-dose ketamine i.p. injection.  Pharmacokinetic analysis of plasma levels 

showed ketamine and its major metabolites were not detectable any more at time points 

when a lasting anti-dyskinetic effect was seen, indicating a plastic change in the brain.  This 

novel use of low-dose sub-anesthetic ketamine infusion could lead to fast clinical 

translation, and since depression and comorbid pain states are critical problems for many 

PD patients could open up the road to a new dual therapy for patients with LID. 

 

Keywords:  Parkinson’s disease; preclinical rodent model; hypersynchrony; NMDA 

receptors; opioid receptors;  
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Introduction 

Parkinson’s disease (PD) is the 2nd most common progressive neurodegenerative 

disease with the cardinal motor symptoms of tremor, rigidity, postural instability and 

bradykinesia [1].  These motor symptoms correspond to the loss of dopaminergic neurons 

with cell bodies located in the substantia nigra and axonal projections to the striatum 

leading to reduced dopamine (DA) levels.  The most common treatment for PD consists of 

DA replacement therapy utilizing the DA precursor L-DOPA (L-3,4-

dihydroxyphenylalanine).  This becomes unsatisfactory as the disease progresses due to 

short-term and long-term side effects that occur with dose escalation, including LID, the 

most common and debilitating side effect.  An effective treatment of LID to extend the 

useful lifetime of L-DOPA treatment is a critical unmet need in PD therapy [1,2].   

Low-dose ketamine is used to treat various chronic pain syndromes, especially 

those that have a neuropathic component, and studies on the effect of prolonged infusion 

(4 – 14 days) show long-term analgesic effects up to 3 months following infusion [3].  

Recent publications also showed that low-dose ketamine infusion paradigms are safe and 

well tolerated in clinical trials for treatment-resistant depression [4–7] and PTSD [8].   

Low-dose ketamine has led to a reduction of treatment-resistant depression; it also reduced 

PTSD symptom severity and comorbid depression.  And a NIMH-sponsored multi-

institutional clinical trial is currently evaluating the dose-response for ketamine treatment 

for depression in more detail.  The pathophysiology of LID and motor fluctuations is 

uncertain, although hypotheses include an imbalance between the direct and indirect 

striatofugal pathways within the basal ganglia (BG), due to repeated daily administration 

of L-DOPA, the production of “denervation super sensitivity” of DA receptors, and as a 
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result also hypersynchrony of electric activity and maladaptive plastic changes in the brain, 

including in the BG, which is a commonality between LID, depression and PTSD.   Both 

glutamatergic and opioid dysregulation may also contribute to LID, and anti-dyskinetic 

effects of NMDA antagonist have been reported.  Ketamine is a multifunctional ligand and 

is a NMDA receptor antagonist and opioid agonist.  Based on this information we 

hypothesized that use of sub-anesthetic ketamine infusions might improve treatment of 

LID, and investigated this in the standard preclinical LID model.    

 
 
 
Material and methods 

Animals:  Male Sprague-Dawley rats (250 g; Harlan Laboratories, Indianapolis, IN) 

were used and housed in a temperature and humidity controlled room with 12 hr reversed 

light/dark cycles with food and water available ad libitum.  All animals were treated as 

approved by the Institutional Animal Care and Use Committee, University of Arizona and 

in accordance with the NIH Guidelines for the Care and Use of Laboratory Animals.  Both 

the number of animals used and their suffering were minimized.   

Unilateral 6-hydroxydopamine (6-OHDA)-lesion PD model: 6-OHDA 

hydrochloride (5.0 µg/µl in 0.9% sterile saline with 0.02% ascorbic acid; Sigma–Aldrich, 

St. Louis, MO, USA) was injected into the medial forebrain bundle, as published [9], into 

2 locations (10 µg/site) at coordinates: AP −2.8, ML −1.8, DV −8.0 and AP −4.7, ML −1.5, 

DV −7.9.  Rate of injection: 0.5 µl/min using a Stoelting microinjector (Stoelting Co., 

Wood Dale, IL).  The Hamilton syringe was left in place for 5 additional minutes to prevent 

backflow of solution.  Rats were pretreated (30 min prior to 6-OHDA) with 12.5 mg/kg 
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desipramine (Sigma-Aldrich) given intraperitoneally (i.p.) to prevent damage to 

noradrenergic neurons. 

  Induction of LID in unilaterally-lesioned rats: 1) Amphetamine-induced ipsiversive 

rotations were recorded, as published [10], to select animals.  Mean ipsiversive 

rotations/min ± SEM: cohort #1 = 5.5 ± 0.7 (n = 5); cohort #2 = 6.9 ± 1.1 (n = 10).  2) Rats 

were treated daily for 3 weeks with L-DOPA + 14 mg/kg benserazide; both i.p.; Sigma–

Aldrich): cohort #1 (severe dyskinesia): 7 mg/kg L-DOPA; cohort #2 (moderate 

dyskinesia): 5 mg/kg L-DOPA.    

 Behavioral analysis of LID rats:  Following the procedure originally reported in 

[11],  L-DOPA-induced abnormal involuntary movements (AIMs) were scored by an 

experimentally blinded investigator on a scale from 0 - 4, as published [9].   Limb, axial 

and orolingual (LAO) AIMs were scored separately from the locomotor AIMs 

(contralateral rotations).  At the end of the experiment the rats were euthanized.  

Measurement of dopamine content:  Coronal brain slices were collected and 2 mm 

steel biopsy punches were used to sample striatal tissue.  Samples from left and right 

hemispheres were collected and immediately flash frozen on an aluminum pan at −70 OC, 

as published [9].  Samples massed at 2.5 ± 0.5 mg and were then homogenized in dilute 

perchloric acid.  High performance liquid chromatography with electrochemical detection 

(HPLC-EC) was used to quantify DA. 

Western analysis of tyrosine hydroxylase (TH) content:  After the tissue punch the 

remaining striata from both hemispheres were immediately flash frozen and stored at −70 

OC.  Total protein was prepared and semi-quantitative western analysis was conducted as 

described [9,12] with 3 modifications:  30 µg of protein/sample was loaded;  secondary 
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antibody dilution for b-actin: 1:10,000;   Images analysis with the G:Box XR5 Chemi 

system (Syngene, Frederick, MD) using GeneSys v.1.4.0.0.   

Measurement of ketamine (K), norketamine (NK) and dehydronorketamine 

(DHNK):  Tail-vain whole blood samples (approximately 0.5 ml) were taken and frozen at 

−80 OC.  Whole blood was thawed, centrifuged, 300 µL of plasma was removed and placed 

in a borosilicate culture tube (VWR, Radnor, PA).   Samples were basified with 100 µL of 

10 M NaOH (Mallinckrodt) in nanopure water (Millipore, Bedford, MA), spiked with 500 

ng Nortilidine (N) internal standard (Cayman chemical), and then extracted with a 250 µL 

mixture of 80:20 DCM:EtAc, (EMD Millipore, Billerica, MA) by sonicating 10 minutes.  

The organic fraction was recovered and samples were speed-vacuumed to dryness and 

reconstituted in 200 µL of an acetonitrile (EMD Millipore), nanopure water, formic acid 

mixture (JT Baker, Center Valley, PA) 50:50:0.1 ratio.  Standards for K, NK and DHNK 

were supplied by Cayman chemical, Ann Arbor, MI.  Measurement was performed on an 

Applied Biosystems Qstar Elite with TurboIon Electrospray ionization (ESI) source.  

Quantitation of direct flow injections was accomplished by summing analyte fragments in 

MS/MS mode.  For example a molecular ion selection of 240.1 m/z corresponding to K 

yielded fragments at 165.0 and 181.0 m/z which were integrated and divided by the internal 

standard signal to yield a relative value for subsequent quantitation via a linear calibration 

of the instrument.  The calibration was made by spiking standards into blank plasma prior 

to the extraction described above.   

Data Analysis:  Statistical analysis was performed using GraphPad Prism 5.1 

software (GraphPad Software, La Jolla, CA), Origin 9.0 (OriginLab Corporation, 

Northampton, MA) and Microsoft Excel 2013.  The null hypothesis was rejected when p < 
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0.05.  Based on protocols established by Cenci’s group [13] in the repeated drug treatment 

study, comparisons of AIM scores that had been recorded repeatedly were performed using 

repeated-measures ANOVA, where treatment (L-DOPA, ketamine or post-ketamine time 

points) and time (testing session) were entered as independent variables.  Post hoc 

comparisons were performed where appropriate using the Tukey test.  To compare two 

time points we used two-tailed Mann Whitney or two-tailed t tests. 

 
 
 
Results  

The rats in cohort #1 were primed with 7 mg/kg L-DOPA and showed severe LID.  

We demonstrated a dose-dependent long-term anti-dyskinetic effect of low-dose ketamine 

when given for a 10 hour period (Figure 1A,B);  ketamine was injected 5 x i.p. two hours 

apart (referred to in the text as ‘infusion’), 7 mg/kg L-DOPA was co-injected at the 5th 

injection, and then the AIMs scores were evaluated.  Prior work indicated that within two 

hours of injection ketamine blood level in rats drops by > 80% [14].  We used this approach 

to achieve 10 hour continuous ketamine exposure, since it is not possible to use a regular 

infusion in a behaving rat and given the long-term nature of the experiment clogging of 

surgically inserted mini-pumps was a concern.  After the 10 mg/kg ketamine ‘infusion’ the 

AIMs score was significantly reduced for 3 days and it took 10 days before the baseline 

AIMs score (black dashed line) was reached again.  After the 15 mg/kg ketamine 

‘infusion’, there was a significant reduction lasting for 7 days and it took 31 days before 

the baseline AIMs score level was reached again.  Most impressive, however, was the effect 

of 20 mg/kg ketamine ‘infusion’, which resulted in a persistent significant reduction of 

AIMs scores that lasted for at least 55 days post-injection, and what appeared to be a new 
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lower stable AIMs level was established (blue dashed line).  A 10 mg/kg ketamine 

‘infusion’ was given after these treatments to test for sensitization resulting from ketamine 

treatment.  No change in the already-reduced AIMs score was observed following this 

dosage, suggesting that reduced AIMs scores following the 20 mg/kg injection was not due 

to sensitization.  At all the tested doses ketamine did not significantly change L-DOPA-

induced contralateral locomotor behavior (Figure 1C), and specifically did not acutely 

induce the ipsiversive turning behavior that is indicative of a worsening of the 

Parkinsonism in this model, as it has been shown by the non-competitive N-methyl-D-

aspartate (NMDA) receptor antagonist MK-801.  At doses showing anti-dyskinetic activity 

MK-801 is also pro-Parkinsonian [9,15].  To investigate if the longer exposure to ketamine 

is necessary we then tested a separate cohort #2 of rats with moderate LID to see if an acute 

single ketamine injection would also be anti-dyskinetic.  Since the 7 mg/kg L-DOPA 

priming  in our hands led to a very severe dyskinetic phenotype (AIMs scores of > 70) we 

used a lower L-DOPA dose for cohort #2 in expectation that a single acute ketamine 

challenge might have a reduced effect size, and using more moderately dyskinetic animals 

was therefore deemed appropriate.  The rats were primed and tested with 5 mg/kg L-

DOPA, which in our hands led to a more moderate dyskinesia (AIMs scores around 40) 

similar to publications by Dr. Cenci [13].  Acute single i.p. injections of 15 mg/kg ketamine 

(fourteen days apart) did not lead to any change in the AIMs scores (Figure 1D), while the 

15 mg/kg 10 hour ketamine ‘infusion’ had an anti-dyskinetic effect that remained 

significant for 7 days (Figure 1B).  To study pharmacokinetics we measured serum plasma 

levels of ketamine, as well as the major metabolites, NK and DHNK, 3 hours after an acute 

single dose injection of 15 mg/kg ketamine, and 3 hours, 3, 7 and 10 days after a 10 hour 
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ketamine ‘infusion’ (15 mg/kg).  There was no significant difference between the ketamine 

plasma levels 3 hours after injection in either the acute or the 10 hour ‘infusion’, which 

was expected based on the known fast metabolism [14], while the levels of NK and DHNK 

were elevated after the 10 hour ‘infusion’ (Table 1).  Most importantly, at days 3, 7 and 

10 post 10 hour ketamine ‘infusion’ no detectable levels of either ketamine or the 

metabolites remain in the plasma, indicating that the persistent anti-dyskinetic effect after 

the 10 hour treatment is indeed not due to remaining levels of ketamine or its metabolites, 

but rather a plastic change in the brain.  Verification for the unilateral lesion at the end of 

the experiment was done in both cohorts.  Striatal DA levels (Figure 2A) and TH-positive 

striatal dopaminergic fibers (Figure 2B) were reduced ~90% on the lesioned side.  We also 

evaluated a possible acute effect of ketamine on striatal DA levels, since long-term 

treatment with ketamine or MK-801 can modulate DA levels in the BG and midbrain 

[16,17].   We injected animals with 20 mg/kg ketamine or saline 30 minutes before they 

were euthanized.  Analysis of the striatal DA levels indicated that there was no effect of 

ketamine on DA levels in this short-term timeframe (Figure 2A). 

 

 

Discussion 

We examined the anti-dyskinetic properties of sub-anesthetic ketamine treatment 

in a preclinical rodent LID model.  Only when the ketamine ‘infusion’ was used in the 

preclinical model and ketamine was present for 10 hours, we observed a dose-dependent 

long-term reduction in dyskinesia, but not when ketamine was given as a single dose.  This 
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indicates that it is necessary for the ketamine to be present for an extended time in order to 

be effective as an anti-dyskinetic agent.  

  The therapeutic effects seen could be due to low-dose ketamine desynchronizing 

neural hypersynchronous oscillatory activity involved in LID sufficiently to induce a 

lasting anti-dyskinetic effect.  The reduced capacity to initiate, sustain, and control 

movement in PD and the dyskinesia that follows chronic L-DOPA treatment has its origin 

in malfunctioning networks in the BG and cortex.  LID and PD are associated with reduced 

dopaminergic innervation to the striatum and a pronounced increase in θ- (4 - 10 Hz) and 

b-band (13 - 30 Hz) oscillations in the BG [18,19].  These oscillations are associated with 

the failure to initiate and control movement.  In contrast, striatal activity in the γ-band 

predicts motor initiation [20].  And treatments that disrupt (DBS) or eliminate (lesions to 

the STN or pallidotomy) the putative sources of these oscillations improve motor 

symptoms, in part by desynchronizing b- and g-band activity in the motor cortex (M1) [21].  

Single dose ketamine injection increases γ-band activity in M1 [22] and θ-g band coupling 

in hippocampus [23], suggesting that ketamine-induced γ-band oscillations could serve to 

counteract the motor-inhibitory effects of θ- and b-band activity.    Coherence between the 

cortex and STN in the γ-band often bears an inverse relationship with θ and β power in the 

STN.  Injection of low, sub-anesthetic doses of ketamine (2.5 - 10 mg/kg) in rats increases 

γ-band activity in cortical and subcortical areas [24].  Dosages ranging from 10 - 50 mg/kg 

enhance γ-band synchrony between M1 and BG [25,26].  In support of ketamine infusion 

possibly acting as a ‘chemical DBS’, we observed a clear increase in high-frequency (HFO; 

130 - 150 Hz) and g-band (40 - 60 Hz) activity in the dorsolateral striatum and M1 of naïve 

freely moving rats treated with the same 10 hour ketamine ‘infusion’ protocol used in the 
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current study [27].  This increase was significantly more sustained after the 4th and 5th vs. 

the 1st injection, which may explain the lack of anti-dyskinetic effects after a single dose 

injection.  Measures of spectral coherence indicate that HFO- and b-band activity was 

significantly anti-correlated, with coherence in the HFO-band increasing with successive 

injections and coherence in the b-band decreasing [manuscript in preparation].   

The difference from ketamine’s effects compared to the non-competitive NMDA 

receptor antagonist MK-801 or amantadine, which is a weak NMDA antagonist, could be 

explained by the fact that ketamine is not only a NMDA receptor antagonist but also a 

known opioid receptor agonist [28,29].  There is conflicting evidence on the effect of             

opioids on LID, both µ-opioid receptor antagonism and agonism have been implicated as 

possible anti-dyskinetic approaches [30], (https://www.michaeljfox.org/foundation/grant-

detail.php?grant_id=1159), and d-opioid receptor agonism is associated with anti-

Parkinsonian activity [31]. 

Overall the prior clinical reports suggest that low-dose ketamine infusions are well 

tolerated and can improve pain and depression [4–7], both often comorbidities in PD 

patients [1,32]. Importantly, depression is possibly worsened by L-DOPA [33].  

Bioavailability is low when ketamine is given orally (< 20%), because of extensive first 

pass metabolism in liver and intestine, and might not be an alternative to i.v. infusion.  But 

recently intranasal ketamine (bioavailability: ~50%) has shown promise in a controlled 

clinical trial for treatment of depression [6], possibly providing a more practical alternative 

route of administration.   
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 In conclusion we present preclinical data suggesting that low-dose sub-anesthetic 

ketamine infusion could be a novel long-term treatment modality to reduce LID and should 

be further investigated in a properly controlled prospective clinical trial. 
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Figure 1.  Long-term dose-dependent reduction of LID after 10 hour low-dose-

ketamine ‘infusion’.  (A) Schematic of the 10 hour experimental protocol to mimic a 

ketamine infusion. (B) Severely dyskinetic LID rats (cohort #1) were tested with L-DOPA 

(7 mg/kg) every 3 - 4 days (white bars).  The blue bars depict the days of 10 hour ketamine 

’infusions’ (K).  The graph depicts mean limb, axial and orolingual (LAO)-AIMs ± SEM; 

n = 5; repeated measures ANOVAs vs. preceding baseline testing sessions; Tukey post-

hoc tests; *p < 0.05; **p < 0.01; ***p < 0.005).  When comparing the pre-K (20 mg/kg) 

and the last testing session (blue line), a significantly reduced LAO-AIMs score remained, 

indicating a new stable lower level of LAO AIMs (**p < 0.01; two-tailed Mann Whitney 

test).  (C)  The 10 hour ketamine ‘infusion’ protocol did not have a significant effect on L-

DOPA-induced locomotor AIMs (contralateral rotations) in cohort #1.  (D)  A separate 

cohort #2 of moderately dyskinetic LID rats was challenged with L-DOPA (5 mg/kg) every 

3 - 4 days and AIMs were evaluated.  The blue bars depict the days of acute single ketamine 

(K; i.p.) challenges (mean LAO-AIMs ± SEM; n = 9; repeated measures ANOVAs vs. 

preceding baseline testing sessions; ns).    
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Figure 2.  Verification of unilateral 6-OHDA lesion and evaluation of striatal DA 

levels after ketamine.  (A) Electrochemical detection of striatal DA content.  The DA 

content (mean ± SEM) is reduced by >95% in the lesioned side, and [DA] was unchanged 

by an acute i.p. injection of 20 mg/kg ketamine (n = 7) vs. saline (n = 5) 30 min before rats 

were euthanized, showing that there is no acute effect on overall striatal DA levels by 

ketamine in these animal with multiple prior exposures to ketamine (2way ANOVA, 

Bonferroni post-hoc test).  (B) Semi-quantitative western analysis of striatal tyrosine 

hydroxylase (TH) expression.  TH was normalized to b-actin as internal standard, mean 

values ± SEM are plotted, and expression is reduced by 87% in the lesioned side (n = 15; 

two-tailed t test) verifying the severity of the lesion.  The Inset shows example blots (UL 

= unlesioned, L = lesioned). Statistical significant differences are depicted by asterisks 

(***p < 0.001; ns = non-significant).   
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 7 days 
pre-K 

BL  
(µM) 

3 days 
pre-K 

BL 
(µM) 

3 hours 
post-K 
acute 
(µM) 

3 hours 
post-K 
 10 hr 
(µM) 

3 days 
post-K 
10 hr 
(µM) 

7 days 
post-K 
10 hr 
(µM) 

10 days 
post-K 
10 hr 
(µM) 

K BLD BLD 7.6 ± 1.4 10.0 ± 3.9 BLD BLD BLD 

NK BLD BLD 38.0 ± 4.0 105 ± 23 BLD BLD BLD 

DHNK BLD BLD 7.1 ± 1.0 28 ± 5 BLD BLD BLD 

TABLE 1: Plasma levels of ketamine (15 mg/kg; i.p.) and its metabolites  

Mean ± SEM; n = 7 – 9; BLD: below limit of detection 
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CHAPTER 4  

Preclinical evidence in support of repurposing sub-anesthetic ketamine 

as a treatment for L-DOPA-induced dyskinesia 
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One Sentence Summary  

Sub-anesthetic ketamine’s lasting anti-dyskinetic activity is mediated by brain-derived 

neurotrophic factor and changes in striatal dendritic spines. 

 

 

Abstract 

Parkinson’s disease (PD) is the second most common neurodegenerative disease. 

Pharmacotherapy with L-DOPA remains the gold-standard therapy for PD, but is often 

limited by the development of a common side effect of L-DOPA-induced dyskinesia (LID) 

which can become debilitating. The only effective treatment for disabling dyskinesia is 

surgical therapy (neuromodulation, or lesioning), and effective pharmacological treatment 

of LID is a critical unmet need to extend the therapeutic lifetime of L-DOPA. We show 

here that sub-anesthetic doses of ketamine suppress the development of LID in a rodent 

model. The long-term anti-dyskinetic effect is mediated by brain-derived neurotrophic 

factor-release in the striatum, followed by activation of ERK1/2 and mTOR pathway 

signaling. This ultimately leads to morphological changes in dendritic spines in striatal 

medium spiny neurons that correlate to the behavioral effects, specifically a reduction in 

the density of mushroom spines, a spine type that shows a high correlation with LID. These 

molecular and cellular changes match the ones occurring in hippocampus and cortex after 

effective sub-anesthetic ketamine treatment in preclinical models of depression, and point 

to common mechanisms underlying the therapeutic efficacy of ketamine for these two 

disorders. These preclinical mechanistic studies complement currently ongoing clinical 

testing of sub-anesthetic ketamine for the treatment of LID by our group, and provide 
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further evidence in support of repurposing ketamine to treat PD patients. Given its 

clinically proven therapeutic benefit for both treatment-resistant depression and several 

pain states, very common co-morbidities in PD, sub-anesthetic ketamine could provide 

multiple benefits to PD patients in the future. 

 

 

Introduction 

 Parkinson's disease (PD) is the second most common neurodegenerative disorder, 

affecting over 6 million people worldwide (1) causing difficulties in many activities of 

daily life such as walking, manual dexterity and speech (2). The cardinal motor symptoms 

of PD are largely due to the specific loss of the dopaminergic neurons in the substantia 

nigra para compacta (SN) (3, 4). In addition, PD patients may experience a host of non-

motor symptoms such as autonomic dysfunction (orthostatic hypotension, constipation, 

bladder dysfunction), psychiatric (depression), cognitive and sensory symptoms (pain, 

restless leg syndrome). Current symptomatic PD treatments are based primarily on 

dopamine (DA) replacement therapies with L-DOPA (levodopa); however, this treatment 

has long-term side effects which ultimately limit the amount of symptom control that can 

be obtained. The most severe side effect is the development of L-DODA-induced 

dyskinesia (LID) (5), involuntary abnormal movements that can be, in some patients, as or 

even more debilitating than the cardinal symptoms resulting from dopamine deficiency (6). 

Approximately 50% of patients with PD will develop LID within 4-5 years after the 

initiation of L-DOPA therapy and this number rises to 80% after 10-12 years of L-DOPA 
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treatment (7). Development of any adjunct therapy extending the time frame where L-

DOPA can be used without LID would be a major advance for the treatment of PD patients.  

 

Ketamine is a Food and Drug Administration (FDA)-approved drug with a known 

safety profile that has been in use for general anesthesia for over 50 years (8). More 

recently, low-dose, sub-anesthetic ketamine infusions been shown to be an effective 

therapy for chronic pain states (including migraine headaches) (9), treatment-resistant 

depression (10–13), and posttraumatic stress disorder (PTSD) symptoms (14). The reported 

therapeutic effects of ketamine in this group of disorders are neuroplastic in nature since 

the benefits last for weeks to months after initial ketamine therapy. One commonality 

between migraine headaches (15), depression (16, 17), PTSD (18), PD (3, 19–21), and LID 

(22–25) is that oscillatory electrical activity in the brain displays pathological hyper-

synchrony An additional link between these disorders is the development of  maladaptive 

plastic changes at the synaptic, cellular and systems level that occur in many brain regions  

including the basal ganglia (BG), an area that is of particular interest in PD and LID. Since 

ketamine is known to alter oscillatory electrical brain activity in neural circuits, we 

investigated the use of low-dose sub-anesthetic ketamine in the treatment of PD and LID. 

In a clinical case report, we previously showed that low-dose ketamine infusions had a 

long-term therapeutic effect (reduced dyskinesia, improved on-time, and reduced 

depression) in 5 PD patients (26). We also demonstrated the ability of sub-anesthetic 

ketamine infusions to reduce established LID in the standard preclinical 6-

hydroxydopamine (6-OHDA) rat PD model (27). In this model, the beneficial suppression 

of LID lasted for several weeks. However, the therapeutic effect required a 10-hr infusion 
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period and was not seen with acute treatment with a single dose. Taken together, these 

findings indicate an underlying mechanism that is neuroplastic in nature. 

 

 In this current study, we investigated low-dose ketamine’s potential to reduce 

development of LID, and started delineating the underlying mechanisms of the long-term 

effects in two Experiments utilizing the standard rat preclinical LID model. Hemi-

parkinsonian animals were created by unilateral 6-OHDA injection into the medial 

forebrain bundle (MFB), and PD-rats were treated daily with L-DOPA to induce LID. In 

Experiment 1 we compared ketamine’s effect to suppress the development of LID to its 

enantiomer R-ketamine using a 10-hour exposure paradigm (Fig. 1A). In Experiment 2 we 

tested if blocking brain-derived neurotrophic factor (BDNF) signaling can inhibit 

ketamine’s anti-dyskinetic action using a similar paradigm (Fig. 1B) (29). 

 

 

Results  

 

Post hoc analyses, verification of the hemi-parkinsonian 6-OHDA lesions 

 In prior work we have shown that the MFB 6-OHDA-lesion protocol leads to a > 

90% reduction in striatal DA content in our hands, with no adverse effects on serotonin 

levels or metabolites (17, 18, 19). The animals included in Experiment 1 showed a mean 

(± SEM) number of amphetamine-induced ipsilateral rotations per minute of 8.5 ± 0.5. The 

rats included in Experiment 2 performed at 6.4 ± 0.2 rotations per minute. These values 

indicate strong (> 90%, dopamine transmitter loss) hemi-parkinsonian lesions. Additional 
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post hoc analyses further confirmed the presence of severe hemi-PD lesions. In Experiment 

1, where striatal tissue was harvested at the end of the study, high pressure liquid 

chromatography with electrochemical detection (HPLC-EC) analysis showed a 95% loss 

of striatal DA on the lesioned side (F[1, 48] = 32.9, p < 0.0001, two-way ANOVA, Bonferroni 

post hoc tests) compared to the intact side, as shown in Fig. 1C. In Experiment 2, where 

whole brains were harvested after conclusion of the study, tyrosine hydroxylase (TH) 

immunoreactivity following immunohistochemistry (IHC) staining was used as a marker 

of dopaminergic neurons. The loss of dopaminergic cell bodies in the SN (Fig. 1D) are 

visualized in the example photomicrograph shown. Given a recent publication that 

ketamine abuse at high doses can lead to pathological changes in bladder tissue (20), we 

also evaluated for any bladder pathology after our repeated ketamine-treatments. Post hoc 

bladder tissue from Experiment 2 was examined after hematoxylin and eosin staining, and 

no pathological changes in the bladder tissue after ketamine-treatment compared to the 

vehicle control group was seen (Table S1).   

 

 

Ketamine suppresses L-DOPA-induced dyskinesia and had a long-term effect 

In Experiment 1 we investigated the ability of ketamine treatment to suppress the 

development of LID in a rodent model of PD. We used our previously-published infusion 

paradigm (27, 31) to investigate whether the weekly administration of a 10-hour ketamine 

exposure could suppress the development of dyskinesia during a seven-week L-DOPA 

priming period (Fig. 2A). L-DOPA-induced limb, axial, and orolingual abnormal 

involuntary movements (LAO-AIMs) were compared between treatment groups (Fig. 2A) 
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every 3-4 days during a four-week priming period with escalating doses of L-DOPA (6 and 

12 mg/kg). A Kruskal-Wallis test with Dunn’s multiple comparisons post hoc tests was 

used to compare the effect of treatment on LAO-AIMs (mean ± SEM). The total LAO-

AIMs scores of LID-rats treated with ketamine (D0: 2.0 ± 1.1; D3:17.0 ± 6.9) were 

markedly suppressed on days 0 and 3 compared to vehicle (D0: 12.0 ± 4.1; D3: 34.4 ± 4.0) 

in the first week of priming with 6 mg/kg of L-DOPA (Fig. 2A) by 83% and 51%, 

respectively. In the second week, ketamine (15.0 ± 6.8) significantly reduced total LAO-

AIMs by 63% on day 7 compared to vehicle (41.0 ± 5.8; H = 6.6, p < 0.05, n = 9). We also 

tested the ketamine enantiomer, R-ketamine, because it has been shown to have a slightly 

more potent and longer-lasting effect, with reduced psychomimetic liability, in a preclinical 

model of depression (31, 32). On day 11, ketamine’s (11.1 ± 3.7) maintained a 64% 

reduction in LAO-AIMs compared to vehicle (30.5 ± 5.5; H = 9.1, p = 0.07, n = 9). The 

standard racemic ketamine demonstrated a significant improvement compared to the R-

ketamine (34.6 ± 5.5; H = 9.1, p < 0.05, n = 9) treated group. These results were mirrored 

in the LID-rats when challenged with a higher dose of L-DOPA (12 mg/kg) for the last ten 

testing sessions of Experiment 1. LAO-AIMs were reduced in rats treated with racemic 

ketamine on all days (D14: 37.8 ± 10.9, 40% reduction; D17: 31.6 ± 9.3, 47%; D21: 29.3 

± 8.9, 47%; D25: 27.6 ± 7.3, 48%; D28: 25.6 ± 6.8, 51%; D31:25.2 ± 6.1, 47%; D35: 23.2 

± 7.7, 52%; D39: 25.5 ± 8.8, 54%; D42: 24.1 ± 7.4, 55%; D45: 25.4 ± 6.6, 51%) compared 

to vehicle (D14: 62.7 ± 6.5; D17 59.2 ± 4.5; D21: 54.8 ± 5.4; D25: 52.9 ± 5.6; D28: 52.2 

± 5.2; D31: 47.7 ± 4.7; D35: 48.8 ± 5.6 ; D39: 54.9 ± 3.9; D42: 53.8 ± 3.7; D45: 51.8  ± 

4.3), with ketamine’s effect reaching significance on day 28 (H = 9.40, *p < 0.05, n = 9) 

and remaining so throughout the study (D31: H = 10.3, *p < 0.05, n = 9; D39: H = 6.2, *p 
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< 0.05, n = 9; D42: H = 8.5, *p < 0.05, n = 9; D45: H = 9.2, *p < 0.05, n = 9). R-Ketamine 

treatment did not produce a reduction of LAO-AIMs compared to vehicle. Racemic 

ketamine significantly reduced LAO-AIMs compared to R-ketamine on days 25 (51.8 ± 

7.2; H = 7.9, p < 0.05, n = 9, 47%), 28 (51.5 ± 7.1; H = 9.4, p < 0.05, n = 9, 50%), 31 (50.5 

± 6.9; H = 10.3, p < 0.05, n = 9, 50%), 35 (55.3 ± 7.7; H = 8.5, p < 0.05, n = 9, 58%), 45 

(52.8 ± 7.5; H = 9.2, p < 0.05, n = 9, 52%). Individual limb (fig. S2A), axial (fig. S2B), 

and orolingual (fig. S2C) scores showed similar reductions of specific sub-categories of L-

DOPA-induced AIMs suggesting that there was not one single type of AIMs driving 

ketamine’s effects. 

 

The time course plots of Experiment 1 show that the effects of ketamine on LAO-

AIMs occur throughout the first 2-hours of behavioral testing, while L-DOPA is active 

(Fig. 2, B and C). In both of these figures a Kruskal-Wallis test with Dunn’s multiple 

comparisons post hoc tests were used to compare the effect of treatment on LAO-AIMs 

(mean ± SEM) at each time point. Days 11 and 25 were selected for time course analysis 

as they best represent ketamine’s long-term effects. On day 11, total LAO-AIMs were 

significantly reduced by ketamine (20’: 0.6 ± 0.2; 40’: 3.1 ± 1.0; 60’: 2.6 ± 1.1), as 

compared to vehicle (20’: 4.7 ± 1.1; 40’: 8.2 ± 1.2; 60’: 7.2 ± 1.3), at 20 (H = 8.4, p < 0.05, 

n = 9, 87% reduction), 40 (H = 9.3, p < 0.01, n = 9, 62%), and 60 (H = 9.3, p < 0.05, n = 

9, 64%) minutes post-L-DOPA injection. In the following hour, ketamine also reduced 

LAO-AIMs at the 80, 100, 120-minute timepoints compared to vehicle. Again, there was 

no effect of R-ketamine at any time point. However, there was a reduction of LAO-AIMs 

by ketamine compared to R-ketamine at minute 20, which reached significance at the next 
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three time points, 40 (7.8 ± 1.4; H = 9.3, p < 0.01, n = 9), 60 (8.4 ± 1.2; H = 9.3, p < 0.01, 

n = 9) and 80 (7.8 ± 1.4; H = 6.4, p < 0.05, n = 9) minutes. Similar to day 11, ketamine also 

reduced LAO-AIMs for the first two hours of the behavioral testing on day 25. Compared 

to vehicle there was a reduction by ketamine in LAO-AIMs at 20, 40, 60, 80, and 100 

minutes when challenged with the higher dose of L-DOPA. Ketamine’s (1.6 ± 0.4) effects 

reached significance compared to vehicle (6.3 ± 1.1) at 120 (H = 8.6, p < 0.05, n = 9, 75% 

reduction) minutes.  

 

 

Ketamine does not interfere with L-DOPA activity and has acute anti-parkinsonian activity 

itself  

One trivial explanation of ketamine’s benefit in LID, is that it simply suppresses 

the overall effect of L-DOPA, rather than improving the therapeutic range of L-DOPA. We 

have ruled out this explanation, carrying out detailed testing after the first, fourth, and fifth 

injections of ketamine during the 5-injection sequence that comprised the “10-hour” 

treatment period. The forelimb adjusting steps (FAS) test was used to measure akinesia 

and demonstrate that ketamine does not interfere with the anti-PD activity of L-DOPA. 

The 6-OHDA lesion induced the stereotypical PD phenotype reported in the FAS test, 

reducing the number of steps (mean ± SEM) made while moving away from the body by 

the forelimb contralateral to the lesion (Fig. 2D) and this impairment was reversed by L-

DOPA for both ketamine-treated rats (repeated measures (RM) one-way ANOVA, F[1, 48] 

= 32.9, p < 0.0001, Tukey multiple comparisons post hoc tests) and vehicle-treated rats 

(RM one-way ANOVA, F[1.8,. 14.6] = 34.7; p < 0.05, n = 9) when compared to the number 

of steps post-PD-lesion. Individual, acute ketamine injections also improved stepping 
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independent of L-DOPA, and partially reversed the akinesia. The 1st (27.5 ± 5.3; RM one-

way ANOVA, F[1.6, 12.8] = 34.7; p < 0.05, n = 9) and 4th ketamine (28.3 ± 4.9; RM one-way 

ANOVA, F[1.6, 12.8] = 34.7; p < 0.05, n = 9) injections in the infusion protocol increased the 

number of steps by 47% and 49%, respectively, as compared to post-lesion steps (14.5 ± 

1.5). The 1st (unpaired sample t-test, t = 2.6; p < 0.05, n = 9 two-tailed) and 4th (unpaired 

sample t-test, t = 2.2; p < 0.05, n = 9 two-tailed) injections of ketamine also significantly 

increased the number of steps compared to vehicle controls.  

 

 

Ketamine-treatment activated the striatal ERK1/2 and mTOR pathways 

Post hoc analysis revealed that neither ketamine, nor R-ketamine, had a significant 

effect to change striatal DA content of either the intact or lesioned striatum (Fig. 1C). This 

suggests that the effect is down-stream from dopamine metabolism mechanisms. In order 

to probe the effects of ketamine on these downstream mechanisms, we tested the effects 

on two intracellular messenger pathways. It has been shown that mTOR signaling is 

involved in ketamine’s therapeutic effect in preclinical depression models prior (34, 35) 

and we now provide data from our model system using a multiplex ELISA to demonstrate 

increased mTOR phosphorylation by ketamine in both the intact (unpaired sample t-test, t 

= 5.1; p < 0.001, n = 9 two-tailed) and lesioned (unpaired sample t-test, t = 2.9; p < 0.05, n 

= 9 two-tailed) side of the striatum (STR) 1-hour after ketamine (Fig. 3, A and B). Western 

blot analysis showed a similar effect of ketamine on the ERK1/2 pathway, increasing 

phosphorylation of its Thr202/Tyr204 site in the STR of both the intact (unpaired sample 

t-test, t = 2.5; p < 0.05, n = 9 two-tailed) and lesioned (unpaired sample t-test, t = 2.3; p < 
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0.05, n = 9 two-tailed) hemispheres (Fig. 3, C and D). We also evaluated Akt activation 

as another possible downstream pathway by probing for the two main phosphorylation sites 

needed for maximal activation, pAktThr308 and pAktSer473, and did not see any 

significant change in the STR after the ketamine-treatment (data not shown). 

 

 

Ketamine’s anti-dyskinetic effect is BDNF dependent 

In Experiment 2 we reaffirmed the same anti-dyskinetic with our ketamine-infusion 

paradigm (Fig. 1B) from Experiment 1 in a model of LID. However, here we included a 

group treated with ketamine and N-[2-[(2-oxoazepan-3-yl)carbamoyl]phenyl]-1-

benzothiophene-2-carboxamide (ANA-12), an antagonist of the BDNF receptor, 

tropomyosin receptor kinase B (TrkB) (34-36). The infusion was given weekly to 

investigate if ketamine can suppress the development of dyskinesia. L-DOPA-induced 

LAO AIMs (mean ± SEM) were compared between treatment groups (Fig. 4A) every 3-4 

days during a two-week priming period with a single dose of L-DOPA (6 mg/kg). Total 

LAO-AIMs scores of rats treated with ketamine (D0: 0.6 ± 5.8, 94% reduction; D7: 10.7 ± 

3.4, 65%, D11: 13.9 ± 3.8, 55%) were significantly reduced compared to vehicle controls 

(D0: 9.6 ± 3.8; D7: 30.5 ± 3.7; D11: 30.8 ± 1.7) on days 0 (H = 6.3, p < 0.05, n = 10, 

Kruskal-Wallis test with Dunn’s multiple comparisons post hoc tests), 7 (H = 8.2, p < 0.05, 

n = 10), and day 11 (H = 9.4, p < 0.05, n = 10). This data also demonstrates ketamine’s 

long-term, BDNF dependent effects, as LAO-AIMs were considerably reduced after the 

first infusion compared to rats treated with both ketamine and ANA-12. Ketamine reduced 

LAO-AIMs on days 0 (0.6 ± 0.4, 80% reduction), 4 (14.7 ± 4.1, 39% reduction), 7 (10.7 ± 
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3.4, 46% reduction), 11 (13.9 ± 3.8, H = 9.4, p = 0.06, 50%), and this reduction reached 

significance by day 14 (15.9 ± 3.9; H = 9.4, p < 0.01, 52%) as compared to ANA-12 (D0: 

3.0 ± 1.4; D4: 24.1 ± 5.1; D7: 19.9 ± 5.4; D11: 28.0 ± 3.4; D14: 33.1 ± 4.8). Ketamine 

reduced individual limb (fig. S3A), axial (fig. S3B), and orolingual (fig. S3C) AIMs 

compared to both vehicle and ANA-12 treated rats, again indicating that the effect was not 

driven by a specific subtype of AIMs. The time course plot for Experiment 2 shows that 

ketamine’s anti-dyskinetic activity remains during the full duration of L-DOPA’s activity. 

LAO-AIMs are reduced in the first 40 minutes before reaching significance by ketamine 

treatment at the 60 (4.3 ± 1.0; H = 9.3, p < 0.01, 53% reduction), 80 (2.4 ± 0.8; H = 13.3, 

p < 0.01, 73% reduction), and 100 (1.0 ± 0.6; H = 9.3, p < 0.05, 75% reduction) minute 

timepoints compared to vehicle (60’: 9.1 ± 0.7; 80’: 8.9 ± 0.9; 100’: 4.0 ± 1.1) on day 14 

(Fig. 4B). Ketamine (2.4 ± 0.9) also significantly reduced LAO-AIMs compared to the 

ANA-12 (7.4 ± 1.1) treated group at 80 minutes (H = 13.3, p < 0.05, 68% reduction).  

 

 

Ketamine reduced dendritic mushroom spines in the dyskinetic striatum 

We have previously shown that the anti-dyskinetic effect of ketamine remained 

over several weeks post-ketamine treatment in a model of established LID (27). In the 

current study we have tested whether ketamine could suppress the development of LID and 

if there was a long-term effect between weekly injections. An anti-dyskinetic effect of 

ketamine is evident on testing sessions days and up to a week after ketamine treatment at 

the conclusion of the study, also indicating a neuroplastic action of ketamine with long-

term effects. Ketamine treatment leads to dendritic spine changes in preclinical models of 



 116 

depression, and increased density of mushroom spines has been shown prior in the 

dyskinetic STR during development of LID in the unilateral rat model (44). Therefore, we 

conducted an analysis of striatal dendritic spines after a Golgi stain. An analysis of dendrite 

length showed no significant difference between treatment groups between the length of 

dendrites used for our analysis (Fig. 5A). Our data (Fig. 5, B to D) replicated published 

findings that L-DOPA causes spine enlargement, including an increase in mushroom spines 

are increased in the dyskinetic striatum (44-46). In the STR of the lesioned hemisphere of 

LID-rats treated with ketamine the mushroom spine density (0.8 ± 0.1) was significantly 

reduced (F[2, 27] = 22.8, p < 0.0001, n = 10) by 50% compared to vehicle treatment (1.5 ± 

0.1), bringing the levels down to that of the intact hemisphere (0.8 ± 0.04) in the vehicle 

controls. In agreement with our hypothesis, blocking TrkB reversed the effects of ketamine 

on the lesioned side; ANA-12 (1.5 ± 0.08) treated rats showed a significant (F[2, 27] = 22.8, 

p < 0.0001, n = 10) increase in mushroom spine density in the lesioned hemisphere, 

comparable to the vehicle treatment levels. These data indicate BDNF signaling as a critical 

mechanism in ketamine’s long-term anti-dyskinetic effects. We also had the unexpected 

finding of a treatment effect on mushroom spines in the intact striatum. Similar to the lesion 

side, ketamine (0.4 ± 0.03) significantly reduced (one-way ANOVA, F[2, 27] = 23.2, p < 

0.001, n = 10) mushroom spine density compared to vehicle (0.8 ± 0.04) and this effect 

was reversed in the presence of ANA-12 (0.7 ± 0.1). No significant differences were found 

between the vehicle and ANA-12 groups for either the intact or lesioned hemispheres. 

However, significant within-group effects for each drug treatment were found. Mushroom 

spine density in the lesioned hemisphere was significantly increased compared to the intact 

hemisphere in the vehicle (unpaired sample t-test, t = 7.8; p < 0.0001, n = 10 two-tailed), 
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ketamine (unpaired sample t-test, t = 3.1; p < 0.01, n = 10 two-tailed), and ANA-12 

(unpaired sample t-test, t = 9.0; p < 0.0001, n = 10 two-tailed) treated groups.  

 

 

Mushroom spines in the dyskinetic striatum are highly correlated with LAO-AIMs 

 Enlarged mushroom spines receiving multiple excitatory contacts have been shown 

to be increased in the striata of dyskinetic animals compared with 6-OHDA-treated PD rats 

and controls (44). Here we evaluated the correlation between total LAO-AIMs and the 

density of mushroom spines per 10 µm in the striata of both the intact and lesioned 

hemispheres (Fig. 6, A to F). In the lesioned hemisphere, there was a significant positive 

correlation between mushroom spine density and LAO-AIMs in the vehicle (r = 0.72, p < 

0.05), ketamine (r = 0.95, p < 0.0001), and ANA-12 plus ketamine (r = 0.82, p < 0.01) 

conditions. Neither vehicle nor ketamine-alone conditions on the intact side showed any 

correlation, yet there was a positive significant correlation on the intact side of the ANA-

12 plus ketamine (r = 0.69, p < 0.05) group.  

 

 

Discussion  

There is no effective treatment to halt or slow the progression of PD. Currently, L-

DOPA remains the gold-standard, providing effective symptomatic relief in early stages 

of the disease. However, the efficacy of dopamine replacement therapies wane over time 

and result in motor complications, including LID. The incidence of these motor 

complications has been reported in upwards of 50% of patients within 3-5 years and 
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increases as L-DOPA use is continued and dopaminergic cell loss progresses (5). 

Therefore, the development of novel therapies for treating LID is a critically under met 

need. Research into novel N-methyl-D-aspartate receptor (NMDAR) antagonists for LID 

have been ongoing (5) due to pharmacological studies that have identified a role for 

NMDAR-mediated signaling in the development of LID (47). Additionally, drugs targeting 

NMDARs have received a boost due to FDA approval of an extended-release formulation 

of amantadine, a drug with a weak NMDAR antagonism amongst its activities, indicated 

for LID. However, amantadine work only for a subset of patients (48), can cause 

psychiatric disturbances (49), and there is no evidence that it provides long-term 

neuroplastic effects. Ketamine, a well-established NMDAR antagonist with greater 

binding affinity than amantadine (50), has been utilized clinically as an anesthetic since 

1970. However, it has recently been repurposed at sub-anesthetic doses as well tolerated 

and effective treatment of depression (51) and chronic pain (9).  

 

 We tested whether sub-anesthetic ketamine or the enantiomer, R-ketamine, could 

also effectively suppress the development of AIMs when given as a 10-hour infusion from 

the outset of L-DOPA priming. Racemic ketamine did suppress the development of AIMs 

when PD rats were primed in a dose-escalation paradigm with a low-dose (6 mg/kg) and 

high-dose (12 mg/kg) of L-DOPA (Fig. 2A). However, R-ketamine, which had been shown 

to be a potent anti-depressant with less psychomimetic liability (32, 33) had no effect (Fig. 

2A). This suggests that, in our model, the S-ketamine enantiomer may be necessary for 

ketamine’s effects. There is some precedence to explain why R-ketamine was not anti-

dyskinetic. While it has been reported that R-ketamine provides a slightly more potent and 
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longer-lasting antidepressant effect in rodent models of depression than racemic ketamine 

(32, 33, 52), S-ketamine has an approximately 2- to 3-fold higher affinity for the NMDAR 

and is a more potent analgesic (53) and anesthetic (54) than either racemic or R-ketamine 

(55, 56). Moreover, S-ketamine has been shown to provide a rapid anti-depressant effect 

in patients (50) and was designated a Breakthrough Therapy and approved by the FDA 

(57). However, as only a single dose of the R-ketamine enantiomer was selected for this 

study, further investigation is necessary to fully appreciate the independent dose-

dependency, and combined interactions of these ketamine enantiomers in a model of LID.  

 

While we were able to clearly establish an effect of LID by ketamine, there was the 

remaining concern that ketamine may be interfering with L-DOPA’s anti-parkinsonian 

effects. To address this, we measured akinesia using the FAS test and demonstrated that 

ketamine does not inhibit the pro-kinetic effects of L-DOPA, as the combination of the two 

restored stepping back to baseline levels. Interestingly, it was also discovered that ketamine 

is independently anti-parkinsonian itself, as there was a significant increase in the number 

of steps by the impaired limb after injection of ketamine, prior to any L-DOPA exposure 

(Fig. 2B). This acute, anti-parkinsonian effect supports our prior PD case study (26), where 

sub-anesthetic ketamine-infusion not only was anti-dyskinetic but also acutely improved 

motor symptoms in a PD patient, and another patient case study showing that a bolus dose 

(20 mg) of ketamine given intravenously, in a preoperative setting, abolished tremor and 

dysarthria (58). A similar reduction of both tremor and dyskinesia was also seen in two 

patients given a combination of ketamine and the short-acting, µ-opioid receptor agonist, 

remifentanil (59). 
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 We also started to examine the molecular mechanisms by which ketamine elicited 

its changes at the cellular level. Evidence for potential mechanisms underlying the long-

term therapeutic effects of repeated ketamine injections come from the depression 

literature. Multiple animal models of depression show a synaptic rewiring, including 

dendritic branch atrophy and spine loss in the hippocampus (32, 60, 61). Similar changes 

are also seen in the hippocampus of patients with depression, where hippocampal volume 

is smaller than healthy patients (62, 63) and atrophy is correlated with severity of 

depression (64). In animal models of both depression and pain changes in the dendritic 

arbor of the pyramidal cells in the medial prefrontal cortex (mPFC) were shown. In 

depression models there is a retraction of the distal part of the apical dendrites and a 

decrease in spine density on these same neurons (65–68). Ketamine acts as an 

antidepressant in humans (11, 69–71) and rapidly reverses spine atrophy in the PFC and 

hippocampal regions of animal models of depression (32, 41, 42, 61, 62, 72–74). In that 

respect, it is of importance that cellular dendritic spine changes in the striatum have been 

identified in the 6-OHDA model of PD, specifically a retraction of cortico-striatal inputs 

and spine atrophy on the medium spiny neurons (MSNs) (44). This same paper showed 

that repeated administration of L-DOPA, resulting in LID, leads to further synaptic 

rewiring including the return of the cortico-striatal inputs and spine density with 

pathological changes including maturation to mushroom spines on MSNs. These changes 

were hypothesized to be the result of maladaptive long-term potentiation, which can 

dynamically affect spine changes, including increasing actin polymerization (75) and post-

synaptic densities (76) causing spine head enlargement (44–46, 77, 78). Moreover, this 
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increase in head size may allow for multiple reestablished cortico-striatal inputs to synapse 

on a single spine causing the motor dysfunction associated with LID (44).  

 

 We confirmed that repeated injections of L-DOPA restored spine density to that of 

the intact, control hemisphere in vehicle treated animals. This also coincided with an 

expected increase in mushroom spines in the striatum of the lesioned hemisphere that is 

strongly correlated to the severity of AIMs. A relationship between L-DOPA treatment and 

enlarged, mushroom-like spines has been previously suggested (44–46, 77, 78), but we are 

the first to report a direct, and very strong, correlation between mushroom spine density on 

the lesioned side and LID severity (Fig. 6, A to F). It is proposed that the cortico-striatal 

input to spines exists as a 1:1 ratio and that the development of mushroom spines, represent 

a maladaptive form of learning in response to the non-physiological, pulsatile treatment 

with L-DOPA. The strong correlation seen in our data implicates mushroom spine 

pathology as a possible marker for determining the efficacy of novel treatments for 

dyskinesia (Fig. 6, A to F). This is further supported by our data showing that a sub-

anesthetic ketamine infusion over the course of 10-hours suppresses both AIMs and 

mushroom spines by approximately 50% compared to the lesioned side of the controls. 

However, more important is the fact that ketamine reduced the mushroom spine density in 

MSNs to the level of the intact side of the control animals. These data demonstrate that 

ketamine has a robust effect on LID and that its neuroplastic effects, the reduction in 

mushroom spine density, is likely responsible for the long-term behavioral effects seen in 

our model.  
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 In an effort to unmask the underlying mechanisms responsible for these 

neuroplastic changes we used the molecular road map provided by the depression literature. 

Multiple pieces of evidence have demonstrated that BDNF plays an important role in 

neuroplasticity and depression (79–83). Serum BDNF levels have been shown to be 

significantly lower in patients with major depressive disorder (84–88). In rodent models, a 

conditional knockout of the BDNF gene in the forebrain of mice results in depression in 

both sexes (89) and heterozygous BDNF rats demonstrate a depressive phenotype and a 

reduction in brain and plasma levels of BDNF (90).  It has also been shown that an 

intracerebral injection of BDNF into the hippocampus acts as an anti-depressant (91). 

BDNF has also been shown to regulate spine density via ERK1/2 activation (92). 

Ketamine’s rapid anti-depressant effects have been shown to be dependent on BDNF 

synthesis in a mouse model depression (43). BDNF levels were also significantly increased 

in patients who responded to ketamine (93). To test the hypothesis that BDNF is necessary 

for the anti-dyskinetic effects of ketamine, we co-administered the TrkB receptor 

antagonist ANA-12 with ketamine during the 10-hour infusion. Blocking BDNF binding 

prevented the positive anti-dyskinetic effect of ketamine, resulting in an increase in LID 

development, similar to vehicle control levels (Fig. 4A). These same effects were also 

mirrored in the analysis of mushroom spine density (Fig. 5, B to E). As stated above, 

ketamine reduced these spines by approximately 50% as compared to controls, while the 

animals co-treated with ANA-12 showed a significant increase in mushroom spines in-line 

with the controls.  
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 As outlined in the disinhibition hypothesis above, it is proposed that ketamine, after 

activating BDNF release, leads to changes in both the MEK-ERK and PI3K-Akt pathways 

which then converge to phosphorylate mTOR (94, 95), a main regulator of neuroplasticity 

(96). This has been demonstrated in rat models of depression, in which both phosphorylated 

Akt and ERK are upregulated in response to ketamine in the prefrontal cortex (41). This 

study, as well as others, have also identified downstream activation of mTOR in response 

to ketamine (41, 94, 96) and that this increases protein synthesis and may lead to changes 

in spine density (97). We confirmed activation of both the ERK1/2 pathway (Fig. 3, C to 

E) and subsequently the mTOR pathway (Fig. 3, A and B) in the striatum in response to 

our 10-hour infusion paradigm, but saw no significant effect on Akt activation. One 

possibility for the lack of increase in Akt phosphorylation is the timepoint of analysis 

selected, 1-hour post-infusion, therefore it is possible that while this timepoint detected 

both ERK and mTOR phosphorylation, we may have already missed Akt’s activation 

window.  

 

Based on the disinhibition hypothesis (98-101) for ketamine’s anti-depressive 

activity, it is thought that ketamine selectively antagonizes NMDARs located on cortical 

GABAergic interneurons. We propose that there might be a similar cascade in ketamine’s 

anti-dyskinetic effects, just in a different neural network, as outlined in the scheme in Fig. 

7, starting with NMDAR block on the parvalbumin-positive interneurons (PV-IN). This 

causes a disinhibition of neurons in the motor cortex that release glutamate onto post-

synaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) on 

the MSNs. The activation and opening of AMPARs, an ionotropic receptor, allows for 
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sodium ion influx, depolarizing the cell, and activating voltage-gated calcium channels 

(VGCCs). In response to calcium entry, the cell releases BDNF into the synapse, which 

binds to its own surface receptor TrkB, activating two signaling pathways, ERK1/2 and 

mTOR, ultimately resulting in synaptogenesis and changes in striatal dendritic spine 

density, specifically a reduction of mushroom spine density. 

 

 A limitation of the presented studies is that, while our data clearly suggests a role 

for BDNF signaling in ketamine’s action, mirroring a mechanism shown to underlie 

ketamine’s anti-depressive activity (101), it is possible that this is not the only mechanism. 

Indeed, ketamine is a multifunctional ligand interacting with multiple receptor targets, 

including agonism of the µ/d-opioid receptors. Opioid systems are known to be altered in 

LID (102–110) and ketamine binds to opioid receptors with an affinity similar to NMDAR 

(5, 111). The antinociceptive activity of ketamine can be blocked by antagonizing opioid 

receptors (112). And in a recent study, the antidepressive activity of ketamine was also 

reduced by an opioid receptor antagonist (113). Therefore, we cannot rule out that NMDAR 

antagonism alone will be insufficient to induce long-term anti-dyskinetic effects without 

inducing pro-PD activity and that co-activating the opioid system could also be important 

in ketamine’s action.  In support of that hypothesis, the highly-specific non-competitive 

NMDAR antagonist MK-801 (29, 114), while being anti-dyskinetic, also induces pro-

parkinsonian effects.  And recent data show that the combination of MK-801 with MMP-

2200, a mixed µ/d-opioid receptor agonist, blocks the pro-parkinsonian features of MK-

801 without interfering with its anti-dyskinetic properties (28, 29). 
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 In conclusion, our data support further investigation into repurposing sub-

anesthetic ketamine treatment for PD patients afflicted with LID, and make the case for 

this therapy having possibly multiple benefits for PD patients. A small series of PD patient 

case reports have already demonstrated initial safety and feasibility in this patient 

population (26). The presented preclinical mechanistic studies complement currently 

ongoing clinical testing of sub-anesthetic ketamine for the treatment of LID in a Phase I 

clinical trial by our group, and provide further evidence to support repurposing of sub-

anesthetic ketamine to treat PD patients. A controlled Phase II clinical trial is planned for 

2020, to establish if meaningful therapeutic long-term benefit for PD patients can be 

achieved with sub-anesthetic ketamine-infusions. Given its clinically proven therapeutic 

benefit for both treatment-resistant depression (11, 69–73) and several pain states (8), very 

common co-morbidities in PD, sub-anesthetic ketamine could provide a triple benefit to 

PD patients in the future.  

 

 

Materials and Methods 

 

Animals 

Adult male, Sprague-Dawley rats (225 grams at arrival, Envigo RMC Inc., 

Indianapolis, IN), were housed two per cage throughout the study in a temperature and 

humidity-controlled room on a 12-hour reverse light/dark cycle and provided food and 

water ad libitum. All animal studies were approved by the Institutional Animal Care and 
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Use Committee at The University of Arizona, were performed in accordance with the NIH 

Guidelines for the Care and Use of Laboratory Animals, and the ARRIVE guidelines.  

 

 

Unilateral 6-hydroxydopamine hydrobromide (6-OHDA) lesion 

Rats (n=90, 250-300 grams at time of surgery) were pretreated (30 minutes prior to 

6-OHDA administration) with desipramine hydrochloride (12.5 mg/kg in sterile 0.9% 

normal saline and 10% DMSO; Sigma-Aldrich, St. Louis, MO) to prevent the loss of 

noradrenergic neurons. Each animal was then placed under anesthesia using isoflurane 

(1.5-2.0%; VetOne, Boise, ID) mixed in a vaporizer (JD Medical, Phoenix, AZ) with 1.5 

liters of oxygen/minute and secured in a stereotaxic frame. 6-OHDA (5.0 µg/µl in sterile 

0.9% normal saline with 0.02% ascorbic acid; Sigma-Aldrich) was administered at a rate 

of 0.5 µl/minute using a microinjector (Stoelting Co., Wood Dale, IL) attached to a 26-

gauge needle (Hamilton Co., Reno, NV) and 10 µl Hamilton syringe. Two microliters (10 

µg/coordinate) of 6-OHDA were injected at two coordinates in the MFB: AP -1.8 mm, ML 

± 2.0 mm, DV -8.2 mm and AP -2.8 mm, ML ± 1.8 mm, DV -8.2 mm. The needle was 

removed five-minutes post-injection to prevent backflow.  

 

 

Amphetamine-induced rotation test 

To determine the severity of the 6-OHDA lesions each rat was treated with 

dextroamphetamine (5 mg/kg in sterile 0.9% normal saline, i.p.; Sigma-Aldrich) and placed 

in a plexiglass cylinder (38 cm diameter x 38 cm height). Rotations, both contralateral and 
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ipsilateral to the lesion, were recorded for 1 minute, every 5 minutes, over 100 total 

minutes. The average (mean ± SEM) net ipsilateral rotations were calculated and animals 

were assigned to balanced treatment groups. Only animals with a net ipsilateral rotation 

score ³ 4 were included in each study (n = 60). In Experiment 1, one animal died and two 

were removed for unrelated health reasons.  

 

 

Drug and vehicle preparation  

All systemic drugs were administered at a volume of 1 mL/kg via intraperitoneal 

injection. In Experiment 1, ketamine (20 mg/kg; VetOne), R-ketamine (10 mg/kg; Cayman 

Chemicals, Ann Arbor, MI), and L-DOPA (6 and 12 mg/kg; Sigma-Aldrich) combined 

with benserazide hydrochloride (14 mg/kg; Sigma-Aldrich) were formulated in the vehicle 

solution, 0.9% USP grade sterile saline (VetOne). In Experiment 2, ketamine (20 mg/kg; 

VetOne) and L-DOPA (6 mg/kg; Sigma-Aldrich) combined with benserazide (14 mg/kg; 

Sigma-Aldrich) were formulated in 0.9% USP grade sterile saline (VetOne). ANA-12 (0.5 

mg/kg; Tocris Bioscience, Bristol, United Kingdom) was dissolved in 5% dimethyl 

sulfoxide (DMSO; Sigma-Aldrich), 55% polyethylene glycol 400 (PEG-400; Sigma-

Aldrich), and 40% normal saline (VetOne).  

 

 

L-DOPA (levodopa)-induced dyskinesia (LID) rating scale 

The severity of LID was assessed using the abnormal involuntary movement (AIM) 

rating scale developed by Cenci (104) and previously established in our lab (29). AIMs 
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were each scored on a scale 0 (no AIMs) to 4 (severe and uninterruptible) for 1 minute, 

every 20 minutes, over 180 minutes. Limb, axial, and orolingual (LAO) AIMs were scored 

and summed as a composite score independent of locomotor AIMs.  

 

 

Forelimb adjusting steps (FAS) test  

The FAS test was primarily utilized to measure akinesia, a cardinal symptom of 

PD. It was also used to determine ketamine’s effects on motor function and whether this 

treatment interfered with the effects of L-DOPA. In both Experiments 1 and 2, animals 

underwent testing both pre- and post-lesion. Each animal was then tested 60 minutes 

following the first, fourth, and fifth (paired with L-DOPA) injections on each treatment 

day. To determine if ketamine had any long-term effects on motor function, the FAS test 

was also administered on non-treatment days, 60 minutes following the fourth and fifth 

(paired with L-DOPA) vehicle injections. In each test, the animals hindlimbs were raised 

and one forepaw was restrained by the investigator. The animal was then moved laterally, 

with only the unrestrained forepaw supporting its body weight, across a smooth surface of 

90 centimeters, at a rate of 9 cm/s. All behavioral testing sessions were video recorded and 

the mean ± SEM number of steps were then counted by a trained and blinded experimenter.  

 

 

Treatment Groups and Experimental Design 

In Experiment 1, PD rats were treated every seven-days with either vehicle, R-

ketamine, or ketamine in accordance with our published (27, 31) infusion paradigm (Fig. 
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1A). On day 0, L-DOPA was paired with the fifth injection and then given each day 

throughout the remainder of the priming period (D0-13: 6 mg/kg; D14-49: 12 mg/kg). 

LAO-AIMs were scored every 3-4 days up to day 45. In Experiment 2, rats underwent a 

similar infusion protocol (Fig 1C); vehicle and ketamine injections were given every five 

times, every two-hours on days 0 and 7 during the two-week priming with L-DOPA (6 

mg/kg). ANA-12 was administered with the first injection and again five-hours later based 

upon evidence that peak TrkB receptor phosphorylation occurs at four-hours (39, 40). 

 

 

Measurement of dopamine content  

In Experiment 1, animals were euthanized on day 49 with carbon dioxide one-hour 

after the fifth injection of ketamine paired with L-DOPA. The brain was extracted and 

coronal brain slices, 1 mm thick, were collected. A 2 mm steel biopsy punch was taken 

from both the intact and lesioned striata and analyzed by HPLC-EC as previously published 

(27–29).  

 

 

Tissue preparation for western blot, ELISA, multiplex immunoassays  

 The remaining striatal tissue from Experiment 1, was dissected from both 

hemispheres and flash frozen in liquid nitrogen. Tissue was homogenized in ice-cold 

phosphate buffered saline containing 1% Triton X-100 (Sigma-Aldrich, Saint Louis, MO), 

0.1% sodium dodecyl sulfate (Sigma-Aldrich), protease inhibitor cocktail (1:100; Sigma-

Aldrich), and a phosphatase inhibitor cocktail tablet (Roche, Basel, Switzerland). 
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Homogenate was centrifuged for 30 minutes at 14,000g and aliquoted at -70 degrees. 

Protein concentration was determined for each subsequent immunoassay using a BCA 

assay (ThermoFisher Scientific, Waltham, MA) and read on a FlexStation 3 (Molecular 

Devices, San Jose, CA).  

 

 

Western blot analysis 

All striatal tissue was run on Any-kD MiniProtean® TGX™ pre cast gels, 

transferred with a Trans-Blot TurboTransfer System (Bio-Rad Laboratories, Hercules, 

CA), scanned on an Odyssey CLx imaging system (LI-COR, Lincoln, NE) and analyzed 

with Empiria Studio Software according to the manufacturers respective recommendations. 

Tissue homogenate samples from the striata of dyskinetic rats in Experiment 1 were used 

to run a linear range with a two-fold dilution from 64 to 0.5 µg, and 5-15 µg of protein was 

loaded on each gel. Primary antibodies: Phospho-p44/42 MAPK (ERK1/2) (Thr 202/Tyr 

204) (L34F12) (1:2,000; Cell Signaling Technology (CST), Danvers, MA), Pan p44/42 

MAPK (ERK1/2) (1:2,000; CST), Phospho-Akt (Ser473) (D9E) (1:1,000; CST), Phospho-

Akt (Thr308) (D9E) (1:1,000; CST), Akt (pan) (40D4) (1:1,000; CST). LI-COR secondary 

antibodies: IRDye® 800 CW Donkey anti-Rabbit (1:10,000), IRDye® 680 CW Donkey 

anti-Mouse (1:10,000). 
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mTOR pathway evaluation 

Phospho-mTOR (Ser2448) and total mTOR levels were measured using a 2-plex 

magnetic bead panel kit (Cat. # 48-625MAG, EMD Millipore, Billerica, MA). The 

immunoassay was performed according to the manufacturers with each sample, standard, 

and quality control measured in duplicate. Plates were read using a MAGPIX (Luminex, 

Austin, TX).  

 

 

Tissue preparation for Golgi-Cox analysis 

In Experiment 2, animals were sacrificed on Day 14 of AIMs scoring, within 4-

hours of the final L-DOPA injection. They were deeply anesthetized with Euthasia Solution 

(0.35 mL; VetOne) and transcardially perfused with 200 mL of heparinized (10 units per 

mL; Sagent, Schaumburg, IL) 0.9% normal saline, followed by 200 mL of cold 

paraformaldehyde (4% in 0.1 M phosphate buffer (PB); MP Biomedicals, Santa Ana, CA). 

Brains were extracted and hemisected at the hypothalamus. The rostral half, containing the 

striatum, was post-fixed in paraformaldehyde for 1-hour, then shipped overnight in 0.1 M 

PB to Dr. Steece-Collier at Michigan State University.  

 

 

Golgi-Cox impregnation and analysis  

The rostral half of the brain was impregnated using a modified Golgi-Cox protocol 

established in the lab of Dr. Steece-Collier (115). 
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Bladder pathology 

Urinary bladders were fixed in 10% buffered formalin, processed, paraffin-

embedded, and 5 micrometer sections were stained with hematoxylin and eosin. All slides 

were evaluated by a board-certified veterinary pathologist (DB) blinded to the experimental 

design and sample group assignment. Lesion interpretation was performed in accord with 

a previously published lesion scoring system (30). 

 

 

Statistical analyses 

Statistical analyses were performed using GraphPad Prism 8.0 software (GraphPad 

Software, La Jolla, CA). The null hypothesis was rejected when p < 0.05. All values are 

represented as mean ± SEM. Dopamine content was analyzed with a 2-way ANOVA, 

Bonferroni post hoc tests. LAO-AIMs were analyzed with a Kruskal-Wallis test with 

Dunn’s multiple comparisons post hoc tests. FAS test were analyzed with one-way 

ANOVA, Tukey-Kramer corrected post hoc tests. Western blot and mTOR analysis were 

performed with two-tailed t tests.  Spine analysis was analyzed with one-way ANOVA 

with Sidak’s multiple comparisons test.  Correlations were performed with a Pearson’s 

correlation.  
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Figure 1. Ketamine suppressed development of LID and had acute anti-parkinsonian 

activity. (A) Scheme of the ketamine injection paradigm for Experiment 1. (B) Scheme of 

the injection paradigm for Experiment 2. (C) Verification of unilateral 6-OHDA lesion and 

evaluation of striatal DA levels after ketamine in the rats from the study shown in Fig. 1A.  

Electrochemical detection of striatal DA content (mean ± SEM) is reduced by > 95% in 

the lesioned side. Striatal DA content was unchanged by a 10-hour-infusion of either 

ketamine (n = 9), R-ketamine (n = 9) vs. saline (n = 9) 1 hour before rats were euthanized, 

showing that there is no effect on overall striatal DA levels by ketamine or R-ketamine-

infusion compared to vehicle in either the lesioned or the intact hemisphere. 2-way 

ANOVA, Bonferroni post hoc tests), ***p < 0.001. (D) The example photomicrograph of 

the SN in Experiment 2 shows a reduction in TH+ immunoreactivity post-lesion.  
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Figure 2. Low-dose racemic ketamine infusion once a week reduces the development 

of LID in the preclinical model.  6-OHDA-lesioned PD rats were injected daily with L-

DOPA (days 0-13: 6 mg/kg; days 14-28: 12 mg/kg; i.p.) to induce dyskinesia and tested 

for LAO-AIMs twice a week for 3 hours by blinded investigators. (A) The mean LAO 

AIMs scores ± SEM are plotted showing a 50% reduction after racemic low-dose ketamine 

infusions (K) when compared to the vehicle group (V) and a group treated with R-ketamine 

(R-K), to test for contribution of the stereospecific ketamine isomer. The blue arrows point 

to the days of the 10-hours racemic ketamine (20 mg/kg; i.p.), R-ketamine (10 mg/kg; i.p.) 

or vehicle infusion paradigm; n = 9 per group, *p < 0.05, **p < 0.01, ANOVAs, one-way 

ANOVA, Kruskal-Wallis test with Dunn’s multiple comparisons post hoc tests. (B) 

Ketamine reduces PD-motor behavior post-6-OHDA-lesion (Post-Lx) by itself and does 

not interfere with the anti-PD effect of L-DOPA. Mean steps ± SEM using the FAST 

paradigm in the LID cohort, are plotted after normalization to pre-lesion (Pre-Lx); n = 10 

per group. *p < 0.05. One-way ANOVA, Tukey-Kramer corrected post hoc tests.  (C) 

Example time course of the LAO-AIMs data showed in (A) for day 11. (D) Example time 

course of the LAO-AIMs data showed in (A) for day 25.    
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Figure 3. Ketamine did activate striatal mTOR and ERK1/2 pathways.  (A, B) 

Involvement of the mTOR pathway in the effects of ketamine.  We show an increased 

phosphorylation level of striatal mTOR in striatal tissue using a Multiplex ELISA. Mean 

p-mTOR / mTOR level ± SEM is plotted for the intact (A) and lesioned (B) striatum for 

vehicle control (V) and ketamine (K) conditions. n = 9 per group, *p < 0.05, ***p < 0.001; 

two-tailed t-tests.  (C, D) Western analysis of levels of striatal ERK1/2 phosphorylation. 

Mean pERK1/2 / ERK1/2 level ± SEM is plotted for the intact (C) and lesioned (D) 

hemispheres. (E) Example western blots testing for pERK1/2/ and total ERK1/2 are shown. 
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Figure 4.  Ketamine’s long-term anti-dyskinetic activity was driven by BDNF 

signaling. (A) The mean LAO-AIMs scores ± SEM are plotted. The sustained anti-

dyskinetic effect of low-dose ketamine is reduced by blocking the BDNF receptor TrkB, 

with co-injection of the TrkB antagonist ANA-12 (0.5 mg/kg; i.p.) with ketamine (K+A).  

The blue arrows point to the days of the 10-hour racemic (K) ketamine (20 mg/kg; i.p.), or 

vehicle infusion paradigm (V). ANA-12 (green bars) did reduce the sustained anti-

dyskinetic effect seen in ketamine-only injected LID (blue bars) leading to LAO AIMs 

comparable to those of the vehicle group (grey bars), indicating an involvement of BDNF 

in the sustained anti-dyskinetic effects of ketamine. n = 10 per group, *p < 0.05, **p < 

0.01, ANOVAs, Tukey-Kramer corrected post hoc tests. (B) Example time course of the 

LAO-AIMs data showed in (A).   
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Figure 5.  Ketamine reduced dendritic mushroom spines in the dyskinetic striatum. 

(A) The mean dendritic length of the MSN neurons (± SEM) is plotted for intact and 

lesioned hemisphere for all the treatment groups. No significant difference was found 

between groups for dendritic length. (B) Ketamine treated animals (K) showed a significant 

reduction of mushroom spine density in medium spiny neurons of the dorsal striatum in 

both the intact and lesioned hemispheres, as compared to vehicle controls (V). Mushroom 

spines were at control levels in animals co-treated with ketamine and the TrkB receptor 

antagonist, ANA-12 (K+A). Example photomicrographs of lesioned hemispheres with * 

indicating mushroom spines are shown in (D-F). Scale bar = 10 µm. n = 10 rats/group, and 

n = 3 dendrites/hemisphere, **p < 0.01, ***p < 0.001, ****p < 0.0001. One-way ANOVA 

with Sidak’s multiple comparisons test.   
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Figure 6. LAO-AIMs are correlated with mushroom spines in the lesioned dyskinetic 

striatum. Correlation analyses of mushroom spine density (mean ± SEM) as compared to 

total LAO-AIMs (mean ± SEM) are shown for (A) vehicle, intact, (B) ketamine, intact 

hemisphere, (C) ketamine + ANA-12, intact hemisphere, (D) vehicle, lesioned hemisphere, 

(E) ketamine, lesioned hemisphere, (F) and ketamine + ANA-12, lesioned hemisphere. 

There was a high correlation between mushroom spines and LAO-AIMS in the lesioned 

hemispheres of all treatment groups, indicating the importance of mushroom spine density 

for LID. n = 10 rats/group, and n = 3 dendrites/hemisphere, Pearson’s correlation test; ns 

= not significant.  
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Figure 7. Schematic for the proposed molecular mechanisms for ketamine’s 

prolonged anti-dyskinetic effects. Cortical disinhibition hypothesis: Ketamine (K) causes 

a burst of glutamate thought to occur via cortical parvalbumin-positive GABA 

interneurons; the tonic firing of the interneuron is driven by NMDARs, and the active, 

open-channel state allows ketamine to enter and block activity. The release of inhibition 

activates glutamatergic principal cells, stimulates AMPARs, depolarizes and activates 

voltage-dependent Ca2+ channels in downstream MSN neurons, leading to release of 

BDNF and stimulation of TrkB, activating mTOR. This leads to increased synthesis of 

proteins required for synaptogenesis and plasticity, leading to removal of maladaptive 

mushroom spines in the dyskinetic striatum, that are replaced by monosynaptic spines. 
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Table 1. Statistical Analysis of the correlations between LAO-AIMs and striatal 

mushroom and thin spines. Table reporting all statistics for the comparison between mean 

total LAO-AIMs and mushroom as well as thin spines in the striatum.   
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Supplementary Table S1. Histopathological analysis of bladder in controls and 

ketamine treated animals. Table reporting severity of pathology in bladder of treated 

animals. 0) no significant lesions, 1) mild segmental submucosal fibrosis, 2) mild 

segmental submucosal fibrosis with minimal to mild focal non-suppurative cystitis, 3) mild 

`segmental submucosal fibrosis with moderate focal non-suppurative cystitis, 4) mild 

segmental submucosal fibrosis with severe focal non-suppurative cystitis. 
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Supplementary Figure S2. Low-dose racemic ketamine infusion once a week reduces the 

development of (A) limb (B) axial (C) orolingual AIMs in the preclinical model. 6-OHDA-

lesioned PD rats were injected daily with L-DOPA (days 0-13: 6 mg/kg; days 14-28: 12 

mg/kg; i.p.) to induce dyskinesia and tested for LAO AIMs twice a week for 3 hours by 

blinded investigators. The mean LAO AIMs scores ± SEM are plotted showing a 50% 

reduction after racemic low-dose ketamine infusions (K) when compared to the vehicle 

group (V) and a group treated with R-ketamine (R-K), to test for contribution of the 

stereospecific ketamine isomer. The blue arrows point to the days of the 10-hours racemic 

ketamine (20 mg/kg; i.p.), R-ketamine (10 mg/kg; i.p.) or vehicle infusion paradigm; n = 9 

per group, *p < 0.05, **p < 0.01, ANOVAs, Tukey-Kramer corrected post hoc tests. 
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Supplementary Figure S3. Low-dose ketamine infusion (blue arrows) once a week 

reduces the development of individual AIMs scores.  6-OHDA-lesioned PD rats were 

injected daily with L-DOPA (days 0-13: 6 mg/kg; days 14-28: 12 mg/kg; i.p.) to induce 

dyskinesia and tested for LAO- AIMs twice a week for 3 hours by blinded investigators. 

The anti-dyskinetic effect of low-dose ketamine (K, blue bars) reduced the individual (A) 

limb (B) axial (C) and orolingual AIMs (mean ± SEM) scores, compared to the vehicle (V, 

grey bars) group and a group treated with the TrkB antagonist, ANA-12 (K+A, green bars). 

The blue arrows point to the days of the 10-hours racemic ketamine (20 mg/kg; i.p.), R-

ketamine (10 mg/kg; i.p.) n = 10 per group, *p < 0.05, **p < 0.01, ANOVAs, Kruskal-

Wallis post hoc tests.  
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Abstract 

Treatment-resistant depression, post-traumatic stress disorder, chronic pain, and L-DOPA-

induced dyskinesia in Parkinson’s disease are characterized by hypersynchronous neural 

oscillations. Sub-anesthetic ketamine is effective at treating these conditions, and this may 

relate to ketamine’s capacity to reorganize oscillatory activity throughout the brain. For 

example, a single ketamine injection increases gamma (~40 Hz) and high-frequency 

oscillations (HFOs, 120-160 Hz) in the cortex, hippocampus, and striatum. While the 

effects of single injections have been investigated, clinical ketamine treatments involve 5-

hour to 3-day sub-anesthetic infusions, and little is known about the effects of such 

prolonged exposure on neural synchrony. We hypothesized that hours-long exposure 

entrains circuits that generate HFOs so that HFOs become sustained after ketamine’s direct 

effects on receptors subside. Methods: Local-field recordings were acquired from motor 

cortex (M1), striatum, and hippocampus of behaving rats (n = 8), and neural responses 

were measured while rats received 5 ketamine injections (20 mg/kg, i.p., every 2 hours, 

10-hour exposure). Results: Although HFOs remained stable throughout extended 

ketamine exposure, broad-band gamma (40-140 Hz) in the hippocampus and delta-HFO 

cross-frequency coupling (CFC) in dorsal striatum increased with the duration of exposure. 

Conclusions: Prolonged ketamine exposure does not enhance HFOs in corticostriatal 

circuits, but, instead, enhances coordination between low and high frequencies in the 

striatum and reduces synchrony in the hippocampus. Increased striatal CFC may facilitate 

spike-timing dependent plasticity, resulting in lasting changes in motor activity. In contrast, 

the observed wide-band high-frequency “noise” in the hippocampus suggests that ketamine 

disrupts action-potential timing and reorganizes connectivity in this region. Differential 
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restructuring of corticostriatal and limbic circuits may contribute to ketamine’s clinical 

benefits.  

 

1. Introduction 

Ketamine is a widely available FDA-approved drug that was developed in the 1960s as an 

anesthetic (Domino et al., 1965). In the last decade, however, the potential therapeutic 

applications of ketamine have expanded considerably. For example, a single hours-long 

exposure to sub-anesthetic ketamine can provide weeks-to-month management of 

treatment-resistant depression (Berman et al., 2000; Diamond et al., 2014), post-traumatic 

stress disorder (PTSD) (Feder et al., 2014), chronic pain (Niesters et al., 2014), and L-

DOPA-induced dyskinesias (LID) (Bartlett et al., 2016; Sherman et al., 2016). Although 

the mechanisms underlying ketamine’s clinical effectiveness are not well understood, 

progress has been made towards understanding the action of ketamine and its metabolites 

upon N-Methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid (AMPA), opioid, and dopamine receptors (Sleigh et al., 2014; Zanos et al., 2016), and 

the capacity of low-dose ketamine to trigger profound changes in oscillatory activity 

throughout the brain (Caixeta et al., 2013; Hunt et al., 2006; Lazarewicz et al., 2010; 

Muthukumaraswamy et al., 2015; Nicolás et al., 2011; Shaw et al., 2015).  

 

A critical and outstanding question is how extended clinical exposure to ketamine during 

a typical 5- to 10-hour infusion session provides long-term relief, despite ketamine itself 

being metabolized within hours (Páleníček et al., 2011). It is therefore conceivable that 

extended periods of exposure further enhance ketamine’s capacity to reorganize neural 
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circuitry (Duman et al., 2012) and alter glutamatergic signaling (Li et al., 2016). This is 

suggested by a number of observations. For example, low-dose ketamine exposure 

enhances synchrony between neurons in multiple brain regions at low (1-7 Hz) and high 

(~140 Hz) frequencies (reviewed in Hunt and Kasicki, 2013). Such synchronization at low 

doses may support spike-timing dependent plasticity (Bi and Poo, 1998; Masquelier et al., 

2009), which may contribute to ketamine’s capacity to alter synaptic morphology 

(Phoumthipphavong et al., 2016). Thus, identifying changes in neural activity that emerge 

during extended ketamine exposure could identify circuit-level mechanisms involved in 

ketamine’s therapeutic effectiveness at low doses.  

 

Sub-anesthetic ketamine exerts diverse effects on neural synchrony (Hunt and Kasicki, 

2013). For example, a single low-dose injection triggers a rapid increase in gamma (40-80 

Hz) and high-frequency oscillations (HFOs, 120-160 Hz) in the striatum (Olszewski et al., 

2013), cortex (Hakami et al., 2009; Nicolás et al., 2011; Shaw et al., 2015), and 

hippocampus (Caixeta et al., 2013). Low-dose ketamine also enhances cross-frequency 

coupling (CFC) which measures the degree to which the timing of high-frequency 

oscillations are organized by the phase of low-frequency oscillations. Increased CFC may 

support neural plasticity by organizing the precise timing of action potentials (Canolty and 

Knight, 2010; Lisman and Jensen, 2013). Injection of sub-anesthetic doses of ketamine 

increases theta (5-10 Hz)-gamma and theta-HFO CFC in the hippocampus (Caixeta et al., 

2013) and delta (1-4 Hz)-HFO CFC in the cortex and striatum (Cordon et al., 2015). Some 

of these effects are likely due to ketamine’s antagonism of NMDARs as injection of the 

selective non-competitive NMDAR antagonist MK-801 also triggers HFOs and gamma in 
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the cortex (Hakami et al., 2009; Pinault, 2008) and HFOs in the ventral striatum (Hunt et 

al., 2006; Olszewski et al., 2013).  

 

Ketamine induces strong oscillatory activity and produces behavioral and therapeutic 

effects that last long after ketamine-induced NMDAR blockade subsides. Consequently, 

we hypothesized that 10-hour exposure to ketamine, as opposed to a single acute exposure, 

will entrain activity within corticostriatal circuits such that ketamine-induced oscillations 

become progressively enhanced over the course of exposure. To test this, we measured 

oscillatory activity during a 10-hour exposure to low-dose ketamine using the rodent 

prolonged infusion protocol described in Bartlett et al. (2016), and recorded local-field 

potentials (LFPs) from motor cortex (M1), ventral striatum (vSTR), dorsal striatum 

(dSTR), and hippocampus (HC) of awake and behaving rats. Corticostriatal regions (dSTR 

and M1) were chosen given their involvement in motor pathophysiology (Dupre et al., 

2016), and vSTR and HC were selected given their involvement in depression and PTSD 

(Sailer et al., 2008; Dunkley et al., 2014). Our data suggest that sub-anesthetic ketamine’s 

lasting effect on neural synchrony may not reside in its capacity to produce sustained 

HFOs, but, instead, in its capacity to increase CFC in corticostriatal circuits and to 

desynchronize neural activity in the hippocampus.  

 

2. Materials and methods 

2.1 Animals and Surgical Procedures 

Eight male Sprague-Dawley rats (~350 g at surgery, Envigo, Indianapolis, IN) were housed 

individually in a 12-hour reverse light/dark cycle room with food and water available ad 
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libitum. Rats were anesthetized with isoflurane and implanted with two electrode arrays, 

each array composed of 16 stereotrodes (California Fine Wire Co., Grover Beach, CA). A 

skull screw over cerebellum was reference and ground. The first electrode array was 

centered at AP: +1.3, ML: +2.7, right hemisphere, with stereotrodes targeting M1 (DV: -

1.4), DLS (DV: -3.8), DMS, (DV: -4.6), and NAc (DV: -6.8, Figure 1B). The second array 

targeted left HC and cortex (centered at AP: -3.0, ML: +2.2) with electrodes lowered near 

the fissure (DV: -3.2), CA1 (DV: -2.3), dentate gyrus (DV: -3.8), and S1 (DV: -1.4). Rats 

recovered for 1 week post-surgery. Procedures were in accordance with NIH guidelines for 

the Care and Use of Laboratory Animals and approved IACUC protocols at the University 

of Arizona. One animal was eliminated from the study due to excessive recording artifacts. 

 

2.2 Drug Treatments  

In Experiment 1, animals received five consecutive injections (20 mg/kg, i.p., 2 hours 

apart) of ketamine or saline as described in (Bartlett et al., 2016) and summarized in Figure 

1A. This paradigm is identical to that used by Bartlett and colleagues (2016) to model 

clinical infusions in rodents, and it was chosen as it has been shown to reduce LID (Bartlett 

et al., 2016). Multiple injections ensured that serum concentrations of ketamine remained 

high throughout exposure. The 2-hour spacing between injections was important given the 

faster metabolism of ketamine in rodents (~ 1 hour, (Páleníček et al., 2011; Veilleux-

Lemieux et al., 2013)) relative to humans (~3 hours (Clements et al., 1982)). Recording 

sessions involved injections of either ketamine hydrochloride (20 mg/kg, Clipper 

Distributing, St. Joseph, MO) or 0.9% saline.  
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2.3 Neurophysiological Recordings 

Data was acquired from a multi-channel data acquisition system (KJE-1001, Amplipex 

Ltd.). A light-emitting diode (LED) was attached to the rat’s implant for video tracking 

(Manta G-033C, Allied Vision, Exton, PA). Recording sessions were conducted once per 

week for each animal (as in Figure 1A) with experiments starting at 5AM. Rats remained 

in their home cage during recordings sessions with food and water available ad libitum. 

 

2.4 Histology 

Electrolytic lesions were produced at recording sites via direct current stimulation (20 mA, 

20 seconds). Rats were deeply anesthetized with Euthasol (0.35 mg/kg, i.p.; Virbac, Fort 

Worth, TX) and sacrificed 3 days later by transcardial perfusion with phosphate buffered 

saline (PBS) followed by 4% paraformaldehyde in PBS. Prepared 40-µM thick coronal 

sections were cut using a frozen microtome and Nissl stained for verification of electrode 

placement (Figure 1B). 

 

2.5 Data analysis 

Analysis was performed via custom-written code (MATLAB: MathWorks Inc., Natick, 

MA and R: R Core Team (2017)). Local-field signals were acquired at 20,000 Hz and down 

sampled to 500 Hz. Local-field traces were analyzed for artifacts through visual inspection 

and automatic artifact detection. Artifacts can come from multiple sources such as cable 

artifact and electromyographic (EMG) signal. Candidate artifacts were identified as periods 
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where the absolute value of local-field traces exceeded 1.5 mV or when summed cross-

band power (2-160 Hz) exceeded the 99.98th percentile.  

 

2.6 References and Addressing Volume Conduction  

Interpreting LFP signals as being local to a target region is complicated by contamination 

from volume-conducted signals from other regions or from EMG artifacts. One approach 

to address this is to reference signals from one electrode to a second within-region 

electrode. Thus, to be confident that the measured signal was local, we followed the 

following procedure: M1: The M1 electrode was referenced to a second M1 electrode 0.7 

mm away and at the same depth (1.4 mm). HC: To ensure the signal was local to the HC 

and integrated the diverse oscillatory activity in the HC, the signal from the HC fissure 

electrode was referenced to the CA1 electrode (1-mm distance). Striatum: The geometry 

of the array allowed segregation of dorsal and ventral striatum, but the array did not have 

an arrangement allowing segregation of responses within subregions such as the nucleus 

accumbens core/shell. Consequently, we conservatively divided striatal recordings into 

dorsal and ventral components. This was accomplished by referencing the dorsolateral 

striatum electrode against the dorsomedial electrode to yield a dorsal striatum (dSTR) 

signal, and referencing the nucleus accumbens (NAc) electrode against the dorsomedial 

electrode to yield a ventral striatum signal (vSTR, see Figure 1B).  

 

2.7 Spectral Power  

Spectral power was determined using a fast Fourier transform (frequency bin = 0.5 Hz, 10-

second Hanning window) or complex wavelet convolution (Morlet family, cycles = 5). The 
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choice between Fourier and wavelet depended on whether frequency (Fourier) or temporal 

(wavelet) resolution was preferred. Analyses of group differences were restricted to the 

following canonical frequency bands: delta (1-4 Hz), theta (5-10 Hz), beta (15-30 Hz), 

gamma (40-58 Hz), and HFO (120-160 Hz).  

 

2.8 Cross-Frequency Coupling 

Phase-amplitude cross-frequency coupling (PAC) was measured as described in Cohen 

(2014). First, LFP signals were filtered in the target low- and high-frequency bands using 

a Butterworth IIR filter (fs = 500 Hz, order = 6). Phase was extracted using a Hilbert 

transform, and power was extracted as the envelope of the absolute value of the filtered 

signal. CFC was computed as 𝑃𝐴𝐶 = '𝑛)*+ 𝑎-.
/01

2

-34
' where 𝑎 is high-frequency power 

and 𝜑 is the phase of the low-frequency signal. This value was compared to values 

computed using a randomized shuffle control where the original low-frequency signal was 

randomly shifted in time on each permutation (n = 200 permutations). The mean and 

standard deviation of this null hypothesis distribution were used to convert the measured 

PAC score into a z score (PACz).  

 

2.9 Statistical Analyses 

Statistical significance was assessed using ANOVA or Student’s t-test (alpha = 0.05). 

Tukey's honest significance test or Holm-Bonferroni method were used to adjust p values 

for post-hoc comparisons unless otherwise stated.  
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3. Results 

3.1 A single injection of sub-anesthetic ketamine triggers gamma oscillations in M1, 

HFOs in striatum, and broadband activity in hippocampus. 

 
In rodents and humans, administration of sub-anesthetic ketamine triggers robust high-

frequency activity throughout the brain (Caixeta et al., 2013; Cordon et al., 2015; 

Muthukumaraswamy et al., 2015; Nicolás et al., 2011). Our data support these observations 

as ketamine injections (20 mg/kg) induced powerful and region-specific gamma 

oscillations and HFOs. Spectrograms recorded during a single experimental session are 

presented in Figures 1E, and the mean spectral responses following each ketamine 

injection are shown in Figure 2A (average shown for n = 19 sessions from 8 rats). 

Inspection of these figures indicates strong gamma-band activity induced in M1 and HFO 

activity in dorsal and ventral striatum. In contrast, hippocampal responses appeared 

decidedly broadband for frequencies > 30 Hz.  

 

Spectral responses at canonical frequency bands were analyzed, and comparisons were 

made between the effects of ketamine and saline injection. Spectral power was measured 

in units of standard deviations above or below baseline spectral power (power measured 

during the -32 to -2 minute interval preceding the first injection). Statistical comparisons 

for ketamine-triggered oscillatory power measured during control and ketamine sessions 

are summarized in Figures 2B and 2C for the 2-90 and 92-110 minute post-injection 

intervals. These two intervals were chosen given previous work indicating that ketamine is 

metabolized ~1 hour post-injection (Páleníček et al., 2011). Thus, these intervals represent 

conservative estimates for periods when ketamine was (2-90 minutes) or was not (92-110 
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minutes) metabolically active. Black bold lines indicate significant comparisons between 

ketamine (orange and blue bars) and control saline sessions (t-test, p < 0.05, Holm-

Bonferroni correction), and significant paired comparisons between ketamine injection 1 

(orange) and injection 5 (blue, paired t-test, p < 0.05, Holm-Bonferroni correction).  

 

A main effect of ketamine was observed during the 2-90 minute post-injection interval in 

all brain regions (Figure 2B, Two-way ANOVA (drug, frequency), p < 0.05 following 

Holm-Bonferroni correction for 8 comparisons, F and p values are in Supplementary 

Table 1A). During the 92-110 minute interval, however, a strong main effect of ketamine 

was only observed in the hippocampus (Figure 2C, F(1,55), p = 0.0006, η2 = 0.25), 

suggesting that the lasting impact of extended exposure may be desynchronization within 

the hippocampus.  

 

Post-hoc comparisons revealed that during the 2-90 minute interval, ketamine increased 

gamma power in M1 and HFO power in dSTR and vSTR relative to saline control (Figure 

2B, t-tests, p < 0.05 following Holm-Bonferroni correction). Gamma power also increased 

in the dSTR and vSTR following the 1st and 5th injection, and delta power increased in M1 

after the 1st but not the 5th injection. In the hippocampus, ketamine injections increased 

gamma and HFO power, but spectral responses shown in Figure 2A suggests that this 

reflects increased broadband power for frequencies > 30 Hz. This differs from the 

narrowband increases in HFO and gamma power observed within M1 and the striatum. 

Thus, ketamine-induced oscillatory activity in the hippocampus is “noisier” and less focal 

relative to corticostriatal HFOs and gamma oscillations.  



 179 

 

3.2 Extended exposure to ketamine increases hippocampal broadband power, but 

does not change corticostriatal oscillatory activity.  

 
A main objective of this study was to determine if extended exposure to ketamine produced 

a lasting change in oscillatory activity. This was examined by assessing responses during 

the 92-110 minute post-injection interval (Figure 2C) as oscillatory activity during this 

period would suggest effects that persist after ketamine has been largely metabolized. Bold 

black lines indicate significant pair-wise comparisons between oscillatory activity 

measured during pre- and post-injection periods (paired t-test, p < 0.05, Holm-Bonferroni 

correction). Extended exposure to ketamine increased gamma and HFO power in the 

hippocampus during the 2-90 minute interval (post-hoc paired t-test, pgamma = 0.04, pHFO = 

0.006, Holm-Bonferroni correction). However, and contrary to our original prediction, 

extended exposure did not increase gamma or HFO power in M1, dSTR, or vSTR.  

 

Low-dose ketamine exposure increases locomotion in rodents (Nicolás et al., 2011); 

however, motor activity is likely not causing the observed increase in HFO and gamma 

power as changes in locomotion lag behind ketamine-induced changes in HFO power 

(Caixeta et al., 2013). It was conceivable that repeated injections enhance ketamine’s 

motor-activating effects which could contribute to the rise in broadband hippocampal 

gamma and HFO power from injections 1 to 5. This does not appear to be the case as 

ketamine-induced locomotion did not increase from injection 1 to 5 (Supplementary 

Figure 1, paired t-test p = 0.28). 
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3.3 Ketamine-induced changes in cross-frequency coupling. 

 
Phase-amplitude CFC measures the degree to which the phase of a low-frequency 

oscillation modulates the amplitude of a high-frequency oscillation. Such cross-band 

modulation may impact information processing and plasticity by organizing the timing of 

ensembles of neurons (Canolty and Knight, 2010; Lisman and Jensen, 2013). We 

investigated the effects of acute and extended low-dose ketamine exposure on within-

region CFC. Representative examples of CFC measured during individual recording 

sessions are presented in Figure 3. The example in Figure 3A indicates strong ketamine-

induced delta-HFO CFC in vSTR. Figures 3B and C present the average wavelet 

spectrogram aligned to the time of the trough of delta oscillations (1-4 Hz) in the vSTR 

and M1. These examples suggest a progressive increase in delta-HFO CFC from injection 

1 to injection 5. The averaged time-course of ketamine-induced CFC following the first 

and fifth injection in all regions is presented in Figure 4A. Inspection of these responses 

indicates that ketamine induced a rapid increase in delta-HFO and theta-HFO CFC in 

corticostriatal regions, and these effects lasted from 20 to 90 minutes. Furthermore, the 

duration of ketamine-induced delta-HFO increased from injection 1 to injection 5, 

suggesting that prolonged exposure enhanced ketamine’s capacity to induce delta-HFO 

CFC. Ketamine did not induce CFC in the hippocampus, a result that is consistent with the 

observation that ketamine induced a non-specific wide-band signal on the hippocampal 

electrodes (Figure 2). 

 

Statistical analyses of the effect of acute and prolonged exposure (from injection 1 to 5) on 

CFC are summarized in Figures 4B. Thick black lines indicate significant differences 



 181 

between saline (gray) and ketamine injection conditions or significant differences between 

injections 1 (orange) and 5 (blue). ANOVA (drug, frequency) was used to identify main 

effects and interactions, and result from the ANOVA are presented in Supplementary 

Table 1B. To summarize, main effects and interactions between drug and frequency were 

observed in M1, dSTR, and vSTR, but not the hippocampus. Post-hoc tests indicated that 

sub-anesthetic ketamine produced a significant increase in delta-HFO CFC in dSTR and 

vSTR during the 2-90 minute post-injection interval relative to saline (Figure 4B).  

 

3.4 Prolonged exposure to ketamine enhances cross-frequency coupling in the dorsal 

striatum during the 2-90 minute post-injection period. 

 
Paired comparisons between injections 1 and 5 were performed to determine if extended 

exposure to ketamine enhanced CFC. Paired comparisons were performed using a within-

subject ANOVA (drug, frequency) followed by paired t-tests (see Supplementary Table 

1B for all F and p values). This analysis revealed that ketamine-induced delta-HFO CFC 

in dSTR increased from injection 1 to 5 (Figure 4B, post-hoc paired t-tests p = 0.02, d = 

1.4, Holm-Bonferroni corrected). In addition, theta-gamma CFC in dSTR decreased 

following the first injection (p = 0.003); however, this effect was not significant following 

the 5th injection (p = 1.0, Holm-Bonferroni correction). Paired-comparison plots for delta-

HFO CFC for each region are provided in Supplementary Figure 2.  

 

These data indicate that prolonged exposure enhances the capacity of ketamine to increase 

delta-HFO CFC in dSTR; however, analysis of responses during the 92-110 minute post-

injection interval did not identify any significant effects (Figure 4C). Consequently, the 
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increase in delta-HFO CFC is likely mediated by ketamine’s direct action on corticostriatal 

receptor systems and not through ketamine’s metabolites or through entrained persistent 

activity. 

 

3.5 Ketamine-induced gamma in M1 and locomotion are reduced by D1R antagonist 

SCH-23390. 

 
Experiment 2 investigated whether oscillatory or locomotor activity induced by ketamine 

was produced by activation of D1 receptors. To test this, Ketamine (20 mg/kg, i.p.) was 

administered 15 minutes after the injection of D1R antagonist SCH-23390 (1.0 mg/kg, i.p.). 

The 15-minute interval allowed the D1R antagonist to reach peak blocked of its targets. 

Spectral responses in Figure 5A and B show oscillatory responses to ketamine injection 

when ketamine was delivered either alone or after SCH-23390 injection. We tested the 

hypothesis that D1R antagonism would reduce ketamine-induced gamma or HFO activity 

(e.g., Figure 2A). Comparison of ketamine to the ketamine + SCH-23390 conditions 

indicated that SCH-23390 reduced ketamine-induced gamma in M1 (p = 0.03, n = 6, 

Student’s t-test with Holm-Bonferroni correction), but SCH-23390 did not alter gamma or 

HFOs in dSTR, vSTR, or HC (Figure 5B). Furthermore, administration of SCH-23390 

eliminated ketamine-induced locomotion (Figure 5D, Student’s t-test, p = 0.0002). Thus, 

while M1 gamma produced by ketamine may involve activation of D1 receptors, 

ketamine’s capacity to induce HFOs and gamma in the striatum and hippocampus does not 

appear to be D1R mediated or the product of locomotion (Supplementary Figure 1).  
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4. Discussion 

 
Although hours-long sub-anesthetic infusions of ketamine are increasingly being used to 

treat chronic pain and treatment-resistant depression, the effects of prolonged exposure on 

neural synchrony are not understood. Using a spaced-injection procedure, we show that 

10-hour exposure enhances ketamine-induced broad-band gamma power in the 

hippocampus and increases ketamine-associated delta-HFO CFC in the dorsal striatum. 

These changes were observed during the 2-90minute post-injection intervals that followed 

each of the five successive injections, and these effects were largely indistinguishable from 

baseline during the 92-110 minute post-injection intervals. The limited duration of the 

effect to the 2-90 minute interval suggests that prolonged ketamine exposure potentiates 

acute responses to ketamine and does not induce a novel or long-lasting pattern of 

synchrony that persisted beyond ketamine’s period of metabolic action. Furthermore, and 

contrary to our original hypothesis, prolonged exposure did not increase the strength or 

extend the duration of ketamine-evoked HFOs.  

 

Moreover, these data indicate that ketamine’s acute effects on neuronal synchrony differ 

considerably in the cortex, striatum, and hippocampus. For example, ketamine produced 

wide-band activity in the hippocampus suggesting desynchronization. In contrast, 

ketamine increased synchrony in motor cortex and striatum by enhancing delta-HFO CFC, 

narrow-band gamma and HFO power. It is therefore conceivable that ketamine’s 

therapeutic effectiveness involves the region-specific regulation of precise action potential 

timing in cortical, striatal, and limbic circuits that regulate motivation and episodic memory 

formation. 
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4.1 Ketamine-induced gamma in motor cortex. 

 
Injections of ketamine increased gamma power in M1, and this increase lasted for 40-60 

minutes following each injection. Gamma oscillations may organize the timing of action 

potentials (Buzsáki and Wang, 2012; van der Meer and Redish, 2009), which can impact 

neural plasticity and information transmission between brain regions (Colgin et al., 2009). 

Although circuit-level mechanisms underlying cortical gamma generation are debated, it 

is generally believed that interactions between parvalbumin-(PV) expressing GABAergic 

neurons or interactions between PV neurons and principal cells are involved (Buzsáki and 

Wang, 2012). Although the mechanisms underlying ketamine-triggered gamma are not 

well understood, there is evidence that ketamine’s action on NMDARs plays a role in 

gamma generation as administration of selective NMDAR antagonists increase cortical 

gamma (Pinault, 2008), and ablation of NMDARs on PV neurons increases gamma 

(Korotkova et al., 2010). Inactivation of NMDARs by ketamine may preferentially reduce 

excitation of GABAergic neurons, resulting in the disinhibition of principal cells 

(Homayoun and Moghaddam, 2007) and consequently increase extracellular glutamate 

release from principal neurons (Moghaddam et al., 1997). Increased principal neuron 

activity and glutamate may increase gamma through the activation of metabotropic 

glutamate receptors (Whittington et al., 1995). Finally, dopamine may be involved in 

gamma generation as ketamine-induced locomotion and gamma in M1 were eliminated 

when ketamine was delivered after administration of a D1R antagonists (Figure 5). 

 

Ketamine’s capacity to enhance M1 gamma suggests that ketamine treatment could impact 

disorders affecting motor cortex. In this regard, there is evidence that ketamine reduces 
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LID in Parkinson’s patients and in animal models of Parkinson’s disease (Bartlett et al., 

2016; Sherman et al., 2016), with LID being associated with high-frequency cortical 

gamma (~80 Hz) (Dupre et al., 2016; Halje et al., 2012; Swann et al., 2016). This is 

interesting as ketamine-induced gamma is about 30 Hz slower than the high gamma 

associated with LID. This large difference in frequencies suggests that in ketamine-induced 

and LID-associated gamma are produced by distinct circuits. Conceivably, these circuits 

could interfere with each other when simultaneously activated resulting in reduced LID. 

Future single-unit studies using animal models of LID could investigate whether cortical 

circuits generating low and high gamma are distinct and interfere with each other in LID. 

Patients with PTSD also experience increased high-gamma activity in resting-state 

networks (Dunkley et al., 2014), and PTSD patients can respond positively to ketamine 

treatment (Feder et al., 2014). Consequently, it is conceivable that interactions between 

distinct gamma circuits could mediate ketamine’s therapeutic effectiveness in this 

condition. 

 

4.2 Cross-frequency coupling and HFOs in corticostriatal circuits. 

 
Cross-frequency coupling may facilitate memory encoding and retrieval, and the transfer 

of information between brain regions (Canolty and Knight, 2010). Aberrant CFC is also 

implicated schizophrenia (Allen et al., 2011) and Parkinson’s disease (Belić et al., 2016). 

Consistent with other reports, we observed that sub-anesthetic ketamine triggers HFOs in 

the striatum and delta-HFO and theta-HFO CFC in dSTR and vSTR  (Cordon et al., 2015). 

Furthermore, prolonged exposure enhances the duration of delta-HFO CFC in dSTR 

(Figure 4). The mechanisms that produce striatal HFOs and delta-HFO coupling are not 
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understood; however, the generator of HFOs may originate in the NAc as inactivation of 

the NAc with tetrodotoxin abolishes ketamine-induced HFOs (Olszewski et al., 2013). The 

locus and mechanism of striatal delta oscillations are less well understood. Delta is 

typically associated with slow-wave sleep and is thought to be generated by cortical and 

thalamic circuits (Amzica and Steriade, 1995; Lőrincz et al., 2015). Delta during sleep 

organizes the timing of thalamocortical sleep spindles (8-15 Hz) and hippocampal sharp-

wave ripples (~150 Hz), two oscillations that are associated with memory consolidation 

(Reviewed in Mölle and Born, 2011). In contrast to sleep-associated delta, the delta-HFO 

activity that was observed in the present study occurred during waking locomotion, 

indicating that this form of delta differs from slow-wave sleep-associated delta. Delta in 

waking rats has been observed in the ventral tegmental area (VTA) and the prefrontal 

cortex, and this delta activity emerged when rats performed a spatial working-memory task 

(Fujisawa and Buzsáki, 2011). Future studies involving inactivation of VTA or prefrontal 

cortex following ketamine administration could determine if ketamine-induced delta-HFO 

CFC is produced by the prefrontal cortex or the VTA. 

 

4.3 Broad-band gamma in the hippocampus. 

 
The hippocampus plays a central role in the consolidation of episodic memory and in the 

processing of configurations of items in space and in time. Hippocampal dysfunction is 

also associated with major depression (Schmaal et al., 2016) and PTSD (Dunkley et al., 

2014). Notably, these two disorders can be treated with low-dose ketamine infusion 

(Berman et al., 2000; Diamond et al., 2014; Feder et al., 2014). There is evidence that 

narrow band low- and high-gamma can differentially direct the flow of signals through 



 187 

intra-hippocampal pathways in order to support memory recall and encoding (Colgin et al., 

2009). We observed that ketamine injections produced wide-band gamma (> 30 Hz, Figure 

2) with no discernable peak frequency. Such a response could interfere with the low- and 

high-gamma oscillations associated with memory storage and retrieval. This wide-band 

signal could also contribute to the observed reduction in CFC (Figure 4) in the 

hippocampus, a result that is in accord with predictions from computational modelling 

(Neymotin et al., 2011). The observed reduction in hippocampal CFC following ketamine 

injection is also consistent with experimental work where NMDAR ablation in CA1reduces 

theta-gamma CFC in behaving mice (Korotkova et al., 2010).  

 

The effects of acute low-dose ketamine exposure on neuronal synchrony suggest that 

ketamine exposure would reduce memory performance. Indeed, low-dose ketamine 

injections do impair spatial memory in an 8-arm maze during encoding and retrieval phases 

(Chrobak et al., 2008). Such impairment could result from the absence of a distinct gamma 

oscillation to organize the timing of action potentials. Reduced precision of action potential 

timing along with ketamine-mediated NMDAR blockade could ultimately disrupt 

plasticity. It is interesting to consider that disorganized broad-band activity could have a 

beneficial effect by potentially “resetting” aberrant synaptic connectivity within the 

hippocampus that contributes to depression and PTSD. 

 

Although our data did not identify CFC in the hippocampus, experimental work by Caixeta 

et al., (2013) indicates that moderate-to-high doses of ketamine (25-75 mg/kg) do increase 

hippocampal theta-HFO and theta-gamma CFC. Potential reasons for this difference 
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include the larger ketamine doses used in the Caixeta study, and the use of high-density 

linear electrode arrays that allowed identification of layer-specific gamma generators. In 

contrast, our paired-electrode recordings measured signals from a larger hippocampal 

volume. Consequently, it is conceivable that the broad-band activity observed in our study 

reflects the integrated activity of multiple distinct hippocampal gamma generators. Future 

experiments using high-density electrode arrays would resolve this issue.  

 

4.4 Ketamine’s effect on oscillatory power and cross-frequency coupling was 

restricted to the 2-90 minute post-injection interval. 

 
Although low-dose ketamine significantly affected corticostriatal synchrony and CFC 

during the 2-90 minute post-injection period, these effects were largely indistinguishable 

from baseline during the 92-110 minute post-injection intervals (Figures 2C, 4C). This 

was surprising as ketamine infusions in human patients can produce week-to-month long 

reduction in depressive symptoms in patients with treatment-resistant depression (Berman 

et al., 2000; Diamond et al., 2014). One explanation for the time-limited response is that 

ketamine initiates the gradual synaptic reorganization of circuits involved in the pathology 

(Phoumthipphavong et al., 2016). Such reorganization may be facilitated by ketamine-

induced gamma synchrony as gamma can enhance neuronal plasticity by synchronizing the 

timing of action potentials in pre- and post-synaptic neurons (Hasenstaub et al., 2016). 

Synaptic reorganization may be further facilitated by ketamine’s capacity to increase 

BDNF production (Yang et al., 2013) and spine density in the medial frontal cortex 

(Phoumthipphavong et al., 2016).  
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6. Conclusion 

Our data demonstrate that 10-hour ketamine exposure produces desynchronized broad-

band gamma in the hippocampus and increases delta-HFO CFC in the dorsal striatum. 

Although single injections triggered strong HFOs and gamma in the striatum, these 

responses were not enhanced by prolonged ketamine exposure. The observation that 

prolonged exposure increased delta-HFO CFC in dorsal striatum indicates that extended 

exposure enhances coordination between striatal neurons and possibly facilitates spike-

timing dependent plasticity and inter-regional communication. In contrast, we observed 

that ketamine-induced oscillations in the hippocampus were decidedly broad-band, a result 

that suggests widespread desynchronization. Such broad band “noise” in the hippocampus 

could negatively impact coordination between neurons and reduce the strength of 

associative networks within the hippocampus. Such a disruptive effect could be therapeutic 

if these associative networks contribute to pathologies such as depression and PTSD. An 

important next step is to determine if ketamine differentially alters coordination between 

neurons in cortical, striatal, and hippocampal circuits though single-unit ensemble 

recordings. Furthermore, combining ensemble recordings with animal models of PTSD, 

chronic pain, depression, and LID could identify circuit-level changes that underlie 

ketamine’s therapeutic effectiveness. 
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Figure 1. Experiment design and neural recordings. (A) Top: Timeline of an 

individual experimental session. Five sub-anesthetic doses of ketamine (20 mg/kg, i.p.) 

or saline were injected throughout each 11+ hour recording session. One hour of pre-

injection baseline was recorded prior to the first injection. Bottom: Timeline for 

experimental sessions. Each animal received a single ketamine or saline injection 

recording session each week. (B) Schematic of electrode array placement in the right-

hemisphere (AP: +1.3, ML: +2.7 centered, DV: —6.8 deepest electrode) and the left-

hemisphere (AP: —3.0, ML: —2.2 centered, DV: —3.8 deepest electrode) and 

exemplar histological sections. (C) Local-field electrodes were referenced to within-

region electrodes to reduce contamination from volume conduction. To illustrate the 

effects of re-referencing, the power-spectral density (PSD) from an M1 electrode 

referenced to the cerebellar ground screw (left) or to a second within-region (M1) 

electrode (right) are presented. Recordings were acquired 10-min prior to ketamine 

injection (black) and 15 min following each ketamine injection (colored traces). Note 

the reduction in HFO power when using a local reference indicating that HFO activity 

was volume conducted. (D) Exemplar local-field traces of ketamine-induced gamma 

(M1) and HFOs (vSTR) recorded 15 min after injection. (E) Animal movement (top 

trace) and power spectrograms acquired from electrodes in M1, dSTR, vSTR, and HC. 

Ketamine injection times are indicated as vertical dashed lines and red arrows. Values 

are in standard deviations above the mean measured during the 30 min period 

preceding the first injection. 
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Figure 2.  Ketamine-induced oscillatory activity. (A) Spectral responses aligned to 

the time of each of the 5 successive ketamine injections. Spectra for each recording 

session were averaged (19 sessions from n = 8 rats). Each row indicates the response for 

each brain region and each column indicates the injection number. Units are in standard 

deviations above or below the mean spectral power measured during the –32 to –2 min 

period preceding the first injection. Spectral power was smoothed in time with a 5-min 

Hanning window prior to averaging. (B) Time course of spectral responses following 

ketamine injections 1 and 5 by frequency band. Lines indicate mean ± SEM (n = 8 

rats). 
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Figure 3. Ketamine-induced oscillatory activity. (A) Mean (±SEM) spectra power (n= 

8 rats) following ketamine and saline injections during the 2–90 min post-injection period 

following the first (orange) and fifth (blue) injections. Bold bars indicate significant 

between-subject differences vs. controls and significant within-subject differences in either 

the 1st or 5th ketamine injections (paired t-test, Holm–Bonferroni correction, horizontal 

bars indicate significant effects at p < 0.05). (B) As in (A) but for the 92–110 min post-

injection period. Significant increase in delta, beta, and HFO bands were observed in the 

hippocampus. 
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Figure 4. Prior history of extended exposure to ketamine does not alter resting 

oscillatory activity. The effect of the previous history of ketamine exposure on baseline 

oscillatory activity was investigated by comparing the oscillatory power during the –32 

to –2 min interval preceding the first injection on each recording session. Sessions were 

separated by at least 1 week. The x axis of each plot indicates the number of previous 

ketamine exposure sessions (0 indicates days that the rat had no prior ketamine exposure 

session). A significant difference between the number of ketamine sessions received and 

oscillatory power (y axis) would suggest that prior ketamine exposures produces 

persistent changes in oscillatory activity that last at least 1 week, which was the time 

between ketamine sessions. Individual plots are organized by region (row) and frequency 

band (column). A within-subject analysis (within subject = number of ketamine sessions, 

between subject = animal) identified no significant relationships between the number of 

previous ketamine exposure sessions and oscillatory power at any frequency band (paired 

t-test, p > 0.05, n = 7). 
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Figure 5. Ketamine-induced locomotion on the 1st and 5th injection. (A) Movement 

speed during each recording session was measured for periods surrounding ketamine or 

saline injection (bin size = 8 s, convolved with a 80 s Hanning window). This figure displays 

the mean and ±SEM across sessions (ketamine: n= 19, saline: n= 11 sessions from 8 rats) 

for the first and fifth injection. (B) To determine if movement speed was affected by 

multiple ketamine injections, average speed during the 2–20 min post-injection interval was 

analyzed and averaged for each rat. A strong effect of drug (ketamine vs. saline) was 

observed following injections 1 (t-test, p = 0.0015, n = 8 rats) and 5 (p = 0.00006, n= 8 rats). 

The effect of multiple injections was determined by comparing within-subject responses on 

the 1st and 5th injection using paired t-tests. Neither saline nor ketamine groups exhibited a 

significant difference in mean movement speed between injections 1 and 5 (paired t-test, 

saline: p = 0.50, n = 7 rats; ketamine: p = 0.59, n = 8 rats). 
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Figure 6. Examples of cross-frequency coupling following ketamine injections. (A) The 

top trace is an unfiltered 2 s representative local-field recording acquired from the vSTR 

during the 2–20 min post-injection interval following injection #5. The bottom trace is a 

wavelet spectrogram of the same signal. The spectrogram highlights the high-frequency 

(140 Hz) oscillations nested in a slower (⇠3 Hz) oscillation. (B) Average wavelet 

spectrogram acquired from the vSTR aligned on the time of the troughs of the slower (1–4 

Hz) oscillation for the pre-injection baseline period (first column) and for the 2–20 min 

intervals following the first and fifth injections. This example illustrates the capacity of 

ketamine to enhance CFC. (C) As in B, but for average wavelet spectrogram of the M1. 
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Figure 7. Ketamine-induced cross-frequency coupling. (A) The time course of CFC 

following the first (top row) and fifth (bottom row) ketamine injection (mean, ± SEM, n 

= 8 rats). Ketamine increased delta-HFO and theta-HFO CFC. Inspection of these 

responses indicated no delta-gamma and theta-gamma CFC despite strong ketamine-

associated gamma oscillations in M1. The duration of delta-HFO CFC appeared to 

increase from injection 1 to injection 5 in M1, dSTR, and vSTR. (B) Comparison of CFC 

following injections 1 and 5. Mean and ± SEM CFC following ketamine and saline 

injections during the 2–90 min post-injection period following the first (orange) and fifth 

(blue) injections. Bold bars indicate significant between-subject differences vs. controls 

and significant within-subject differences in either the 1st or 5th ketamine injections 

(paired t-test, Holm–Bonferroni correction). Paired-comparison plots are provided in 

Supplementary Figure 2. (C) As in B, but for the 92–110 min post-injection period. 
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Figure 8. Ketamine-induced oscillations and movement following D1R antagonism. 

(A) Average power spectral responses to a single ketamine injection (20 mg/kg, i.p., n = 

16 sessions and 6 rats). (B) Top: Schematic timeline of the injection procedure for 

pharmacological evaluation of the effects of D1R antagonist SCH-23390 (1.0 mg/kg). 

Bottom: The leftmost 2 columns indicate power spectral responses aligned to ketamine 

injection (20 mg/kg, vertical dashed line) administered 15 min after injection of SCH-

23390. The last column indicates responses to D1R antagonist delivered alone (no 

ketamine injection). (C) Ketamine-induced gamma oscillations in M1 were reduced when 

D1Rs were blocked. Ketamine-evoked oscillatory power was measured during the 2–20 

min post-injection period when ketamine was administered alone (red), after SCH-23390 

(blue) or after saline injection. Comparisons between ketamine and ketamine + SCH-

23390 conditions indicated that SCH-23390 significantly reduced ketamine-induced 

gamma and HFOs in M1 (p = 0.03, n = 6 rats, Student’s t-test with Holm–Bonferroni 

correction). (D) SCH-23390 eliminated ketamine-induced locomotion during the 2–20 min 

post-injection period (Student’s t-test, p = 0.0002). Error bars indicate SEM. 
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Supplementary Figure 1: Effects of local referencing. Examples of the effect of applying 

a local reference to the original local field signal that was referenced to the cerebellum 

(CB). The left column presents the power-spectral densities (PSDs) of the CB referenced 

signal for each region. The right column presents the locally re-referenced signal. Colors 

indicate the injection umber. Baseline (black) was taken for the -32 to -2 minute interval 

preceding the first injection. The colored PSDs indicate responses during the 2 to 20 minute 

intervals following each of the 5 injections. The most significant effect of re-referencing 

was observed in M1 in which re-referencing nearly eliminated all of the HFO signal. 
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Supplementary Figure 2. Paired-comparison plot for CFC measured following the 1st 

(x axis) and 5th (y axis). Plots indicate the increase in delta-HFO (2-140 Hz) CFC in M1, 

dSTR, and vSTR relative to theta-HFO (8-140 Hz) CFC. Responses are restricted to the 2-

90 minute post-injection period. No significant pairwise difference were observed during 

the 92-110 minute interval.  
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Supplementary Table 1. (A) Results from ANOVA (drug, frequency) for main effect of 

drug following the first and fifth injection. Significant main effects are indicated as bolded 

p values. All p values are corrected for multiple comparisons using the Holm-Bonferroni 

correction (8 comparisons). No interactions were observed for oscillatory power and so F 

values are not shown. (B) In contrast, interactions were observed in CFC in most regions, 

most regions expressing no or only minimal main effects. Consequently, only F values for 

interactions are show. A small main effect of drug was observed in CFC for dSTR, injection 

1 (p = 0.045), and vSTR, injection 5 (p = 0.031), but a stronger interaction effect was 

observed for these regions so the main effect was not evaluated.  
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Abstract 

The gold-standard treatment for Parkinson’s disease (PD) is dopamine replacement therapy 

with the dopamine precursor L-DOPA. However, long-term L-DOPA treatment results in 

further debilitating motor complications called L-DOPA-induced dyskinesias (LID). There 

are several preclinical models that are widely used to probe LID, yet little is known about 

the oscillatory signatures that underly dyskinesias. Several groups have measured in-vivo 

electrophysiology in LID animals using a 7-day high-dose priming procedure and found 

that LID is associated with 80 Hz high-gamma oscillations. However, no one has 

investigated the oscillations of the more common low-dose extended L-DOPA priming 

protocol.  Recent preclinical and retrospective case studies from our group indicate that 

extended ketamine exposure effectively reduces LID for several weeks. However, little is 

known about the effects of prolonged ketamine exposure on neural synchrony associated 

with LID that may underlie these therapeutic benefits. We recorded in-vivo local-field 

activity from the motor cortex (M1) and striatum in preclinical LID models. We primed 

unilateral 6-hydroxydopamine-lesioned rats with 7-days of L-DOPA (12 mg/kg), followed 

by a low dose (7 mg/kg) on the three subsequent days. To investigate the oscillatory effects 

of ketamine on LID, we used a 21-day L-DOPA (7 mg/kg) priming procedure and then 

treated with 10-hour exposure to low-dose ketamine (5 injections, 20 mg/kg, i.p., every 2 

hours). Consistent with other groups, 7-day L-DOPA (12 mg/kg) priming triggered focal 

80 Hz oscillations with LID. However, we did not observe this effect after administering a 

lower dose (7 mg/kg) on the subsequent days despite the presence of LID. Moreover, 21-

day priming (7 mg/kg) triggered wideband gamma oscillations, while animals display LID, 

suggesting that focal 80 Hz high-gamma is not an exclusive signature of established LID. 



 223 

We observed theta-high-gamma cross-frequency coupling (CFC) selectively in M1 and 

striatum during the L-DOPA on-state, and prolonged ketamine exposure effectively 

suppressed this effect. Taken together, our findings have clinical implications as we are the 

first to report these oscillatory signatures using the 21-day low-dose LID priming – a 

procedure that more closely models dopamine replacement therapy in PD patients than the 

7-day priming protocol. Prolonged low-dose ketamine exposure enhanced overall activity 

in M1 and striatum but also suppressed theta-high-gamma CFC associated with LID. The 

ketamine-induced enhancement of broadband activity may reflect the long-term 

restructuring of cortical synaptic reorganization while the suppression of CFC associated 

LID may also facilitate this process to underlie the previously reported reduction of LID 

after sub-anesthetic low-dose ketamine treatment. 
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Introduction 

 
 Parkinson’s disease (PD) is a neurodegenerative disease with cardinal motor 

impairments of bradykinesia, rigidity, postural instability, and tremors (Olanow, Stern, & 

Seth, 2009). These motor dysfunctions are caused by the death of dopaminergic neurons in 

the substantia nigra pars compacta (SNc) that project to the striatum, resulting in reduced 

dopaminergic tone in the basal ganglia motor loop. The gold standard treatment for PD is 

dopamine (DA) replacement therapy via the DA precursor L-3,4-dihydroxyphenylalanine 

(L-DOPA). L-DOPA restores physiological DA concentrations in the striatum (Picconi et 

al., 2003) to reinstate voluntary motor activity. However, prolonged exposure to L-DOPA 

leads to the development of a severe motor disorder known as L-DOPA-induced dyskinesia 

(LID) (Jankovic, 2005) that leaves the long-term use of DA replacement therapy for PD 

with disastrous consequences. Consequently, new approaches to treating LID or extending 

the window of clinical efficacy of L-DOPA are needed. 

 

The changes associated with LID are believed to alter circuits in the basal ganglia 

and motor cortex that result in the emergence of beta and high gamma (>50 Hz) band neural 

oscillations (Litvak et al., 2012). Clinical studies have found an 80 Hz signature in the 

subthalamic nucleus (STN) via patients’ deep brain stimulating electrode (Alonso-Frech et 

al., 2006; Lopez-Azcarate et al., 2010), but there has yet to be any observations in the 

striatum or cortex of LID patients. In the preclinical literature, several groups utilized a 7-

d L-DOPA priming protocol (12 mg/kg) in 6-hydroxydopamine-(6-OHDA) lesioned 

animals and found that L-DOPA induces a narrow bandwidth gamma oscillation in the 

motor cortex that is centered at 80 Hz. This “finely-tuned gamma” (FTG) is also associated 
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with abnormal involuntary movements (AIMs) produced by L-DOPA (Dupre et al., 2016; 

Halje et al., 2012). These observations suggest that striatal FTG is a conceivable target to 

reduce LID symptoms.  

 

However, multiple LID priming protocols have been used in the preclinical 

literature (Cenci et al., 1998; Dekundy et al., 2007; Bartlett et al., 2016; Dupre et al., 2016; 

Halje et al., 2012; Lundblad et al., 2002). Specifically, our group has previously shown that 

low-dose ketamine treatment significantly reduced LID in 6-OHDA-lesioned animals who 

have undergone a low-dose chronic treatment of L-DOPA (7 mg/kg for 21-d; Bartlett et 

al., 2016). There are clear advantages to both 7- and 21-d priming procedures. The high 

dose (12 mg/kg) of L-DOPA at 7-d of priming instantly produces the LID behavioral 

phenotype on the first day of exposure, as a large enough elevation of striatal DA can 

trigger LID in non-primed PD animals (Carta et al., 2006). However, the advantage that 

the low-dose (7 mg/kg) 21-d priming is that the chronic exposure to L-DOPA is more 

reflective of patients receiving lower doses of DA replacement therapy initially and 

therefore might be a more clinically relevant animal model of LID. Yet despite the clear 

indications of LID phenotype in both priming procedures, no one has compared its 

oscillatory effects. Consequently, it is unknown whether LID-associated oscillations are 

impacted by the dosages of L-DOPA administered and/or the duration of the induction 

protocol. Such a determination is important because it will provide specific oscillatory and 

regional targets for potential therapeutic treatments as clinical dosage of L-DOPA varies 

from patient to patient. 
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 The use of sub-anesthetic doses of ketamine has been shown to improve a series of 

disorders including chronic pain (Niesters et al., 2014) and treatment-resistant depression 

(Diamond et al., 2014). A recent retrospective case study supports the efficacy of ketamine 

to treat motor impairments associated with LID. Patients receiving infusions of sub-

anesthetic doses of ketamine showed alleviated LID for up to one month (Sherman et al., 

2016). These lasting effects may be due to ketamine’s pervasive ability to modify 

oscillatory patterns throughout the brain (for a review, see Hunt & Kasicki, 2013). We have 

previously shown that repeated sub-anesthetic doses of ketamine trigger significant region-

wide and dose-dependent increases in high-frequency oscillations (HFO, >100 Hz) and 

broadband gamma (40 – 80 Hz) and cross-frequency interactions in naïve rats (Ye et al., 

2018), with the acute effects consistent with other groups (Caixeta et al., 2013; Nicolás et 

al., 2011; Olszewski et al., 2013). Alterations in these frequency bands may contribute to 

the prolonged reduction of motor fluctuations as observed in previous work (Bartlett et al., 

2016; Sherman et al., 2016). 

 

In the current study, using rodent models of PD and LID, we explored the question 

of whether LID-induction protocol or the concentration of L-DOPA administered during 

LID induction produced unique oscillatory signatures in corticostriatal circuits. This was 

achieved through the measurement of local-field activity in the motor cortex (M1), 

dorsolateral striatum (DLS) dorsomedial striatum (DMS) and nucleus accumbens (NAc) 

of awake and behaving unilateral 6-OHDA-lesioned rats treated with L-DOPA. We 

investigated this by implementing a “high-dose” L-DOPA (12 mg/kg) accelerated priming 

used by one set of groups (Halje et al., 2012; Dupre et al., 2016), and a low-dose (7 mg/kg) 
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extended protocol used by others (Cenci et al., 1998; Lundblad et al., 2002; Dekundy et 

al., 2007; Bartlett et al., 2016). Secondly, we investigated the hypothesis that ketamine 

produces its anti-dyskinetic effect by suppressing neural oscillations associated with LID 

using the 21-d (7 mg/kg; Bartlett et al., 2016) priming protocol.  

 

Materials and Methods 

Animals: 

Fourteen male Sprague-Dawley rats (~250 g at arrival, Harlan Laboratories, 

Indianapolis, IN) were used and housed in a temperature and humidity controlled 12-hr 

reverse light/dark cycle room with food and water available ad libitum. All procedures 

were in accordance with NIH guidelines for the Care and Use of Laboratory Animals and 

approved IACUC protocols at the University of Arizona.  

 

Unilateral 6-OHDA-lesion PD model: 

As previously published (Bartlett et al., 2016) 6-OHDA hydrochloride was injected 

into 2 locations (5 µg/site) of the medial forebrain bundle. Amphetamine-induced (5.0 

mg/kg, i.p., Sigma-Aldrich) rotations were used to assess degree of lesion (Figure 1F). An 

average score ³5 corresponds to >90% DA depletion (Dekunky et al., 2007). Rats that 

reached criteria proceeded to LID induction (n=7) or to surgical implantation of electrode 

arrays (n=7).  
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Electrode implantation: 

Following the procedure originally reported in Ye et al. 2018, rats were 

anesthetized with isoflurane and implanted with a custom-made 32-channel electrode 

arrays with each array composed of 16 individual stereotrodes (California Fine Wire Co., 

Grover Beach, CA). All recordings were referenced to a cerebellar skull screw. The first 

array was placed anteriorly on the right hemisphere (centered at AP: +1.3, ML: ± 2.7), and 

individual stereotrodes targeted M1 (DV: -1.4), DLS (DV: -3.8), DMS (DV: -4.6), and 

NAc (DV: -6.8) (Figure 1C). Rats were allowed to recover for one-week post-surgery.  

 

Drug treatments: 

Five consecutive intraperitoneal injections (i.p.) were delivered after one hour of 

baseline recording, each injection was separated two hours apart, as previously published 

(Ye et al., 2018). Consequently, each recording session lasted at least 11 hours. Injections 

were either ketamine hydrochloride (20 mg/kg) (Clipper Distributing, St. Joseph, MO) or 

0.9% saline (SAL) solution. This paradigm is identical to that used by Bartlett and 

colleagues (2016). For the LID rats, the 5th injection of ketamine included a co-injection of 

L-DOPA (20 mg/kg).  

 

7- and 21-d LID priming in 6-OHDA-lesioned rats, maintenance, and behavioral analysis: 

Rats in the 21-d L-DOPA priming group were treated daily with L-DOPA (7 

mg/kg) + benserazide (14 mg/kg) for 3 weeks, both i.p. (Sigma-Aldrich) as previously 

published (Barlett et al., 2016) (Figure 2B, top). L-DOPA-induced AIMs were scored by 
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an experimentally blinded investigator on a scale from 0 to 4 (Figure 2D). After the 

priming period, rats received two maintenance doses of L-DOPA (7 mg/kg) per week, 

every 2-3 days for the remainder of the experiment. Rats that met behavioral criteria (n=7) 

proceeded to surgical implantation of electrode arrays. A second group of rats was 

immediately implanted with electrode arrays after meeting amphetamine-rotation criteria. 

After one-week recovery, neural recordings were conducted as this group was treated with 

L-DOPA (12 mg/kg) for 7-d (i.e., during L-DOPA priming) with behavioral scoring of 

LAO (Dupre et al., 2016) (Figure 2A, top).  

 

Neurophysiological recordings: 

A multi-channel data acquisition system (KJE-1001, Amplipex Ltd.) was used for 

neural recordings. A light-emitting diode (LED) was attached to the rat’s implant for video 

tracking data (Manta G-033C, Allied Vision, Exton, PA). Recordings were conducted in a 

polycarbonate cage (47cm x 51cm x 20cm) once per week for each animal commencing at 

5AM with food and water available ad libitum. To further minimize signal artefact from 

animals’ implant hitting the cage wall, recordings for the 7-d priming experiments were 

conducted in a large open field. 

 

Histology and immunohistochemistry: 

Direct current stimulation (20 mA for 20 seconds) was used for electrolytic lesions 

at each recording site. After 3 days rats were deeply anesthetized with Euthasol (0.35 

mg/kg, i.p.; Virbac, Fort Worth, TX) and euthanized by transcardial perfusion via 
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phosphate buffered saline (PBS) and 4% paraformaldehyde. A frozen microtome was used 

to produce coronal sections (40-µM) for tyrosine hydroxylase (TH; Bartlett et al., 2016) 

(Figure 1D) and Nissl staining (Ye et al., 2018) (Figure 1C) verification of DA-depleted 

striatum and electrode placement, respectively.  

 

Data and statistical analysis: 

Raw LFP signals were acquired at 20 kHz, then down sampled to 500 Hz for 

analysis via custom-written code (MATLAB: MathWorks Inc., Natick, MA). Absolute 

values of the LFP trace that exceeded 1.5 mV or the 99.98th percentile after cross-band 

power (2-160 Hz) summation were considered artifact and not included in the analyses. 

Additionally, to avoid volume-conducted signals, each region was locally re-referenced to 

a second within-region electrode (0.7 mm distance) at the same depth as previously 

described (Ye et al., 2018). ANOVAs or Student’s t-tests (α=0.05) as used to assess 

statistical significance. All post hoc comparisons were Tukey-Kramer corrected to adjust 

p-values. All statistical analyses were performed on MATLAB. 

 

Results 

Dyskinesias and oscillatory activity in the PD and LID model animals.  

 
 Increased beta oscillations (15 – 30 Hz) in M1 is a signature of PD in both human 

patients and animals models. In addition to amphetamine rotation tests and post-mortem 

histological verification of a DA-lesioned striatum, we examined baseline oscillatory 
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activity in M1 of our PD, LID (off-state), and naïve control animals (Figure 1E). As 

expected, we observed significant differences in beta power (ANOVA, F(2,18)=7.71, 

p=0.004). Post-hoc comparisons (Tukey-Kramer corrected t-tests) revealed both the PD 

(p=0.002, n=7) and LID groups (p=0.04, n=7) had significantly greater mean beta power 

compared to naïve controls (Supplementary Figure 1). This frequency range was not 

statistically different between PD and LID animals (p=0.11). In addition to the 

confirmation of the PD oscillatory signature, amphetamine-induced rotations (i.e., average 

of >5 rotations/min; Figure 1F) support the behavioral phenotype of the model along with 

immunohistochemical verification of the DA-depleted right hemisphere (Figure 1D). 

 

 The 6-OHDA-lesioned animals that met rotation test criteria were then assigned to 

three groups: PD, LID 7-d priming, and LID 21-d priming. Average LAO scores during 

the L-DOPA on-state clearly indicate the behavioral phenotype of LID in the 7-d (12 

mg/kg) (75.4 ± 5.96; Mean ± S.D.), post-7-d (7 mg/kg) (71.1 ± 7.85), and 21-d (7 mg/kg) 

(33.6 ± 6.6) groups (Figure 2D). These LAO scores are consistent with the previous 

literature (Bartlett et al., 2016; Dupre et al., 2016; Halje et al., 2012). Taken together, these 

results validate our preclinical models of PD and LID.  

 

The presence of 80 Hz high-gamma in LID animals depends on L-DOPA dose and priming 

duration. 

 
In contrast to PD animals, the oscillatory signature of LID is thought to be a focal 

80 Hz high-gamma response in M1 as well as the DLS to a lesser degree and is associated 
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with the onset and duration of AIMs (Dupre et al., 2016; Halje et al., 2012). On the 7th day 

of L-DOPA (12 mg/kg) priming (Figure 2A, left), we observed a significant 80 Hz 

response in M1 as well as in selective striatal regions (Figure 2A) along with LID behavior 

(Figure 3C, top). In M1 (ANOVA, F(4,28)=12.38, p=0.0001), L-DOPA triggered a 

significant 80 Hz high-gamma response compared to SAL (p=0.002), 7 mg/kg (p=0.002) 

on day 10, and after 21d of 7 mg/kg priming (p=0.001) (Figure 3A). This 80 Hz response 

was not present in the DLS. However, L-DOPA-induced 80 Hz at Day 7 (12 mg/kg) was 

significantly higher than the SAL condition in the DMS (ANOVA, F(4,28)=6.56, p=0.03). 

In the NAc, a significant 80 Hz response was observed (ANOVA, F(4,28)=8.53, p=0.002). 

Specifically, Day 7 of 12 mg/kg priming triggered a significant 80 Hz high-gamma 

response compared to SAL (p=0.009), 7 mg/kg (p=0.02) on day 10, and after 21d of 7 

mg/kg priming (p=0.01). Despite the absence of 80 Hz high-gamma in 7 mg/kg on day 10, 

dyskinesia was still present during this dose (Figure 3C, bottom). These results suggest 

that, consistent with previous literature, 7-d of L-DOPA priming at 12 mg/kg produces a 

significant 80 Hz high-gamma signature in M1 but not in the DLS. And we are the first to 

report that this priming protocol also generates 80 Hz selectively in the DMS and NAc.  

 

 In contrast to the 80 Hz high-gamma triggered by 7-d L-DOPA priming (12 mg/kg), 

21-d L-DOPA priming (7 mg/kg; Figure 2B) did not produce the same oscillatory 

signature. Instead, this 7 mg/kg dose after 21-d of priming triggered wide-band (35-80 Hz) 

gamma selectively in the striatum (Figure 3B). In the DLS (ANOVA, F(4,28)=8.53, 

p=0.002), 21-d of L-DOPA (7 mg/kg) significantly increased wide-band gamma compared 

to SAL (p=0.009), 7-d (12 mg/kg) (p=0.03), and 7 mg/kg on day 10 (p=0.02). In the NAc 
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(ANOVA, F(4,28)=6.31, p=0.02), 21-d of L-DOPA (7 mg/kg) significantly increased 

wide-band gamma compared to SAL (p=0.008), 7-d (12 mg/kg) (p=0.02), and 7 mg/kg on 

day 10 (p=0.01). These data taken together strongly suggests differential oscillatory 

signatures of L-DOPA in LID animals that are dose- and priming duration-dependent 

despite the presence and similar severity of dyskinesia in all treatment groups (Figure 

2C,D). Given that the low-dose 21-d L-DOPA priming protocol is more reflective of DA 

replacement therapy in the clinical setting, along with previously published behavioral 

evidence using this procedure (Bartlett et al., 2016), we utilized this priming protocol to 

investigate whether this LID-associated wide-band activity will be suppressed with 

repeated low-dose ketamine exposure.  

 

Ketamine-induced oscillatory changes in PD and LID animals.  

 
 Utilizing the experimental procedure of Bartlett and colleagues (2016), 6-OHDA-

lesioned animals were primed with L-DOPA (7 mg/kg) for 21-d to establish stable and 

moderate dyskinesia with cumulative LAO score of 33.6 ± 6.6 (Mean ±  S.D.) (Figure 2D). 

Maintenance doses of L-DOPA were administered 2-3 times per week to maintain LID. 

Neural recordings were conducted once per week beginning with 1-hr baseline period and 

an injection of ketamine (20 mg/kg, i.p.) every 2 hrs with the 5th and final injection co-

administered with L-DOPA (7 mg/kg. Average baseline-normalized spectral power for 

each injection is shown in Figure 4A, with the time course of each frequency band for 

injections 1 (ketamine) and 5 (ketamine + L-DOPA) in Figure 4B.  
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The difference in this average power was subtracted from the next subsequent 

injection to observe any linear patterns of change in oscillatory activity leading up to the 

5th injection of ketamine + L-DOPA (Figure 5). Full statistical values for each region and 

frequency band are provided in Supplementary Table 1. The first injections of ketamine 

acutely suppressed the lower frequencies across M1 and striatum. Particularly, beta band 

oscillations (15-30 Hz) was significantly reduced in M1 of the LID off-state animals 

[F(4,28)=16.4, p=0.0006, η2=.44] (Figure 5, 1st column). The difference in beta between 

injection 1 and 2 were significantly lower than the subsequent ketamine injections (all 

p<0.001) However, this suppression did not last with subsequent ketamine injections, with 

beta oscillations reaching the highest power between injections 2-3 and decreases with each 

subsequent injection. 

 

Given our finding that L-DOPA priming at 7 mg/kg for 21-d triggered wideband 

gamma across the striatum, we hypothesized that ketamine would suppress this range of 

gamma. Contrary to our hypothesis, in M1 we observed small but significant increases in 

wideband gamma within the first three injections of ketamine [F(4,28)=10.9, p=0.002, 

η2=.31] (Figure 5, column 1 row 4). Interestingly, by the third ketamine injection (green 

bar), wideband gamma was significantly reduced compared all every injection (all p<0.01). 

However, wideband gamma was significantly higher with ketamine + L-DOPA co-

administered (purple bar) compared to previous ketamine injection all (p<0.01). This 

suggests that ketamine does not acutely reduce wideband gamma after L-DOPA 

administration. We also observed this trend of oscillatory suppression by the 3rd injection 
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and increase by the 5th in HFOs [F(4,28)=19.2, p=0.0002, η2=.43] and lower frequencies 

[Delta: F(4,28)=18.7, p=0.001, η2=.87; Theta: [F(3,28)=18.7, p=0.003, η2=.76] in M1.  

 

The lasting effect of ketamine increases broad-band activity during L-DOPA in the motor 

cortex. 

 
Although we did not observe an instantaneous reduction of L-DOPA-induced 

gamma, it is conceivable that ketamine’s action on oscillatory activity may extend beyond 

its metabolically active period. Given that Bartlett and colleagues (2016) found long-term 

therapeutic benefits of ketamine to last up to 3 weeks post-exposure, we examined the 

neural activity of LID animals during the L-DOPA on-state before and after ketamine 

exposure as this may show any long-term changes in oscillatory activity. SAL sessions of 

the LID group (n=7) were used. Each animal had a total of 2 SAL recording sessions, one 

session took place prior to any ketamine exposure (i.e., ketamine sessions) while the other 

SAL session occurred after 1 or more ketamine sessions. The 5th injection of each SAL 

session (i.e., L-DOPA + SAL) was used to compare oscillatory activity while L-DOPA 

was metabolically active (30-60 min post-injection). Average spectral response for each 

region is represented in Figure 6A. L-DOPA injections prior to any ketamine exposure 

(blue) was compared against L-DOPA injections after one or more ketamine exposures 

(orange).  

 

A within-subjects comparison (t-test) revealed significant differences in multiple 

frequency bands in M1. L-DOPA administration after one or more exposures to ketamine 
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significantly increased delta (p=0.04, d=1.00), beta (p=0.02, d=1.19), low-gamma (p=0.01, 

d=1.28), high-gamma (p=0.01, d=1.31), and HFOs (p=0.025, d=1.15). No other 

statistically significant differences were observed for other regions in any frequency band 

(all p>0.05). Contrary to our original hypothesis, ketamine has no lasting reduction on L-

DOPA-triggered gamma.  

 

Ketamine enhances HFO cross-frequency coupling in naïve animals but not in PD or LID 

animals.  

 
To our knowledge, only one report has been published that explores CFC in any 

LID animal model supporting a decrease in theta (10 Hz)-focal 80 Hz gamma coupling in 

corticostriatal regions (Belic et al., 2016). Despite the lack of acute changes in L-DOPA-

induced gamma during metabolically active ketamine, it is possible that changes in cross-

frequency interactions may manifest during exposure that may not be apparent when 

observing overall changes in power. We therefore hypothesized that ketamine will reduce 

CFC in PD and LID (on-state) animals. We performed CFC analysis on naïve, PD, and 

LID animals who received ketamine injections. The time-course of average baseline-

normalized phase-amplitude coupling (PAC) is shown for naïve vs PD (Figure 7A) and 

LID after an injection of L-DOPA alone, ketamine alone, or ketamine + L-DOPA (Figure 

7B). For a direct comparison, the 4th ketamine injection was chosen across all groups. The 

post-injection period used was 30-60 min due to the metabolically active periods of both 

ketamine and L-DOPA enabling (Figure 8). In M1, an ANOVA revealed significant 

increases in delta- [F(4,28)=12.2, p=0.0001, η2=.95] and theta-HFO PAC [F(4,28)=32.0, 
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p=0.0002, η2=.84]. Post-hoc Tukey-Kramer corrected t-tests indicate that the increased 

delta-HFO PAC was only observed in naïve animals and not in PD (all p<0.001) or LID 

groups receiving ketamine (all p<0.001), L-DOPA (all p<0.001), or a combination of the 

both drugs (all p<0.001). An ANOVA revealed similar results in the DLS for delta- 

[F(4,31)=29.6, p=0.0001, η2=.81] and theta-HFO PAC [F(4,31)=13.82, p=0.0002, η2=.67]. 

Post-hoc Tukey-Kramer corrected t-tests show that ketamine significantly increased delta- 

and theta-HFO PAC in the DLS of naïve animals compared to PD (all p<0.001) or LID 

groups after ketamine (all p<0.001), L-DOPA (all p<0.001), or both drugs co-administered 

(all p<0.001). These differences in naïve animals were not observed in the DMS or NAc. 

Taken together, our observation that ketamine selectively affects PAC between the lower 

frequencies and HFOs in naïve animals suggests an intact dopaminergic system is required 

to enhance the interactions of these frequencies. 

 

Ketamine selectively suppresses L-DOPA-induced corticostriatal cross-frequency 

coupling.  

 
 We observed that LID animals primed with 21-d of L-DOPA triggered wideband 

gamma oscillations (Figure 5), yet ketamine does not reduce these oscillations (Figures 5, 

6). We performed a more detailed analysis to asses any cross-frequency interactions of L-

DOPA and ketamine in LID animals. The time course of theta-high-gamma, delta- and 

theta-HFO PAC for the LID group after injections of ketamine, L-DOPA, and both co-

administered are displayed in Figure 7B. These conditions in the 30-60 min post-injection 

period were chosen to compare against the PD and naïve groups (Figure 8). An ANOVA 
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revealed L-DOPA triggers significant PAC in M1 [F(4,28)=6.3, p=0.001, η2=.51]. Post-

hoc Tukey-Kramer corrected t-tests show that an injection of L-DOPA alone in these LID 

animals significantly increased theta-high-gamma PAC (red; p=0.02, d=1.56), while 

injections of ketamine alone (blue; p=0.002, d=4.85) or ketamine + L-DOPA (green; 

p=0.005, d=4.61) significantly reversed this effect. This effect was also observed in the 

DMS [F(4,31)=7.12, p=0.0004, η2=.51] and NAc [F(4,28)=14.8, p=0.0001, η2=.68], but 

not DLS. Post-hoc Tukey-Kramer corrected analysis indicates L-DOPA alone (red) 

triggers theta-high-gamma PAC in the DMS (p=0.01, d=2.39) and NAc (p=0.0005, 

d=4.54), and is suppressed upon ketamine injection with (p=0.0003, d=3.09; p=0.0001, 

d=3.04, respectively) or without L-DOPA co-administered (p=0.008, d=1.63; p=0.0002, 

d=3.22, respectively). Along with our observation that 21-d L-DOPA priming (7 mg/kg) 

triggers wide-band gamma, we also show that significant increases in theta-high-gamma 

PAC is also present in these same animals. Despite the lack of ketamine-induced reductions 

in overall power, these data suggest the effects of ketamine on LID may exert its effect on 

cross-frequency interactions as we show here that L-DOPA-induced theta-high-gamma 

PAC is significantly reduced with ketamine.  

 

Discussion 

 

 The development of LID has been a long-standing and debilitating consequence of 

DA-replacement therapy to treat PD. Although there is an abundance of empirical studies 

on L-DOPA’s pharmacological mechanisms, investigating the oscillatory mechanisms of 

LID are in its infancy as there are only few research groups combining in-vivo 
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electrophysiology and LID. It is thought that LID is associated with focal 80 Hz high-

gamma oscillations (Dupre et al., 2016; Halje et al., 2013). We show here that this L-

DOPA-induced 80 Hz oscillation is only present during the initial 7-d priming with 12 

mg/kg, as administration of a lower dose of L-DOPA (7 mg/kg) in the subsequent days still 

triggers dyskinesia without the presence of this oscillation. Moreover, using an extended 

priming protocol at a lower dose (7 mg/kg for 21-d; Cenci et al., 1998; Bartlett et al., 2016;), 

we did not observe 80 Hz high-gamma oscillations with L-DOPA, while LID was present. 

Instead, 21-d L-DOPA priming triggered wideband gamma oscillations (35 – 80 Hz) in the 

striatum. These findings suggest that multiple oscillatory signatures of LID exist, and this 

may depend on the dose and duration of L-DOPA priming.  

  

 Considering the recent preclinical and retrospective case studies showing 

prolonged sub-anesthetic ketamine effectively reducing LID (Bartlett et al., 2016; Sherman 

et al., 2016), we proceeded to use the identical L-DOPA priming that had been utilized in 

the rodent model (7 mg/kg for 21-d) and ketamine injection protocol to investigate the 

underlying oscillatory effects of ketamine on reducing LID. We found that repeated sub-

anesthetic ketamine does not reduce L-DOPA’s wideband gamma oscillations. Rather, 

oscillatory activity appeared to be enhanced when both ketamine and L-DOPA were co-

administered, particularly with broadband activity in M1 and HFOs in the striatum. After 

prolonged ketamine exposure, LID animals primed for 21-d displayed an overall increase 

in broadband activity only in M1 upon further injections of L-DOPA (7 mg/kg). This 

lasting change may suggest an overall cortical synaptic reorganization (Phoumthipphavong 

et al., 2016).  
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A more detailed cross-frequency analysis revealed that L-DOPA induces theta-

high-gamma coupling in M1 and striatum, and co-administration of ketamine suppressed 

this effect, suggesting ketamine’s action on L-DOPA’s oscillatory activity may be a 

reduction in cross-frequency interactions instead of overall power. Similar to our group’s 

previous findings of prolonged ketamine exposure in naïve animals (Ye et al., 2018), 

ketamine exerts region-specific effects on oscillatory activity even in LID animals.  

  

Oscillatory signature of LID dependents on priming dose and duration. 

 
To our knowledge, oscillatory activity under LID has only been investigated using 

a 7-d priming protocol. After replicating the 80 Hz high-gamma effect during the first 7-d 

at 12 mg/kg (Dupre et al., 2016; Halje et al., 2013), subsequent lower doses of L-DOPA (7 

mg/kg) on the following 3-d still triggered LID but without 80 Hz. Moreover, in a separate 

group of unilateral 6-OHDA-lesioned animals primed with the lower L-DOPA dose for 21-

d LID was also triggered and wideband gamma oscillations instead of the focal 80 Hz. 

Although the exact mechanism for these differences are unclear, our findings suggest the 

possibility of a dose-dependent effect on the distinct gamma-generating networks. It is 

widely-agreed upon that low(slow)- and high(fast)- gamma are generated by separate 

networks of neurons. The interneuron-interneuron (I-I) network consists of circuits of 

interconnected inhibitory interneurons that co-activate each other via fast-acting electrical 

gap junctions to produce highly synchronized firing (Buzsaki & Wang, 2012). 

Computational models suggest that this I-I network is better suited for high-gamma 

frequencies (Brunel & Wang, 2003), such as the 80 Hz high-gamma after 12 mg/kg of L-
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DOPA. Conversely, lower gamma frequencies are proposed to be generated by networks 

of recurrent connections of pyramidal cells and interneurons (P-I). Fast pyramidal 

excitation followed by interneuron inhibition causes a conduction delay in these recurrent 

connections. This delay results in slow-/low-gamma oscillations, such as the ketamine-

induced low-gamma. Despite the distinct properties of the P-I and I-I networks, evidence 

suggests that both can either compete or cooperate to suppress or produce gamma 

oscillations (Brunel & Wang, 2003). Therefore, it is conceivable that larger swings of DA 

from L-DOPA (i.e., 12 mg/kg) are more effective at triggering I-I networks to generate 80 

Hz high-gamma, whereas lower levels of tonic DA from a smaller dose of L-DOPA (7 

mg/kg) only reaches threshold to activate P-I networks for low-gamma. Moreover, DA 

depletion increases dendritic arborization of fast-spiking interneurons (FSIs) (Gittis et al., 

2011), and increased DA synthesis/release from larger doses of L-DOPA may take 

advantage of FSI dendritic overexpression.  

 

Cortical contributions to L-DOPA-induced gamma may also be critical. There is 

evidence to suggest that LID animals primed with 12 mg/kg of L-DOPA for 7-d results in 

a specific group of cortical cells in M1 that can easily shift between low and high frequency 

oscillations associated with LID (Richter et al., 2013). Intratelencephalic-type neurons in 

M1 of LID rats  have enlarged spine morphology and hyperexcitability that may be linked 

to LID (Ueno et al., 2014). It is conceivable that this subgroup of neurons may play an 

important role in generating/maintaining the 80 Hz high-gamma observed by other groups 

using 12 mg/kg of L-DOPA (Dupre et al., 2016; Halje et al., 2013). Given the sensitivity 

of these cells, it is possible that the shift from low to high frequencies may be priming dose- 
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and duration-dependent. As we found that 7 mg/kg of L-DOPA for 21-d triggered 

wideband gamma, whereas 12 mg/kg for 7-d restricted the gamma to the higher-

frequencies. These findings taken together raises the question of clinical relevancy for the 

various LID animal models. To our knowledge, we are the first to report a new LID 

oscillatory signature using a low-dose 21-d priming procedure that may be more reflective 

of PD patients taking DA-replacement therapy.  

 

Acute suppression of lower frequencies after ketamine. 

 
 Given the previously published evidence from our group indicating prolonged 

ketamine reduced LID in animals primed for 21-d with 7 mg/kg (Bartlett et al., 2016), 

along with our finding here that L-DOPA triggered wideband gamma activity in LID 

animals primed for 21-d (7 mg/kg), we hypothesized ketamine would reduce these 

oscillations. Given the successive injections of ketamine, we asked if there would be 

differences in overall oscillatory power between each injection. To answer this, we used a 

difference measure to compute the injection-to-injection changes in power for each 

frequency band and region. 

 

 The first four injections of ketamine triggered region-dependent oscillatory effects. 

Notably we observed a suppression in the lower frequencies between the first two 

injections, particularly beta (15-30 Hz) oscillations. Patient and animal studies have shown 

that increased glutamatergic activity is associated with LID (reviewed in Hallet et al., 

2004). N-methyl-D-aspartate (NMDA) receptors are highly expressed in the striatum and 
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are thought to play an important role in modulating DA-glutamate interactions, which is 

one hypothesis of why NMDA receptor blockade has anti-parkinsonian properties. This 

may account for the initial suppression of beta oscillations observed between ketamine 

injections 1 and 2. However, there is no lasting suppression of beta, so any anti-

parkinsonian effect of ketamine may only be acute. This would be supported by the case 

reports (Sherman, et al. 2016), where anti-parkinsonian activity of ketamine was only 

short-lived. 

  

Enhancement of oscillatory activity during co-administration of ketamine + L-DOPA. 

 
Contrary to our hypothesis, we observed enhanced oscillatory activity when 

ketamine was co-administered with L-DOPA in nearly all frequency bands across regions 

(Figure 5). Particularly, L-DOPA-induced wideband gamma power in M1 was 

significantly greater with ketamine on board (Figure 5). Ketamine-induced gamma 

observed in the first injections were surprisingly within a similar frequency range. Gamma-

generation in the cortex by ketamine is likely due to its antagonism of NMDA receptors, 

thereby reducing the activity parvalbumin-expressing interneurons and consequently 

disinhibiting principle cells (Buzsaki & Wang, 2012; Homayoun & Moghaddam, 2007; 

Korotkova et al., 2010; Pinault, 2008). This in turn increases glutamatergic activity that 

may contribute to gamma oscillations (Whittington et al., 1995). Moreover, patient and 

preclinical rodent models of LID have shown increased glutamatergic activity (Oh et al., 

1998; Chase et al., 2000; Calon et al., 2002; Nash et al., 2002; Robelet et al., 2004). The 
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combined effect of ketamine + L-DOPA on glutamatergic neurons may partially account 

for the enhanced oscillatory activity.  

 

In terms of the enhanced gamma activity in the striatum, acetylcholine (ACh) may 

play an important role on ketamine-induced gamma. Striatal cholinergic interneurons are 

thought to be involved in ketamine-induced gamma oscillations (Kondabolu et al., 2016). 

Although cholinergic interneurons account for only ~1% of striatal cells, they have dense 

projections throughout the striatum (Bolam et al., 1984; Contant et al., 1996) and are the 

main source of striatal ACh (Woolf & Butcher, 1981). Thus, cholinergic markers are 

abundant in the striatum (Pisani et al., 2007), making this region highly susceptible to 

cholinergic control. Ketamine has been found to increase release of acetylcholine in the 

cortex (Nelson et al., 2002), hippocampus and striatum (Zugno et al., 2014). Combined 

with the aberrant release of DA via L-DOPA which already generates gamma oscillations 

may in fact trigger both I-I and P-I networks to overlap to produce and maintain the 

enhanced gamma (Brunel & Wang, 2003). 

 

DA release can also trigger downstream modulatory effects on neurotransmitters 

acting on fast ionotropic receptors, such as glutamate (Lachowicz and Sibley, 1997; 

Missale et al., 1998). DA release can efficiently modulate the effect of glutamate even at 

minimal concentrations (Chiodo & Berger, 1986; Surmeier et al., 2007). Given that low-

doses of ketamine have also been shown to trigger NMDA receptor antagonist-induced 

efflux of glutamate (Krystal et al., 2013), this may account for the synergistic enhancement 

of oscillatory activity during the ketamine + L-DOPA injection observed here. Although 
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the mechanism behind this enhancement remains unclear, it is conceivable that the 

overlapping effects of ketamine + L-DOPA on oscillatory activity may be competitive as 

ketamine is capable of “resetting” aberrant synaptic connectivity through gradual synaptic 

reorganization and increase in brain-derived neurotrophic factor (BDNF) production 

(Phoumthipphavong et al., 2016; Yang et al., 2013). It is therefore conceivable that 

prolonged ketamine exposure increases excitability of M1, and this may override the 

dysregulated signaling associated with LID. This may explain the increased L-DOPA 

broadband activity after several sessions of ketamine (Figure 6) and may serve as a 

potential mechanism for the reduction in the LID behavioral phenotype previously 

observed using this identical protocol (Bartlett et al., 2016).  

 

L-DOPA-induced cross-frequency coupling suppressed by ketamine. 

 
 Cross-frequency coupling is thought to serve functional roles in the brain by 

facilitating information transfer and synchrony across local and large-scale networks. 

Electrophysiological recordings in awake and freely-behaving animals has been widely 

investigated in the domains of learning and memory (Lisman & Jensen, 2013), however 

animal models of LID remain largely unexplored, and cross-frequency interactions with 

this animal model is even more elusive. Despite the lack of acute changes in L-DOPA-

induced gamma power during ketamine’s metabolically active period, cross-frequency 

interactions may not be as apparent when observing overall changes in oscillatory power. 

Thus, we performed a more detailed cross-frequency analysis to probe any alterations in 

PAC. Given that L-DOPA (7 mg/kg) triggered wideband gamma (35-80 Hz) in the 21-d 
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primed LID animals, we initially performed CFC analysis with this wide frequency range 

and did not observe significant results. We then split the ranges into low (35-58 Hz)- and 

high (70-85 Hz)-gamma and only observed significant results with the high-gamma range. 

The null effect of wideband gamma coupling isn’t surprising, as we previously observed a 

similar lack of ketamine-induced coupling in the hippocampus despite a substantial 

increase in wideband activity (Ye et al., 2018). 

 

Surprisingly, we found that L-DOPA (7 mg/kg) triggered significant theta-high-

gamma coupling in M1, DLS, and NAc. This effect was suppressed upon administration 

of ketamine alone or co-injected with L-DOPA. To our knowledge, only one group has 

reported CFC in LID animals and found L-DOPA (12 mg/kg) decoupled 80 Hz high-

gamma and the lower frequencies of up to 10 Hz (Belic et al., 2016). Our results are 

inconsistent with this group. However, given our finding of dose-dependent LID oscillatory 

signatures, the inconsistent results may be due to methodological differences in priming 

protocols. Nonetheless, the increased theta-high-gamma coupling after L-DOPA observed 

here is a novel finding and raises questions about more complex hypersynchronous 

oscillatory signatures in LID. The functional role of theta-gamma frequencies is often co-

generated during exploration (Hsiao et al., 2016) and coupling between these frequencies 

in sensorimotor areas may reflect different movement and behavioral states (Igarashi et al., 

2013). Our observation of increased theta-high-gamma coupling during LID may be 

reflective of the various movement/behavioral states under LID. Upon injection of 

ketamine, the reduction of theta-high-gamma coupling was significantly reduced compared 

to the LID on-state, and not statistically different compared to naïve or PD animals, 
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possibly suggesting reduction in these movement states. While theta-gamma coupling is 

widely agreed to be a beneficial neural coding scheme for working memory in the 

hippocampus (Lisman & Buzsaki, 2008), the abnormal increase observed here in M1 and 

parts of the striatum after L-DOPA suggests a possible electrophysiological substrate of 

LID. 

 

Conclusions 

 

 Our findings provide new insight on the underlying oscillatory mechanisms of LID 

as well as ketamine’s anti-dyskinetic activity. While we’ve successfully replicated that LID 

is associated with a focal 80 Hz high-gamma oscillation, when using a short period and 

high dose of L-DOPA priming, we are the first to report that injections of a lower dose of 

L-DOPA on the subsequent days still triggers LID but without the canonical 80 Hz 

oscillation. Moreover, using a more prolonged lower dose L-DOPA priming paradigm, we 

found that L-DOPA triggers wideband gamma oscillations instead. Prolonged ketamine 

exposure, that reduces LID, did not reduce the overall power of wideband gamma 

oscillations, but increased theta-high-gamma coupling associated with LID that was 

suppressed by ketamine. This result suggests ketamine treatment may disrupt the 

coordination between neurons during LID and result in an overall reduction of strength of 

LID-associated neural networks.  
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Figure 1. Experimental design and neural recordings.  

(A) TOP: Timeline of a single experimental session for naïve and 6-OHDA-lesioned 

animals. Each session began with one hour of pre-injection baseline. At the 2nd hour, a 

single injection of sub-anesthetic ketamine (20 mg/kg, i.p.) or saline was administered and 

repeated every 2 hours for a total of 5 injections across each 11+hour session. BOTTOM: 

Timeline of a single experimental session for animals with L-DOPA-induced dyskinesia 

(LID). This experimental protocol is identical to the naïve/6-OHDA groups with the 

exception of a co-injection of L-DOPA (7 mg/kg, i.p.) with ketamine on the 5th injection. 

Each animal received a single ketamine or saline injection recording session each week. 

(B) A custom-made 32-channel electrode surgically implanted into the right hemisphere of 

all experimental animals. (C) Schematic of electrode array placement (AP: +1.3, ML: +2.7 

centered, DV: -6.8 deepest electrode) and representative example of histological 

verification of targets. Motor cortex (M1), dorsolateral- and dorsomedial striatum (DLS, 

DMS), and the nucleus accumbens (NAc). RIGHT: Verification of 6-OHDA lesioning in 

6-OHDA and LID animals via tyrosine-hydroxylase staining. Expression of tyrosine-

hydroxylase (dark pigmentation; left hemisphere) is a marker of functioning dopaminergic 

neurons. (D) Verification of a successful (>90%) 6-OHDA lesion after TH 

immunohistochemistry visualized with 3,3′-Diaminobenzidine (DAB) results in a lighter 

coloration of the lesioned striatum (right hemisphere). (E) Average baseline power (Mean 

± SEM) of Naïve, PD, and LID (off drug) animals. Mean ± SEM. (F) Average (Mean ± 

S.D.) cumulative amphetamine-induced rotations/minute for PD and LID animals.  
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Figure 2. Priming dose- and duration-dependent oscillatory responses of L-DOPA in 

LID animals.  

(A) TOP: Timeline of 7-d L-DOPA priming at 12 mg/kg (blue). After the 7th day, the same 

animals were treated with 7 mg/kg of L-DOPA (purple). LEFT: Average spectral power of 

the 7-d L-DOPA priming protocol on the 7th day of exposure in M1, DLS, DMS, and NAc 

(n=5). All neural activity were normalized to the pre-injection baseline (-32 to -2 min). 

RIGHT: As in (left), but for the third exposure to 7 mg/kg of L-DOPA in the same animals. 

(B) Average spectral response during L-DOPA (7 mg/kg) after 21-d of priming at the same 

dose (n=7). All neural activity was normalized to the pre-injection baseline (-32 to -2 min). 

(C) Cumulative Limb, Axial, and Orolingual (LAO) scores during the 7th day of 12 mg/kg 

L-DOPA priming (top) and the subsequent third exposure to 7 mg/kg of L-DOPA in the 

same animals (middle). (D) Table of average LAO scores for all three L-DOPA priming 

conditions. LAO scores for the 7-d and post-7-d priming were taken during 

neurophysiological recordings, whereas the scores for the 21-d priming were taken during 

the 21-d treatment without recordings. 
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Figure 3. Priming- and dose-dependent gamma activity after L-DOPA administration 

in 6-OHDA-lesioned animals.  

(A) Data from Figure 2 A/B (n=7). High-gamma (80 Hz) activity in M1, DLS, DMS, and 

NAc during the 22-60 min post-L-DOPA injection period for saline (red), 7-d 12 mg/kg 

(blue), post-7d 7 mg/kg (green), and 21-d 7 mg/kg (purple) priming conditions. L-DOPA 

(12 mg/kg) triggered significant increases in 80 Hz high-gamma compared to all conditions 

in the M1 and NAc (ANOVA; all p<0.05, Tukey-corrected). High-gamma was only 

significantly greater than SAL condition in the DMS (ANOVA; p=0.03, Tukey-corrected). 

(B) As in (A) but for wideband gamma (35 – 80 Hz). Wideband gamma was significantly 

greater only after the 21-d L-DOPA (7 mg/kg) priming protocol in the DLS and DMS 

compared to 7-d priming and SAL (ANOVA; all p<0.05, Tukey-corrected). These data 

suggest differential oscillatory signatures of L-DOPA in LID animals that are dose- and 

priming duration-dependent.  
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Figure 4. Average spectral responses for each successive ketamine injection in LID 

animals for each region.  

(A) Spectral responses were normalized to the pre-injection 1 baseline (-32 to -2 mins) 

period. In these ketamine sessions for LID animals (n=7), single injections of ketamine (20 

mg/kg) were administered every two hours. The 5th/final injection was co-administration 

of ketamine + L-DOPA (7 mg/kg) to trigger the L-DOPA on-state. (B) Time course of 

spectral responses following ketamine injections 1 and 5 (ketamine + L-DOPA) by 

frequency band. Lines indicate mean ± SEM. 
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Figure 5. Average power difference between each subsequent injection of ketamine.  

Data from Figure 4A (n=7) averaged (mean ± SEM) for each of the 30-60 min post-

injection period of ketamine (20 mg/kg; injections 1-4), the 5th injection of ketamine was 

paired with L-DOPA (7 mg/kg). Ketamine produced region- and frequency band-

dependent oscillatory effects. The most notable of these is the acute suppression of lower 

frequencies between the first two injections in M1 and striatum (post hoc Tukey-Kramer 

corrected, all p<0.001). The significant reduction in beta-band oscillation may suggest an 

acute anti-parkinsonian effect of ketamine. L-DOPA-induced wideband gamma appeared 

to be enhanced in M1 and DLS upon co-administration of ketamine (purple bars; post hoc 

Tukey-Kramer corrected, all p<0.01). Contrary to our hypothesis, ketamine did not reduce 

oscillations associated with LID. Ketamine-induced HFOs were also significantly 

enhanced across the striatum when paired with L-DOPA (post hoc Tukey-Kramer 

corrected, all p<0.001).  
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Figure 6. Repeated ketamine exposure has no lasting effect on L-DOPA-Induced 

Gamma.  

(A) The 5th injection (L-DOPA, 30-60 min) of SAL sessions (n=7) were used for 

comparison. Average power spectra (dB) for each region is shown. (B) Within-subjects 

comparisons revealed significant increases in delta, beta, low- and high-gamma, and HFOs 

only in M1 (all p<0.05). No other significant differences were observed for any frequency 

band in any region. Contrary to our hypothesis, repeated ketamine does not have lasting 

reductions on L-DOPA-induced activity.  
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Figure 7. Ketamine induced cross-frequency coupling in naïve, 6-OHDA-lesioned, 

and LID animals.  

(A) Time course of drug-induced CFC in M1, DLS, DMA, and NAc. Data shown are 

averages (mean ± SEM) of the 4th injection of ketamine in naïve (black, n=8) and 6-OHDA-

lesioned (purple, n=7) animals. (B) As in (A) but for LID animals (n=7) receiving 

injections of L-DOPA alone (red), ketamine alone (blue), or ketamine + L-DOPA (green).  
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Figure 8. Ketamine suppresses cross-frequency coupling associated with LID in M1 

and striatum.  

Data from Figure 7A/B averaged between 30 – 60 min post-drug injection. ANOVA was 

used for all statistics with Tukey-Kramer post-hoc correction. In the motor cortex, the 4th 

injection of ketamine in naïve animals triggered significant increases in delta-HFO and 

theta-HFO CFC compared to all conditions (all p<0.05). In LID animals, co-injection of 

L-DOPA + ketamine (green) significantly reduced delta-HFO coupling compared to L-

DOPA alone (red) (p=0.04). Theta-high gamma CFC was significantly reduced following 

an injection of ketamine in naïve animals (black) and in LID animals (blue) even with L-

DOPA on board (green) (all p<0.05). This suggests that ketamine selectively reduces CFC 

in the on-state of LID animals. In the DLS, the 4th injection of ketamine in naïve animals 

triggered significant increases in delta-HFO and theta-HFO CFC compared to all 

conditions (all p<0.05).  Injections of ketamine in naïve animals (black) and in LID animals 

with L-DOPA (green) increased theta-HFO CFC but was significantly lower when L-

DOPA or ketamine were injected separately (red, blue) and when compared to ketamine in 

6-OHDA-lesioned animals (purple). In the DMS, L-DOPA + ketamine in LID animals 

(green) significantly increased theta-HFO coupling compared to L-DOPA alone in LID 

animals (red) and 6-OHDA-lesioned animals (purple) (all p<0.05). Conversely, L-DOPA 

alone in LID animals (red) triggered significant increases in theta-high gamma coupling 

compared to all conditions (all p<0.05). In the NAc, ketamine significantly increased delta-

HFO coupling in all conditions except 6-OHDA-lesioned animals (all p<0.05), while L-

DOPA alone in LID animals (red) significantly increased theta-HFO coupling compared 

to all conditions except for L-DOPA + ketamine (green) and 6-OHDA-lesioned animals 
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with ketamine (purple) (all p<0.05). L-DOPA alone in LID animals, however, did 

significantly increase theta-high gamma coupling compared to all conditions (all p<0.05).  
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7.1. Discussion and Conclusions 

 

There is no effective treatment to halt or slow the progression of Parkinson’s disease (PD).  

Currently, levodopa (L-DOPA) remains the gold-standard treatment, providing effective 

symptomatic relief in early stages of the disease. However, the efficacy of dopamine 

replacement therapies wane over time and result in motor complications, including L-

DOPA-induced dyskinesia (LID). Therefore, the development of novel therapies for 

treating LID is a critically under met need. However, research and development in drug 

discovery is also a time-intensive and costly process, therefore the repurposing of approved 

drugs with known safety profiles provides a quicker and more cost-effective route from 

bench to bedside.  

 

The opioid system is prominently expressed in the basal ganglia, and known to modulate 

dopamine’s action in both motor and limbic systems. While opioid receptor binding drugs 

have not yet proven translatable for PD or LID, they warrant further investigation as µ- 

(MOR), δ- (DOR), and 𝜅- (KOR) opioid receptors are all expressed in the striatum (1) and 

have been shown to play a role dopamine (DA) signaling (2). It is also well-established 

that the endogenous peptides dynorphin and enkephalin are dysregulated in both PD (3–5) 

and LID (3, 6–9) and that both opioid receptor agonism and antagonism can reduce 

dyskinesia in preclinical models. Naltrexone (a non-selective opioid receptor antagonist) 

(10), cyprodime (10) and ADL5510 (MOR antagonists) (11), and naltrindole (a DOR 

antagonist) (10) have all been shown to reduce LID in a non-human primate model. 

Additional evidence for the role of MOR involvement also exists, as the mixed DOR 



 273 

agonist/MOR antagonist, DPI-289 (12), was shown to reduce LID in a non-human primate 

model. DPI-298 was also anti-dyskinetic in a rodent model of LID (12). 

 

Based on this literature, in Chapter 2, we have investigated the use of a highly-specific 

MOR antagonist, CTAP, and a glycosylated congener, CTAP5, with improved stability. 

However, our data indicates that these compounds do not reduce AIMs in a rodent model 

of established severe LID. Considering the evidence above for a role for MOR antagonism 

in reducing LID, this was an unexpected finding. One possible explanation is that while 

DPI-298 had anti-dyskinetic properties in a rodent model of LID (12), the majority of the 

evidence for MOR antagonists reducing LID was shown in non-human primates. 

Moreover, there are distinct pharmacodynamic differences between CTAP and the other 

opioid compounds tested in LID that may explain the lack of an effect by CTAP. CTAP is 

highly-specific, with a >1,200-fold selectivity for MORs over DORs, whereas ADL5510 

is only 15-fold selective. This combined with the fact that the other anti-dyskinetic 

compounds listed above all have dual properties suggests that antagonism, or agonism, of 

a single opioid receptor may not be sufficient. In a recently published paper from our 

laboratory we provide more evidence in support of this hypothesis (13). We affirmed 

previous reports that the selective N-methyl-D-aspartate receptor (NMDAR) antagonist, 

MK-801, blocks LID, but only at a dose that worsens parkinsonism (13–15). However, 

when combined with a mixed MOR/DOR agonist, MMP-2200, the anti-dyskinetic effects 

of MK-801 remained in the absence of any pro-parkinsonian side effects (13). This study 

further emphasized the importance of investigating other multi-ligand compounds, 

specifically those that work on both NMDARs and the opioid systems. Ketamine, which is 
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mostly known as an NMDAR antagonist is one such candidate, as it is also binds both 

MORs and DORs at a similar affinity to NMDAR (16, 17). 

 

Research into novel NMDAR antagonists for LID have been ongoing5 due to 

pharmacological studies that have identified a role for NMDAR-mediated signaling in the 

development of LID (10). Additionally, drugs targeting NMDARs have received a boost 

due to FDA approval of an extended-release formulation of amantadine, a drug with a weak 

NMDAR antagonism amongst its activities, indicated for LID.  However, amantadine does 

not work for all patients (18), can cause psychiatric disturbances (19), and there is no 

evidence that it provides long-term neuroplastic anti-dyskinetic effects. Ketamine, a well-

established NMDAR antagonist with greater binding affinity than amantadine (20), has 

been utilized clinically as an anesthetic since 1970 (21–23). It was then in the last 15 years 

repurposed as an anti-nociceptive (20) and more recently, as a rapid anti-depressant in 2019 

(24, 25). 

 

Therefore, in Chapter 3 we tested sub-anesthetic ketamine treatment for LID, showing that 

it reduces abnormal involuntary movements (AIMs) in a preclinical rodent model of 

established severe LID in a dose-dependent manner (Chapter 3, Fig. 1B). However, these 

effects only occur when rats were treated with repeated injections, exposing the animal to 

racemic ketamine for 10-hours (Chapter 3, Fig. 1A); a single acute injection of ketamine 

was not anti-dyskinetic (Chapter 3, Fig. 1D).  This initial behavioral study showed that 

the long-term anti-dyskinetic effect by ketamine, which lasted from a few days at the lowest 

dose to more than 6 weeks at the 20 mg/kg dose, was not due to an acute accumulation of 
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ketamine or due to its metabolites staying in the system for an extended period of time.  

The metabolites were below detectable limits by 3-days after the 10-hour infusion protocol. 

However, this study did not investigate the mechanisms that underlie these effects.   

 

In Chapter 4, in which we tested whether sub-anesthetic ketamine or the enantiomer, R-

ketamine, could also effectively suppress the development of AIMs when given as a 10-

hour infusion from the outset of L-DOPA priming. Racemic ketamine did suppress the 

development of AIMs when PD rats were primed in a dose-escalation paradigm with a low 

dose (6 mg/kg) and high dose (12 mg/kg) of L-DOPA (Chapter 4, Fig. 2A). However, R-

ketamine, which had been shown to be a potent anti-depressant with less psychomimetic 

liability (26) had no effect (Chapter 4, Fig. 2A). This suggests that, in our model, the S-

ketamine enantiomer may be necessary for ketamine’s effects. There is some precedence 

to explain why R-ketamine was not anti-dyskinetic. While it has been reported that R-

ketamine provides a slightly more potent and longer-lasting antidepressant effect in rodent 

models of depression than racemic ketamine (26–28), S-ketamine has an approximately 2- 

to 3-fold higher affinity for the NMDA receptor and is a more potent analgesic (29) and 

anesthetic (30) than either racemic or R-ketamine (31, 32). Moreover, S-ketamine has been 

shown to provide a rapid anti-depressant effect in patients (33) and was designated a 

Breakthrough Therapy and approved by the Food and Drug Administration (25). However, 

as only a single dose of the R-ketamine enantiomer was selected for this study, further 

investigation is necessary to fully appreciate the independent dose-dependency, and 

combined interactions of these ketamine enantiomers in a model of LID.  
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While we were able to clearly establish an effect on LID by ketamine, there was the 

remaining concern that ketamine may be interfering with L-DOPA’s anti-parkinsonian 

effects. To address this, we measured akinesia using the forelimb adjusting steps (FAS) 

test and demonstrated that ketamine does not inhibit the pro-kinetic effects of L-DOPA, as 

the combination of the two restored stepping back to baseline levels. Interestingly, it was 

also discovered that ketamine is independently anti-parkinsonian itself, as there was a 

significant increase in the number of steps by the impaired limb after injection of ketamine, 

prior to any L-DOPA exposure (Chapter 4, Fig. 2B). This acute, anti-parkinsonian effect 

supports a patient case study showing that a bolus dose (20 mg) of ketamine given 

intravenously, in a preoperative setting, abolished tremor and dysarthria (34). A similar 

reduction of both tremor and dyskinesia was also seen in two patients given a combination 

of ketamine and the short-acting MOR agonist remifentanil (35).  

 

In the study described in Chapter 4, we also started to examine the molecular mechanisms 

by which ketamine elicited its changes at the cellular level. Evidence for potential 

mechanisms underlying the long-term therapeutic effects of repeated ketamine injections 

come from the depression literature. Multiple animal models of depression show synaptic 

rewiring, including dendritic branch atrophy and spine loss in the hippocampus (26, 36, 37, 

40). Similar changes are also seen in the hippocampus of patients with depression, where 

hippocampal volume is smaller than healthy patients and atrophy is correlated with severity 

of depression (41-43). In animal models of both depression and pain changes in the 

dendritic arbor of the pyramidal cells in the medial prefrontal cortex (mPFC) were shown. 

In depression models there is a retraction of the distal part of the apical dendrites and a 
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decrease in spine density on these same neurons.10,11 Ketamine acts as an antidepressant in 

humans (13) and rapidly reverses spine atrophy in the PFC of animal models of depression 

(26, 36–40, 44). 

 

In that respect, it is of importance that cellular dendritic spine changes in the striatum have 

been identified in the 6-hydroxydopamine (6-OHDA) model of PD, specifically a 

retraction of cortico-striatal inputs and spine atrophy on the medium spiny neurons (MSNs) 

(19). This same paper showed that repeated administration of L-DOPA, resulting in LID, 

leads to further synaptic rewiring including the return of the cortico-striatal inputs and spine 

density with pathological changes including maturation to mushroom spines on MSNs. 

These changes were hypothesized to be the result of maladaptive long-term potentiation, 

which can dynamically affect spine changes, including increasing actin polymerization and 

spine head enlargement (19, 48–50). Moreover, this increase in head size may allow for 

multiple reestablished cortico-striatal inputs to synapse on a single spine causing the motor 

dysfunction associated with LID (19). 

 

We confirmed that repeated injections of L-DOPA restored spine density to that of the 

intact, control hemisphere in vehicle treated animals. This also coincided with an expected 

increase in mushroom spines in the striatum of the lesioned hemisphere that is strongly 

correlated to the severity of AIMs. A relationship between L-DOPA treatment and 

enlarged, mushroom-like spines has been previously suggested (19, 48-50), but we are the 

first to report a direct, and very strong, correlation between mushroom spine density on the 

lesioned side and LID severity (Chapter 4, Figs. A-F). It is proposed that the cortico-
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striatal input to spines exists as a 1:1 ratio and that the development of mushroom spines, 

represent a maladaptive form of learning in response to the non-physiological, pulsatile 

treatment with L-DOPA. The strong correlation seen in our data implicates mushroom 

spine pathology as a possible marker for determining the efficacy of novel treatments for 

dyskinesia (Chapter 4, Figs. A-F). This is further supported by our data showing that a 

sub-anesthetic ketamine infusion over the course of 10-hours suppresses both AIMs and 

mushroom spines by approximately 50% compared to the lesioned side of the controls. 

However, more important is the fact that ketamine reduced the mushroom spine density in 

MSNs to the level of the intact side of the control animals. These data demonstrate that 

ketamine has a robust effect on LID and that its neuroplastic effects, the reduction in 

mushroom spine density, is likely responsible for the long-term behavioral effects seen in 

our model.  

 

In an effort to unmask the underlying mechanisms responsible for these neuroplastic 

changes we used the molecular road map provided by the depression literature. Based on 

the disinhibition hypothesis (51, 52), it is thought that ketamine selectively antagonizes 

NMDARs located on GABAergic interneurons. This causes a disinhibition of pyramidal 

neurons (PNs) that release glutamate onto post-synaptic α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors (AMPARs). The activation and opening of AMPARs, 

an ionotropic receptor, allows for sodium ion influx, depolarizing the cell, and activating 

voltage-gated calcium channels (VGCCs). In response to calcium entry, the cell releases 

brain-derived neurotrophic factor (BDNF) into the synapse, which binds to its own surface 

receptor tropomyosin receptor kinase B (TrkB), activating two signaling pathways, MEK-
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ERK and PI3K-Akt, which both converge on mammalian target of rapamycin (mTOR) 

resulting in synaptogenesis (Chapter 4, Fig. 7).  

 

Multiple pieces of evidence have demonstrated that BDNF plays an important role in 

neuroplasticity and depression (53–57). Serum BDNF levels have been shown to be 

significantly lower in patients with major depressive disorder (58–62). In rodent models, a 

conditional knockout of the BDNF gene in the forebrain of mice results in depression in 

both sexes (63) and heterozygous BDNF rats demonstrate a depressive phenotype and a 

reduction in brain and plasma levels of BDNF (64). It has also been shown that an 

intracerebral injection of BDNF into into the hippocampus acts as an anti-depressant (18). 

BDNF has also been shown to regulate spine density via ERK1/2 activation (65). 

Ketamine’s rapid anti-depressant effects have been shown to be dependent on BDNF 

synthesis in a mouse model depression (24). BDNF levels were also significantly increased 

in patients who responded to ketamine (66). One possible explanation for the lack of BDNF 

upregulation in some of these non-responding patients could be the presence of  the BDNF 

Val66Met polymorphism. This single-nucleotide polymorphism (SNP) impairs the 

activity-dependent release of BDNF (67). In humans it is associated with decreased BDNF 

levels and an increase in major depression (68, 69). The Val66Met SNP has also been 

shown to impair neural plasticity, NMDAR, and GABAR transmission (70) and inhibit 

ketamine-stimulated synaptogenesis in BDNFMET/MET knock-in mice (71). In order to test 

if these same pathways are involved in our model we performed both behavioral and 

immunoassays. 
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To test the hypothesis that BDNF is necessary for the anti-dyskinetic effects of ketamine, 

we co-administered the TrkB receptor antagonist ANA-12 with ketamine during the 10-

hour infusion. Blocking BDNF binding prevented the positive anti-dyskinetic effect of 

ketamine, resulting in an increase in LID development, similar to vehicle control levels 

(Chapter 4, Fig. 4A). These same effects were also mirrored in the analysis of mushroom 

spine density (Chapter 4, Fig. 5B-E). As stated above, ketamine reduced these spines by 

approximately 50% as compared to controls, while the animals co-treated with ANA-12 

showed a significant increase in mushroom spines in-line with the controls.  

 

As outlined in the disinhibition hypothesis above, it is hypothesized that ketamine, after 

activating BDNF release, leads to changes in both the MEK-ERK and PI3K-Akt pathways 

which then converge to phosphorylate mTOR, a main regulator of neuroplasticity (72) . his 

has been demonstrated in rat models of depression, in which both phosphorylated Akt and 

ERK are upregulated in response to ketamine in the prefrontal cortex (36). This study, as 

well as others, have also identified downstream activation of mTOR in response to 

ketamine (36, 73, 74) and that this increases protein synthesis and may lead to changes in 

spine density (75). We confirmed activation of both the ERK pathway (Chapter 4, Fig. 

3C-E) and subsequently the mTOR pathway (Chapter 4, Fig. 3A, B) in the striatum in 

response to our 10-hour infusion paradigm, but saw no significant effect on Akt activation. 

One possibility for the lack of increase in Akt phosphorylation is the timepoint of analysis 

selected. We looked at phosphorylation changes 1-hour post-infusion to maximize our 

chances to see a change in phosphorylation levels, therefore it is possible that while this 

timepoint detected both ERK and mTOR phosphorylation, we may have already missed 
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Akt’s activation window. Further studies should investigate additional time points to 

clarify this issue.   

 

While our data suggests a role for BDNF, ERK, and mTOR in ketamine’s anti-dyskinetic 

effects, mirroring some of the mechanisms shown to underlie ketamine’s anti-depressive 

activity (31), we hypothesize this might not be the only mechanism. Indeed, ketamine is a 

multifunctional ligand interacting with multiple receptor targets. One hypothesis is that the 

opioid system may be involved in ketamine’s anti-dyskinetic effects, as ketamine acts as 

an agonist at both the µ- (MOR) and d-opioid receptor (DOR) with a similar affinity as 

compared to NMDARs (16, 76). It has also been shown in a Chinese hamster ovary cell 

model, expressing human recombinant MOR, DOR, and, κ- (KOR) opioid receptors, that 

S-ketamine has a higher binding affinity at each receptor as compared to R-ketamine (77, 

78). S-ketamine also has a greater potency (IC50 = 23.0 ± 1.2 µM) as compared to racemic 

ketamine (IC50 = 16.3 ± 7.4 µM) and (R)-ketamine (IC50 = 45.5 ± 3.2 µM) (16). The greater 

binding affinity and potency of the S-ketamine enantiomer may also provide a further 

explanation for the lack of an effect in our model by R-ketamine.  

 

Opioid systems are also known to be altered in LID (1–7, 9, 10), and novel compounds 

targeting different opioid receptors are under investigation and have proven successful in 

animal models of LID, as discussed above (10–13). Additional evidence has also been 

provided for the role of opioids in ketamine’s anti-nociceptive and anti-depressive effects. 

Specifically, antagonism of both MORs and DORs, but not KORs attenuated the anti-

nociceptive effects of ketamine (79, 80), while its anti-depressive effects were blocked by 
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the non-selective opioid antagonist naltrexone. In addition, opioid receptor activation itself 

has been shown to lead to activation of the ERK pathway, and ketamine enhances (2- to 3-

fold) the levels of opioid-induced ERK1/2 phosphorylation. (17). This could provide an 

alternative or additional explanation for the increase in striatal ERK phosphorylation that 

we saw post-ketamine in our experiment. Based on this evidence and data from our 

laboratory showing that the combination of MMP-2200, mixed opioid receptor agonist, 

blocks the pro-parkinsonian features of MK-801 without interfering with its anti-dyskinetic 

properties, we hypothesize that NMDAR antagonism alone may be insufficient to induce 

long-term anti-dyskinetic activity without side effects, and that ketamine’s activation of 

the opioid system might provide an additional benefit. This hypothesis should be evaluated 

in the future by testing if blocking opioid receptors can interfere with ketamine’s anti-

dyskinetic activity. 

 

Based on the data showing prolonged sub-anesthetic ketamine effectively reduces LID in 

preclinical models, as shown in Chapters 3 (81) and 4, and in retrospective case studies, 

(82) we then investigated the underlying effects of ketamine on oscillatory brain activity 

in a preclinical model of LID. The current literature has suggested that the development of 

a focal, high-gamma band of 80 Hz, may be an oscillatory signature of LID (83, 84). We 

affirmed these findings in Chapter 6, but found that they were dependent on dose and 

length of priming period. In our hands the 7-day priming with a high dose of 12 mg/kg L-

DOPA does lead to high 80 Hz gamma activity as well, but the use of a lower dose (7 

mg/kg) of L-DOPA for a longer priming period (21-days) did not elicit 80 Hz high-gamma 

oscillations in the motor cortex (M1), despite induction of dyskinesia at the same level. 
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Instead, adherence to the latter L-DOPA administration paradigm resulted in wideband 

gamma oscillations of 35-80 Hz in the motor cortex. Combined with the published 

literature (85), our study provides the first evidence for LID having multiple oscillatory 

signatures in the gamma band that may be both dose and duration dependent.  

 

Ketamine produced region- and frequency band-dependent oscillatory effects.  

Interestingly, ketamine induced high-frequency oscillations (HFOs) in the striatum in naïve 

animals (Chapter 5, Fig. 2) and in dyskinetic animals (Chapter 6, Fig. 5).  When ketamine 

and L-DOPA were combined, broadband gamma activity in M1 of dyskinetic animals 

(Chapter 6, Fig. 5) increased. The HFO frequency observed between 120-160 Hz was in 

the range of a frequency (~140 Hz) that quite often is used in deep brain stimulation (DBS) 

protocols for the treatment for PD patients. The DBS helps with counteracting the beta 

band activity (15-25 Hz) in the subthalamic nucleus (STN) and M1 that is associated with 

the parkinsonian motor symptoms. It is thought that one of the mechanisms underlying the 

therapeutic effects of DBS in PD patients is that the stimulation interrupts phase-amplitude 

coupling of gamma and beta band activity in M1 of PD patients (86). Ketamine-induced 

HFOs were also significantly enhanced across the striatum when paired with L-DOPA. But 

most notable is the acute suppression of lower frequencies between the first two ketamine 

injections in M1 and striatum (Chapter 6, Fig. 5). This significant reduction in beta-band 

oscillation could underlie the acute anti-parkinsonian effect of ketamine, shown in 

(Chapter 4, Fig. 2B). 
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Contrary to our hypothesis, ketamine did not reduce oscillations associated with LID, but 

L-DOPA-induced wideband gamma appeared to be enhanced in M1 and dorsolateral 

striatum (DLS) upon co-administration of ketamine. However, despite its behavioral 

effects on reducing LID (81), ketamine did not reduce the power of the wideband gamma 

oscillations in M1, as we had hypothesized. Rather ketamine did lead to suppression of 

cortico-striatal cross-frequency coupling (CFC) that was increased by L-DOPA treatment. 

This indicates ketamine’s effect are not on overall power of oscillations, but more subtle 

changes in communication between the basal ganglia and the motor cortex. While ketamine 

had no effect on the power of the wideband gamma activity it did affect CFC. Cross-

frequency coupling plays a role in neural networking, communicating and transferring 

information within local and across larger networks. Ketamine induced CFC in the striatum 

and in M1 in naïve animals (Chapter 5, Fig. 6 and 7). We found that L-DOPA (7 mg/kg) 

induced significant theta-high-gamma coupling in M1, DLS, and nucleus accumbens in 

naïve, 6-OHDA-lesiond PD, and in LID animals (Chapter 6, Fig. 7). This is a unique 

finding that we are the first to report and provides early evidence that requires further 

investigation. Perhaps more interesting, is that ketamine suppressed this effect both 

independent of L-DOPA and when both were injected in combination (Chapter 6, Fig. 8). 

The fact that ketamine significantly reduced theta-high-gamma coupling in dyskinetic 

animals, but not controls or PD animals, suggests this could be involved in the specific 

reduction in the aberrant, dyskinetic movement of this model. 

 

In conclusion, the data presented in this thesis show a) that highly-selective MOR 

antagonism alone is not sufficient to provide anti-dyskinetic activity, and b) that sub-
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anesthetic ketamine treatment can reduce established LID and suppress the development 

of LID, making the case for this therapy having possibly multiple benefits for PD patients. 

Given its therapeutic benefit in a few PD patient case studies (34, 35, 82) and the clinically 

proven therapeutic benefits for both treatment-resistant depression (25, 87) and several 

pain (20) states, very common co-morbidities in PD, sub-anesthetic ketamine could provide 

a triple benefit to PD patients in the future. The preclinical mechanistic studies complement 

currently ongoing clinical testing of sub-anesthetic ketamine infusions for the treatment of 

LID by our group, and provide further evidence to support repurposing of sub-anesthetic 

ketamine to treat PD patients.  
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