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model» Ketamine did not reduce abnormal involuntary mogets (AIMs) after acute
injection » When ketamine was given for 10 hours there wassa-dependent reduction



of AIMs P Long-term AIMs reduction lasted days to weeks,emhejing on the ketamine
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Abstract

Low-dose sub-anesthetiketamine infusion treatment has led to a long-tesduction of
treatment-resistant depression and posttraumatsssdisorder (PTSD) symptom severity, as
well as reduction of chronic pain states, includnigraine headaches. Ketamine also is known
to change oscillatory electric brain activity. Ooemmonality between migraine headaches,
depression, PTSD, Parkinson’s disease (PD) a+ilBlOPA-induced dyskinesias (LID) is
hypersynchrony of electric activity in the braimcluding the basal ganglia. Therefore, we
investigated the use of low-dose sub-anesthetiankiee in the treatment of LID. In a
preclinical rodent model of LID, ketamine (5 - 20g#g) led to long-term dose-dependent
reduction of abnormal involuntary movements, onlyew low-dose ketamine was given for 10
hours continuously (5 xp. injections two hours apart) and not after a siragtate low-dose
ketaminei.p. injection. Pharmacokinetic analysis of plasmaelevshowed ketamine and its
major metabolites were not detectable any morenms points when a lasting anti-dyskinetic
effect was seen, indicating a plastic change intltan. This novel use of low-dose sub-
anesthetic ketamine infusion could lead to fasticdil translation, and since depression and
comorbid pain states are critical problems for mBBypatients could open up the road to a new

dual therapy for patients withiD.

Keywords: Parkinson’s disease; preclinical rodent model; hgypechrony; NMDA receptors;

opioid receptors;

Introduction



Parkinson’s disease (PD) is th¥ thost common progressive neurodegenerative disease
with the cardinal motor symptoms of tremor, rigydipostural instability and bradykinesia [1].
These motor symptoms correspond to the loss ofrdim@agic neurons with cell bodies located
in the substantia nigra and axonal projectiondéostriatum leading to reduced dopamine (DA)
levels. The most common treatment for PD consiSBA replacement therapy utilizing the DA
precursor.-DOPA (L-3,4-dihydroxyphenylalanine). This becomassatisfactory as the disease
progresses due to short-term and long-term sidetsfthat occur with dose escalation, including
LID, the most common and debilitating side effeéin effective treatment of LID to extend the

useful lifetime ofL.-DOPA treatment is a critical unmet need in PD &pgr[1,2].

Low-dose ketamine is used to treat various chrpaio syndromes, especially those that
have a neuropathic component, and studies on feetedf prolonged infusion (4 — 14 days)
show long-term analgesic effects up to 3 monthkyvohg infusion [3]. Recent publications
also showed that low-dose ketamine infusion paradigre safe and well tolerated in clinical
trials for treatment-resistant depression [4—7] B1&D [8]. Low-dose ketamine has led to a
reduction of treatment-resistant depression; i alsduced PTSD symptom severity and
comorbid depression. And a NIMH-sponsored mubltitational clinical trial is currently
evaluating the dose-response for ketamine treatrf@nmtdepression in more detail. The
pathophysiology of LID and motor fluctuations iscertain, although hypotheses include an
imbalance between the direct and indirect strigafypathways within the basal ganglia (BG),
due to repeated daily administration of L-DOPA, theoduction of “denervation super
sensitivity” of DA receptors, and as a result alsgpersynchrony of electric activity and
maladaptive plastic changes in the brain, includmthe BG, which is a commonality between

LID, depression and PTSD. Both glutamatergic @pidid dysregulation may also contribute to



LID, and anti-dyskinetic effects of NMDA antagonisave been reported. Ketamine is a
multifunctional ligand and is a NMDA receptor artagt and opioid agonist. Based on this
information we hypothesized that use of sub-anésthHetamine infusions might improve

treatment of LID, and investigated this in the gia preclinical LID model.

Material and methods

Animals. Male Sprague-Dawley rats (250 g; Harlan Laboraspriledianapolis, IN) were
used and housed in a temperature and humidity atedrroom with 12 hr reversed light/dark
cycles with food and water available ad libitumll &nimals were treated as approved by the
Institutional Animal Care and Use Committee, Unsigr of Arizona and in accordance with the
NIH Guidelines for the Care and Use of Laboratorymals. Both the number of animals used

and their suffering were minimized.

Unilateral 6-hydroxydopamine (6-OHDA)-lesion PD model: 6-OHDA hydrochloride (5.0
po/ul in 0.9% sterile saline with 0.02% ascorbic a@igma—Aldrich, St. Louis, MO, USA) was
injected into the medial forebrain bundle, as ph#d [9], into 2 locations (1g/site) at
coordinates: AP -2.8, ML -1.8, DV -8.0 and AP -4wii, —-1.5, DV -7.9. Rate of injection:
0.5 yl/min using a Stoelting microinjector (Stoelting .C&Vood Dale, IL). The Hamilton
syringe was left in place for 5 additional minutesprevent backflow of solution. Rats were
pretreated (30 min prior to 6-OHDA) with 12.5 mg/kigsipramine (Sigma-Aldrich) given

intraperitoneallyi(p.) to prevent damage to noradrenergic neurons.

Induction of LID in unilaterally-lesioned rats. 1) Amphetamine-induced ipsiversive
rotations were recorded, as published [10], tocsedaimals. 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 f



3 weeks withL.-DOPA + 14 mg/kg benserazide; batp.; Sigma—Aldrich):cohort #1 (severe

dyskinesia): 7 mg/kg-DOPA,; cohort #2 (moderate dyskinesia): 5 mg/kgDOPA.

Behavioral analysis of LID rats: Following the procedure originally reported[ii], L-
DOPA-induced abnormal involuntary movements (AlM#gre scored by an experimentally
blinded investigator on a scale from O - 4, as ighkd [9]. Limb, axial and orolingual (LAO)
AlIMs were scored separately from the locomotor Alfdsntralateral 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 tisstemples from left and right hemispheres
were collected and immediately flash frozen on Emaum pan at-70 °C, as published [9].
Samples massed at 2.5 + 0.5 mg and were then homedein dilute perchloric acid. High
performance liquid chromatography with electrochehidetection (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 imatetii flash frozen and stored af0 °C.
Total protein was prepared and semi-quantitativetera analysis was conducted as described
[9,12] with 3 modifications: 3@g of protein/sample was loaded; secondary antilzbldyion
for B-actin: 1:10,000; Images analysis with the G:B&6& 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 mére taken and frozen at -80. Whole

blood was thawed, centrifuged, 300 puL of plasma vessoved and placed in a borosilicate



culture tube (VWR, Radnor, PA). Samples were fleasiwith 100 pL of 10 M NaOH
(Mallinckrodt) in nanopure water (Millipore, BedfhrMA), spiked with 500 ng Nortilidine (N)
internal standard (Cayman chemical), and then etedawith a 250 pL mixture of 80:20
DCM:EtAc, (EMD Millipore, Billerica, MA) by sonicahg 10 minutes. The organic fraction
was recovered and samples were speed-vacuumegntesdrand reconstituted in 200 of an
acetonitrile (EMD Millipore), nanopure water, forenacid mixture (JT Baker, Center Valley,
PA) 50:50:0.1 ratio. Standards for K, NK and DHMi¢re supplied by Cayman chemical, Ann
Arbor, MI. Measurement was performed on an AppBedsystems Qstar Elite with Turbolon
Electrospray ionization (ESI) source. Quantitatddmlirect flow injections was accomplished by
summing analyte fragments in MS/MS mode. For exampmolecular ion selection of 240.1
m/z corresponding to K yielded fragments at 16518 &81.0 m/z which were integrated and
divided by the internal standard signal to yielcekative value for subsequent quantitation via a
linear calibration of the instrument. The calibwatwas made by spiking standards into blank

plasma prior to the extraction described above.

Data Analysis: Statistical analysis was performed using GrapghPasm 5.1 software
(GraphPad Software, La Jolla, CA), Origin 9.0 (@rigab Corporation, Northampton, MA) and
Microsoft Excel 2013. The null hypothesis was c¢tgd when p < 0.05. Based on protocols
established by Cenci’s group [13] in the repeatadydreatment study, comparisons of AIM
scores that had been recorded repeatedly wererpedousing repeated-measures ANOVA,
where treatment (L-DOPA, ketamine or post-ketantime points) and time (testing session)
were entered as independent variables. Post hopartsons were performed where appropriate
using the Tukey test. To compare two time poinésused two-tailed Mann Whitney or two-

tailed t tests.



Results

The rats in ohort #1 were primed with 7 mg/kg-DOPA and showed severe LID. We
demonstrated a dose-dependent long-term anti-dytskireffect of low-dose ketamine when
given for a 10 hour periodrF{gure 1A,B); ketamine was injected 5 ixp. two hours apart
(referred to in the text as ‘infusion’), 7 mg/kgDOPA was co-injected at thé"5njection, and

then the AIMs scores were evaluated. Prior wodkcated that within two hours of injection

continuous ketamine exposure, since it is not pésso use a regular infusion in a behaving rat
and given the long-term nature of the experimemgging of surgically inserted mini-pumps was
a concern. After the 10 mg/kg ketamine ‘infusitie® AIMs score was significantly reduced for
3 days and it took 10 days before the baseline Adtdse (black dashed line) was reached again.
After the 15 mg/kg ketamine ‘infusion’, there wasignificant reduction lasting for 7 days and it
took 31 days before the baseline AIMs score levak weached again. Most impressive,
however, was the effect of 20 mg/kg ketamine ‘irdns which resulted in a persistent
significant reduction of AIMs scores that lasted &t least 55 days post-injection, and what
appeared to be a new lower stable AIMs level waabéished (blue dashed line). A 10 mg/kg
ketamine ‘infusion’ was given after these treatmettt test for sensitization resulting from
ketamine treatment. No change in the already-rediédMs score was observed following this
dosage, suggesting that reduced AIMs scores faligwhe 20 mg/kg injection was not due to
sensitization. At all the tested doses ketamirte rdit significantly change-DOPA-induced
contralateral locomotor behavioFigure 1C), and specifically did not acutely induce the
ipsiversive turning behavior that is indicativeafvorsening of the Parkinsonism in this model,

as it has been shown by the non-competitive N-nkdhgspartate (NMDA) receptor antagonist



MK-801. At doses showing anti-dyskinetic activiiK-801 is also pro-Parkinsonian [9,15]. To
investigate if the longer exposure to ketaminegisassary we then tested a sepasaltert #2 of
rats with moderate LID to see if an acute singl@amkene injection would also be anti-dyskinetic.

Since the 7 mg/kg.-DOPA priming in our hands led to a very severskityetic phenotype

acute ketamine challenge might have a reduced teffize, and using more moderately
dyskinetic animals was therefore deemed appropridtee rats were primed and tested with 5
mg/kg L-DOPA, which in our hands led to a more nratie dyskinesia (AIMs scores around 40)
similar to publications by Dr. Cenci [13]. Acutengle i.p. injections of 15 mg/kg ketamine
(fourteen days apart) did not lead to any changdenAlMs scoresKigure 1D), while the 15
mg/kg 10 hour ketamine ‘infusion’ had an anti-dyskic effect that remained significant for 7
days Figure 1B). To study pharmacokinetics we measured serusmadevels of ketamine, as
well as the major metabolites, NK and DHNK, 3 hoaifter an acute single dose injection of 15
mg/kg ketamine, and 3 hours, 3, 7 and 10 days aft€d hour ketamine ‘infusion’ (15 mg/kg).
There was no significant difference between tharkate plasma levels 3 hours after injection in
either the acute or the 10 hour ‘infusion’, whiclasvexpected based on the known fast
metabolism [14], while the levels of NK and DHNK nreeelevated after the 10 hour ‘infusion’
(Table 1). Most importantly, at days 3, 7 and 10 post @Qrtketamine ‘infusion’ no detectable
levels of either ketamine or the metabolites renmiaithe plasma, indicating that the persistent
anti-dyskinetic effect after the 10 hour treatmeéntindeed not due to remaining levels of
ketamine or its metabolites, but rather a plastiange in the brain. Verification for the
unilateral lesion at the end of the experiment wase in bothcohorts. Striatal DA levels

(Figure 2A) and TH-positive striatal dopaminergic fibefagure 2B) were reduced ~90% on



the lesioned side. We also evaluated a possihite affect of ketamine on striatal DA levels,
since long-term treatment with ketamine or MK-8CGdn anodulate DA levels in the BG and
midbrain [16,17]. We injected animals with 20 &kgyketamine or saline 30 minutes before
they were euthanized. Analysis of the striatal @#els indicated that there was no effect of

ketamine on DA levels in this short-term timefra(R@gure 2A).

Discussion

We examined the anti-dyskinetic properties of soésshetic ketamine treatment in a
preclinical rodent LID model. Only when the ketami‘infusion’ was used in the preclinical
model and ketamine was present for 10 hours, wesrebd a dose-dependent long-term
reduction in dyskinesia, but not when ketamine gigen as a single dose. This indicates that it
is necessary for the ketamine to be present foexa@nded time in order to be effective as an

anti-dyskinetic agent.

The therapeutic effects seen could be due todose ketamine desynchronizing neural
hypersynchronous oscillatory activity involved idDL sufficiently to induce a lasting anti-
dyskinetic effect. The reduced capacity to ingjegustain, and control movement in PD and the
dyskinesia that follows chronic L-DOPA treatmens i origin in malfunctioning networks in
the BG and cortex. LID and PD are associated vattuced dopaminergic innervation to the
striatum and a pronounced increas®-irg4 - 10 Hz) ang-band (13 - 30 Hz) oscillations in the
BG [18,19]. These oscillations are associated Withfailure to initiate and control movement.
In contrast, striatal activity in the-band predicts motor initiation [20]. And treatntenhat
disrupt (DBS) or eliminate (lesions to the STN @llidotomy) the putative sources of these
oscillations improve motor symptoms, in part byysehronizing3- andy-band activity in the

motor cortex (M1) [21]. Single dose ketamine iti@c increasesg-band activity in M1 [22] and



8-y band coupling in hippocampus [23], suggesting Ketdmine-induced-band oscillations
could serve to counteract the motor-inhibitory efifeof 6- and 3-band activity. = Coherence
between the cortex and STN in théand often bears an inverse relationship Wigndp power

in the STN. Injection of low, sub-anesthetic dogskEketamine (2.5 - 10 mg/kg) in rats increases
y-band activity in cortical and subcortical aread][2 Dosages ranging from 10 - 50 mg/kg
enhancey-band synchrony between M1 and BG [25,26]. In suppf ketamine infusion
possibly acting as a ‘chemical DBS’, we observetear increase in high-frequency (HFO; 130
- 150 Hz) andy-band (40 - 60 Hz) activity in the dorsolateralattrm and M1 of naive freely
moving rats treated with the same 10 hour ketarmfigsion’ protocol used in the current study
[27]. This increase was significantly more sustdirafter the 4 and %" vs. the ' injection,
which may explain the lack of anti-dyskinetic etfeafter a single dose injection. Measures of
spectral coherence indicate that HFO- BAghnd activity was significantly anti-correlatedtiw
coherence in the HFO-band increasing with successiections and coherence in tgéand
decreasing [manuscript in preparation].

The difference from ketamine’s effects compareth®non-competitive NMDA receptor
antagonist MK-801 or amantadine, which is a weakDMVantagonist, could be explained by
the fact that ketamine is not only a NMDA recematagonist but also a known opioid receptor
agonist [28,29]. There is conflicting evidencetba effect of opioids on LID, both
opioid receptor antagonism and agonism have be@iicewed as possible anti-dyskinetic
approaches [30], (https://www.michaeljfox.org/foatidn/grant-detail.php?grant_id=1159), and
o-opioid receptor agonism is associated with antkiRaonian activity [31].

Overall the prior clinical reports suggest that idese ketamine infusions are well

tolerated and can improve pain and depression [4éth often comorbidities in PD patients



[1,32]. Importantly, depression is possibly worskiy L-DOPA [33]. Bioavailability is low
when ketamine is given orally (< 20%), becausextémsive first pass metabolism in liver and
intestine, and might not be an alternativei.to infusion. But recently intranasal ketamine
(bioavailability: ~50%) has shown promise in a coléd clinical trial for treatment of
depression [6], possibly providing a more practaltdrnative route of administration.

In conclusion we present preclinical data sugggstinat low-dose sub-anesthetic
ketamine infusion could be a novel long-term treattrmodality to reduce LID and should be

further investigated in a properly controlled presive clinical trial.
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Figure legends:

Figure 1. Long-term dose-dependent reduction of LID after 10hour low-dose-ketamine
‘infusion’.  (A) Schematic of the 10 hour experimental protocaiimic a ketamine infusion.
(B) Severely dyskinetic LID ratscghort #1) were tested with.-DOPA (7 mg/kg) every 3 - 4
days (white bars). The blue bars depict the dag®dour ketamine ’infusions’ (K). The graph
depicts mean limb, axial and orolingual (LAO)-AIMs SEM; n = 5; repeated measures
ANOVASs vs. preceding baseline testing sessionsgeyuysost-hoc tests; *p < 0.05; **p < 0.01;
***p < 0.005). When comparing the pre-K (20 mg/la)d the last testing session (blue line), a
significantly reduced LAO-AIMs score remained, icaling a new stable lower level of LAO
AIMs (**p < 0.01; two-tailed Mann Whitney test). Cf The 10 hour ketamine ‘infusion’
protocol did not have a significant effect on L-D®&RPduced locomotor AlMs (contralateral
rotations) incohort #1. (D) A separatecohort #2 of moderately dyskinetic LID rats was

challenged with.-DOPA (5 mg/kg) every 3 - 4 days and AIMs were aaéd. The blue bars



depict the days of acute single ketamine i(k;) challenges (mean LAO-AIMs + SEM; n = 9;

repeated measures ANOVASs vs. preceding baselitiadesessions; ns).

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 By95% in the lesioned side, and [DA] was unchangedrbacute
i.p. injection of 20 mg/kg ketamine (n = 7) vs. sal{ne= 5) 30 min before rats were euthanized,
showing that there is no acute effect on overailhtstt DA levels by ketamine in these animal
with multiple prior exposures to ketamine (2way A& Bonferroni post-hoc test).Bj Semi-
guantitative western analysis of striatal tyrosinehydroxylase (TH) expression. TH was
normalized tg3-actin as internal standard, mean values + SEMpbotted, and expression is
reduced by 87% in the lesioned side (n = 15; tviledd test) verifying the severity of the lesion.
The Inset shows example blots (UL = unlesioned, Uesioned). Statistical significant

differences are depicted by asterisks (***p < 0004 = non-significant).

7days 3days 3hours 3hours 3days 7days 10 days
pre-K pre-K post-K post-K post-K post-K  post-K

BL BL acute 10 hr 10 hr 10 hr 10 hr

(UM) (UM) (UM) (UM) (UM) (UM) (UM)

K BLD BLD 76+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




ACCEPTED MANUSCRIPT

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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