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ABSTRACT

To identify novel targets for neuropathic pain, 3097 mouse knockout lines were tested in acute and
persistent pain behavior assays. One of the lines from this screen, which contained anull alele of the
Adapter protein-2 Associated Kinase 1 (AAK1) gene, had anormal response in acute pain assays (hot
plate, phase 1 formalin) but a markedly reduced response to persistent pain in phase Il formalin. AAK1
knockout mice a'so failed to develop tactile allodyniafollowing the Chung procedure of spinal nerve
ligation (SNL). Based on these findings, potent, small-molecule inhibitors of AAK1 were identified.
Studies in mice showed that one such inhibitor, LP-935509, caused a reduced pain response in phase I
formalin and reversed fully established pain behavior following the SNL procedure. Further studies
showed that the inhibitor also reduced evoked pain responsesin the rat chronic constriction injury (CCI)
model and the rat streptozotocin (STZ) model of diabetic peripheral neuropathy. Using anon brain-
penetrant AAK1 inhibitor and local administration of an AAK1 inhibitor, the relevant pool of AAK1 for
antineuropathic action was found to be in the spinal cord. Consistent with these results, AAK1 inhibitors
dose-dependently reduced the increased spontaneous neural activity in the spinal cord caused by CCI and
blocked the development of wind-up induced by repeated electrical stimulation of the paw. The
mechanism of AAK1 antinociception was further investigated with inhibitors of alpha2 adrenergic and
opioid receptors. These studies showed that alpha2 adrenergic receptor inhibitors, but not opioid receptor
inhibitors, not only prevented AAK1 inhibitor antineuropathic action in behavioral assays, but aso
blocked the AAK1-inhibitor induced reduction in spinal neural activity in the rat CCl model. Hence,
AAK1 inhibitors are a novel therapeutic approach to neuropathic pain with activity in animal models that
ismechanistically linked (behaviorally and electrophysiologically) to alpha2 adrenergic signaling, a

pathway known to be antinociceptive in humans.
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INTRODUCTION

Neuropathic pain is caused by alesion or disease of the somatosensory nervous system (reviewed in
(Costigan et a., 2009), such as herpes infection and diabetes, which can lead to postherpetic neuralgia and
diabetic peripheral neuropathy, respectively. As aconsequence of these conditions, patients can
experience hyperalgesia (increased pain from anormally painful stimulus), allodynia (pain dueto a
stimulus that does not normally evoke pain), and spontaneous pain (pain arising without an obvious

triggering event).

Neuropathic pain is commonly treated with tricyclic antidepressants, serotonin-norepinephrine reuptake
inhibitors (SNRI), and gabapentinoids (Costigan et a., 2009; Finnerup et a., 2010)). The antinociceptive
mechanism of these medicationsis linked to the endogenous noradrenergic system which is a powerful
inhibitor of spinal dorsal horn circuits required for neuropathic pain (reviewed in (Fairbanks et a., 2009).
In particular, the endogenous system originates primarily from the locus ceruleus where descending
neurons project to the dorsal horn. When stimulated, these neurons rel ease norepinephrine which binds to
apha2 adrenergic receptors. Binding of norepinephrine to a pha2A-adrenergic receptors on presynaptic
afferent terminals reduces substance P and glutamate rel ease from primary afferents via the cholinergic
pathways. Binding of norepinephrine to alpha2C-adrenergic receptors on post-synaptic secondary
neurons causes hyperpolarization by G-protein activation of GIRK potassium channels. Gabapentinoids
activate the descending inhibitory neurons in the locus ceruleus (Hayashida et a., 2008). In addition,
gabapentinoids bind and affect the subcellular trafficking of 0:28-1 subunits of calcium channels thereby
preventing the pain induced increase in calcium currents (Dolphin, 2012). SNRIs and tricyclic
antidepressants cause antinociception by increasing the dorsal horn concentration of serotonin and
norephinephrine by inhibiting their reuptake from the synapse (Benarroch, 2008). The alpha2A
adrenergic and the alpha2C adrenergic receptors can be activated directly with an apha2 adrenergic
agonist, such as clonidine. While clonidineis used intrathecally as an opioid adjuvant for post-operative

pain (Engelman and Marsala, 2013), broader clonidine usage for pain reduction is limited by sedation and
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hypotension. Consistent with a pathway linkage between these antinociceptives, alpha2 adrenergic
antagonists prevent antinociception by gapapentin (Hayashida et a., 2007), SNRIs (Obata et a., 2005),

and alpha2 adrenergic agonists (Fairbanks et a ., 2009).

Despite the presence of marketed therapeutics for neuropathic pain, a significant unmet need remains.
Importantly, the existing therapeutic compounds do not eliminate neuropathic pain for most patients
(Finnerup et a., 2010). Specifically, less than half of neuropathic pain patients achieve a 50% reduction
in pain with current treatments (Snedecor et a., 2014). Further, current treatments frequently have
undesired side effects such as weight gain from tricylic antidepressants and sedation plus cognitive

impairment from gabapentinoids.

Given the significant unmet need, we screened knockout mice to identify novel pain targets. This strategy
was based on a retrospective evaluation of the knockout phenotypes for the targets of the 100 best-selling
drugs which showed that that these phenotypes correlated well with known drug efficacy (Zambrowicz
and Sands, 2003). The general phenotypic screen (BeltrandelRio et a., 2003; Tang et a., 2010), as well
as the obesity (Brommage et al., 2008), diabetes (Powell et al., 2013), and bone (Brommage et al., 2014)
components of this screen, were previously described and datasets for 472 gene knockout lines were made
publicly available (Tang et a., 2010). The pain component of this screen consisted of hot plate and
formalin paw assays, both semi-automated assays amenable to screening large numbers of animals. The
formalin assay assessed the inflammatory and central sensitization components in addition to the acute
pain addressed by the hot plate assay (Mogil, 2009). Using the formalin assay, AP2 associated kinase 1
(AAK1) knockouts were identified based on their reduced response to persistent pain. Based on these
AAK1 knockout results, we created selective, small molecule inhibitors of AAK1, akinase implicated in
endocytosis (Conner and Schmid, 2002). These AAK1 inhibitors recapitul ated the knockout phenotype
and reversed animal behaviors consistent with the relief of neuropathic pain. In addition, AAK1
inhibitors suppressed the increase in spontaneous action potentials following CCI nerve injury and

prevented the development of windup normally induced by repeated electrical stimulation of afferents
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that innervate spinal dorsal horn cells. These AAK1 inhibitors were then used to behaviorally and

electrophysiologically link the mechanism of pain reversal to adrenergic signaling in the spinal cord.
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MATERIALSAND METHODS

Synthesisof AAK 1 inhibitors. Experimental details and procedures for the synthesis of LP-935509, LP-
922761, BMT-090605, BMT-124110, LP-927443 and BM S-901715 and full characterization (1H NMR,
13C NMR, low- or high-resolution mass spectrometry, optical rotation, and melting point) of fina

compounds are described in the Supplemental Materials and Methods.

AAK1 protein expression and biochemical assays. AAK1 protein was expressed using a recombinant
baculovirus, purified, and kinase activity determined using biochemical assays described in the
Supplemental Materials and Methods. BIKE and GAK kinases were expressed and kinase activity

determined as described in the Supplemental Materials and Methods.

AAK1 celular assays. AAK1 wastransiently expressed in HEK293F cells together with AP-2, an
AAK1 kinase substrate. The extent of inhibition of AP-2 phosphorylation at various compound
concentrations was then determined by western blotting. Detailed methods are described in the

Supplemental Materials and Methods.

AAK 1 knockout behavior and in vivo phar macology

All the animals were kept in an AAALAC accredited animal holding facility maintained at controlled
temperature (23 £ 1 °C) and humidity (50 + 20%) under a 12:12 h light: dark cycle (lights on at 07:00 h).
Food and water were provided ad libitum. All experimental procedures were reviewed and approved by
the Institutional Animal Ethics Committee (IAEC) and conducted in accordance with procedures set by
the Committee for the Purpose of Control and Supervision on Experiments on Animals (CPCSEA).
AAK1 knockout mice were generated on a C57 x 129 hybrid background strain. Exon 2 of the AAK1
gene was deleted using gene targeting by homol ogous recombination in 129/SvEvBrd ES cells and
confirmed by Southern blot. Chimeras were bred to C57BL/6J mice and heterozygous mice were
intercrossed. An additional null allele was produced by gene trapping (OST 23,964). Both alleles

exhibited similar phenotypes (data not shown) and the work described in this paper was carried out with
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the gene targeted allele. Mice used for LP-935509 in vivo pharmacology studies were of the C57BI/6J
albino strain (Yeet a., 2015). The formalin paw test was used to assess acute and tonic nociceptive
responsesin mice. A metal band was placed around the left hind paw of each mouse and 20 pl of 5%
formalin was subcutaneously injected in the dorsal surface of the left hind paw. Mice were individually
housed in cylindrical chambers for 45 minutes. A computer recorded flinches per minute, total flinches
for phase | (acute phase = first 8 minutes), and total flinches for phase 11 (tonic phase between 20 - 40
minutes) through an electromagnetic field. In the primary screen, 4 knockout animals and 4 littermate
controls for each line were tested to identify potential phenotypes that could then be followed-up in larger
cohorts. Some knockout lines were not screened due to embryonic |ethality or timing of implementation

of the formalin test.

L P-935509 drug administration

For all mouse studies LP-935509 was formulated in 10% Cremophor and dosed orally at 10, 30 and 60
mg/kg (10 ml/kg). Gabapentin (GBP, G154Sigma from Sigma-Aldrich) was freshly dissolved in sterile
saline and administered orally at 200 mg/kg (10 mi/kg). Both drugs were given 30 minutes prior to the
formalin injection or prior to von Frey testing. Mice were tested for baseline von Frey sensitivity 24 h
prior to the validation study. The mice that met the following selection criteria were included in the drug
validation experiment: (1) von Frey 50% threshold for ipsilateral paw < 1, and (2) 50% threshold for

contralateral paw > 2. Von Frey testing was performed at 0, 30 and 120 min after LP-935509 dosing.

For all rat studies (with the exception of the PK and rotarod experiments) LP-935509 was formulated in
PETW (40% polyethylene glycol, 10% ethanol, 15% Tween 80 and 35% water) and delivered orally at
the specified dose and avolume of 3 ml/kg. In the PK and rotarod studies, LP-935509 was prepared in
10% Cremophor EL in water. Gabapentin was formulated in PETW for al rat studies except the rotarod

study, in which case it was prepared in 25% Captisol, 0.1 M Citrate buffer pH 3.0.

Administration of other drugs
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Morphine and naloxone were dissolved in saline and each delivered subcutaneously at 3 mg/kg and 1
mg/kg, respectively, in avolume of 3 ml/kg. Y ohimbine and tizanidine were dissolved in saline and each
delivered intraperitoneally at 1 mg/kg in avolume of 2 ml/kg. BMT-090605 and clonidine were dissolved
in artificial cerebrospinal fluid (CSF) with HEPES buffer in preparation for intrathecal dosing. Fina
dosing volume for both was 10 ul. LP -922761 was formulated in 10% Cremophor and dosed orally for

the mouse SNL study (10 mi/kg).

Open Field Assay in Mice

Mice were acclimated to the experimental room illuminated at 30 lux for 30 minutes. Mice are then
placed into the testing chamber containing infrared sensors along the perimeter (Montana et a., 2011).
Locomotor activity, counted with each beam break, was recorded for 30 minutes using automated
software (Accuscan). The sum activity detected over the 30 minute period was used for statistical

analysis. The chambers were cleaned with 70% ETOH between test sessions.

Formalin assay in mice

Persistent pain or hyperalgesia can be induced with an injection of formalin into the dorsum of the hind
paw as previously described (Dubuisson and Dennis, 1977). To measure hyperalgesiain AAK1 knockout
mice, ametal band was placed around the right hind paw of each mouse prior to testing. After a 30-
minute acclimation period to anindividua cylindrical test chamber, 20 ul of 5% formalin in saline
(Sigma) was subcutaneously injected in the dorsal surface of the right hind paw. Mice were immediately
placed back into the test chamber where movement of the metal band breaks the electromagnetic field of
aloop antennalocated under the mouse and is automatically recorded as aflinch. Thereceiver output is
amplified, filtered, and digitized for analysis using the Automated Nociception Analyzer ((Yaksh et al.,
2001); Ozaki laboratory, University of California, San Diego). Flinches were recorded for 60 minutes.
The mouse displays a biphasic incidence of flinching (Phase | or acute phase was defined as 0-9 min and

Phase |1 or tonic phase was defined as 10-60 min as indicated) and the data from each phase are summed

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 13, 2016 as DOI: 10.1124/jpet.116.235333
This article has not been copyedited and formatted. The final version may differ from this version.

JPET #235333

for statistical analysis and graphical representation. For testing compounds, slight modifications were
made to the protocol. In these studies, investigatory compounds were administered 30 minutes prior to
formalin injection. The left hind paw was injected with fresh 5% formalin prepared by diluting
formaldehyde (Formalde-fresh 20%, Fisher Scientific, Fair Lawn, NJ) with distilled water. Phase |l data

included the sum of flinches between 20 - 40 minutes after the formalin injection.

SNL in mice

Methods for mouse SNL were carried out according to the procedures devised by Kim and Chung (Kim
and Chung, 1992) with modifications as published previously (Kim and Chung, 1992; Yeet a., 2015).
At 5-7 weeks of age, male mice were anesthetized with isoflurane (2% at the oxygen flow rate of 1
mi/min). A skinincision (1 cm) was made 1 mm to the left of the dorsal midline, using the level of iliac
crests as the mid-point of the incision. The paraspina muscles were bluntly separated medial to theiliac
crest to reveal transverse processes between the caudal edge of lumbar level four (L4) and the rostral edge
of L6 (or sacrailiac junction in mice that had only five lumbar vertebrae (LV)). This approach facilitated
identification of spinal nerves L4, L5, and/or L6. The position of the last two lumbar transverse processes
in relation to theiliac crest was used to differentiate mice with five LV from those with six. Using these
bone landmarks, the number of LV a mouse possesses were accurately identified in the majority of cases.
Ligation of the L4 and L5 spinal nerves was performed by passing a suture under L5 with one pair of fine
forceps and pulling the suture out from the other side with another pair of fine forceps. After hemostasis
was confirmed, the incision was closed in two layers, with 5-0 vicryl suture for the dorsolumbar fascia
and wound clips for the skin. In sham-operated animals the surgical procedure was identical to that as
described above, except that spinal nerves were not ligated. Mice were given an injection of saline (1 ml)
and buprenorphine (0.05-0.1 mg/kg mice) immediately following the surgery and buprenorphine again at
approximately 12 and 24 h post-surgery (for atotal of 3 doses) to relieve surgery-induced pain. A

warming pad at 36 + 1 °C and a heating lamp were used to maintain normal body temperature of the
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animal throughout the surgery. Mice were individually housed after the procedure and were monitored

until complete recovery from anesthesia. For drug studies, mice were tested 3-4 weeks post-surgery.

M echanical Allodynia in mice via manual von Frey (mVF)

Mechanical allodyniawas assessed by testing the hindpaw withdrawal response (withdrawal, flinching,
licking) to a set of von Frey filaments (numbered 2.44, 2.83, 3.22, 3.61, 4.08, and 4.31 corresponding
approximately to force of 0.04, 0.07, 0.16, 0.4, 1, and 2 g, Stoelting Co. Wood Dale, IL) in an up-down
procedure as described by Chaplan et a. (Chaplan et al., 1994). Baseline von Frey tests were carried out
24 h prior to surgery, and repeated once a week for 3-6 weeks after surgery depending on experimental
design. For the von Frey tests, mice were placed in transparent polyethylene terephthal ate cylinders with
awire mesh floor to allow the experimenter to apply the von Frey filament to the mouse plantar surface.
Both paws were tested. The first von Frey filament applied was 3.61. If no response was elicited, the
next stronger filament was presented. |If there was aresponse the next weaker filament was presented.
There were total of six presentations of von Frey filaments. If the animal did not respond to the strongest
filament, 4.31, the test was ended. The 50% withdrawal threshold was calculated for each paw using the
up down method. Mice that exhibited 50% withdrawal threshold below 2 in any paw during baseline
testing were excluded from surgery and further assessment. Von Frey test experimenters were aways

blind to the nature of the surgery and the treatment.

Chronic Constriction Injury (CCI) in Rats

On the day of surgery, male Sprague-Dawley rats were transferred from the holding area to an aseptic
surgery suite. Animals were anesthetized with 2% isoflurane, placed in the prone position and the | eft
hind limb supported and immobilized with adhesive tape. Following shaving of the fur and disinfection
of the surgical site with betadine, a small incision was made in the mid posterior thigh to expose the
sciatic nerve. Four ligations, made of 4-0 chromic gut, were loosely tied around the nerve 1-2 mm apart

without interrupting the epineural blood supply (Bennett and Xie, 1988). A sham group of rats underwent
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asimilar surgical procedure but without the nerve ligation. On completion of the procedure, the incision
was closed with surgical thread, topical disinfectant (Povidone-lodine solution 1P) was applied locally and
Gentamicin (4 mg/kg) administered subcutaneously. Animalswere initially housed individually and then
pair-housed 3 days after surgery until behavioral testing. Separate groups of rats were evaluated for
thermal hyperagesia, cold allodynia, mechanical hyperalgesia or mechanical alodynia 2-4 weeks post

surgery.

STZ-Induced Diabetic Peripheral Neuropathic Pain in Rats

Male Sprague Dawley rats were fasted overnight and then treated with 50 mg/kg STZ prepared in 0.1M
citrate buffer (pH 4.5) (Courteix et al., 1993). Ratswere allowed food 1 h after STZ treatment and were
monitored for the next 48 h for any symptoms of hypoglycemia. Animals were evaluated for mechanical
allodynia beginning 5-6 weeks post STZ administration. Hyperglycemia, defined as a plasma glucose

level >250 mg/dL was confirmed in all subjects prior to testing.

Thermal Hyperalgesiain Rats

Thermal hyperal gesia was measured using the Hargreaves plantar test (Hargreaves et al., 1988). On the
test day, CCI rats were acclimatized for 1 h to the experimental room and then placed in observational
boxes situated on a temperature regulated platform maintained at 30 °C for 30 min. The paw withdrawal
latency following application of aradiant heat source of 35% intensity was measured for 3 trials (inter-
trial interval = 5-10 min) and the average latency calculated at each time point for each subject. To

prevent tissue damage, a cut-off time of 30 sradiant heat application was used.

Cold Allodyniain Rats

Cold alodyniawas assessed using a cold and hot plate antinociception meter (I1ITC Life Science
Incremental Hot Cold Plate Analgesia Meter). On the test day, rats were acclimatized for 1 h to the

experimental room and then placed into an observational box for 5 min. The latency to the first brisk
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lift/withdrawal or licking/guarding of the hindpaw was recorded at 10 'C. A general limb movement
involving coordinated movement of al four limbs (e.g. walking) was not considered as a withdrawal
response. To prevent tissue damage, a maximum cut-off time limit of 100 swas used (Tanimoto-Mori et

al., 2008).
M echanical Allodyniain Rats
Manual von Frey (mVF)

For CCI studies, rats were acclimatized for 1 h to the experimental room and then placed into
observational boxes with wire-mesh floors for 20 min. Paw withdrawal threshold was recorded using a
series of von Frey hairs with a force of 0.4g, 0.8g, 1.5g, 2.5¢, 49, 89, 10g and 20g (IITC Life Science Inc.,
model 2390 series) applied perpendicularly to the mid plantar surface (Chaplan et al., 1994). Brisk paw
withdrawal or licking immediate after pressure application was defined as a positive response and lack of
paw withdrawal within 6 sec was defined as a negative response. Ambulation was considered an
ambiguous response, and in such cases the stimulus was repeated. Both CCl/sham groups of rats were

evaluated for paw withdrawal threshold 2 week post surgery.
Electronic von Frey (eVF)

For STZ studies, rats were first acclimatized for 1 h to the experimental room and then placed into
observational boxes with wire-mesh floors for 20 min. Paw withdrawal threshold was recorded using an
electronic von Frey Aesthesiometer (Model No.: series 2390; [ITC Life Science, Woodland Hills, CA,
USA). Therigid eVF hair was applied to the mid-plantar surface with an ascending forcefor 6 s. The
maximum force at which the animal shows a withdrawal/licking response was recorded as the paw
withdrawal threshold as shown on the digital display. Withdrawal thresholds for each hind paw were
measured in two trials with an inter-trial interval of 5 min. The mean paw withdrawal threshold (g) of all

four trials was calculated for each time-point (Morrow, 2004).
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M echanical Hyperalgesia in Rats

Rats were handled before commencing the study and placed in asling suit and allowed to acclimatize for
20 s. Mechanical hyperalgesia was assessed using a digital paw pressure Randall Selitto instrument (1ITC
Life Science, Woodland Hills, CA, USA). Anincremental pressure was applied to the plantar surface of
the paw. Increasing force was applied until a vocalization/withdrawal response was observed with a 250 g
cut off applied to prevent tissue damage. The withdrawal threshold was measured in two trials (5 min
inter-trial interval) and all four readings were averaged to determine the mean nociceptive threshold (g)

(Santos-Nogueira et al., 2012).

Rat Tail Flick assay

Rats were transferred to the experimental room to acclimate for 1 hour and then selected randomly for
testing (D'’Amour and Smith, 1941). A radiant heat source (Panlab, LE7106 analgesia meter) was focused
on the marked area of tail approximately 5 cm from the distal end of the tail while the animals were held.
When the animal flicked their tail in response to the heat, the instrument stopped radiation and the time
was noted as the tail-flick latency. Three latency measurements were taken per animal separated by at
least 5 min and were averaged to determine the final latency. A maximum cut-off time of 10 sec was
used to avoid injury. Animals were tested 30 min after morphine administration and 90 min after LP-
533509 or vehicle administration. To evaluate the analgesic response, pre-treatment latency was
compared with post-treatment latency using paired t-test. Data are expressed as the mean+SEM with

p<0.05 being considered statistically significant.

Rat Hot Plate assay

Animals were acclimatized to the hot plate for 15 min one day before the test (Woolfe and MacDonald,
1944). On the test day, individual rats were placed on ahot plate (BIOSEB) 55 + 1 °C with a cut-off time
of 30s. Latency to response, such aslifting or licking a hind paw, jumping or vocalization, was recorded.
Baseline latency was recorded before the treatment. Animals were then administered morphine, LP-
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935509, or vehicle and the latency were recorded 30 min (Morphine) or 90 min (LP-935509 and Vehicle)
post dosing. Three latencies were measured at a minimum of 5 min intervals and were averaged to
determinethefina latency. To evaluate the analgesic response, pre-treatment latency was compared with
post-treatment latency using paired t-test. Data are expressed as the mean+SEM with p<0.05 being

considered statistically significant.

Rotarod Assay

Rotarod performance was measured using a Rotamex 5 instrument in male naive SD rats (230-250 g)
(Dunham and Miya, 1957; Watzman et al., 1964). Rats weretrained for 3 consecutive days on the
accelerating rod for 5 min. Thetraining session consisted of 2 trials per day, one each in the morning and
in the afternoon, where the rat was placed on a horizontally oriented accelerated rotating rod conFig.d to
accelerate at a speed of 2-20 rotations per minute (rpm) over 5 min. Each day’s second training session
ended with an additional training of 30 s at 0-14 rpm speed. On the test day, the rats were acclimated to
the testing room for an hour followed by dosing with vehicle or drug. At 1, 3 and 5 h post-treatment, rats
were placed on the accel erating rotarod and time spent on the rotating beam before falling was recorded
ina5 min test session. Animals able to remain on the rotarod for the entire test session were given a

score of 300 sec.

Intrathecal I njection

Rat was held firmly from the pelvic girdle with one hand while a 25 ul glass Hamilton syringe with 25 ga
needle was positioned and inserted between L4 and L5 of the spinal process at 75-80° angle relative to
taut skin plane (Hylden and Wilcox, 1980; Mestre et a., 1994). Once the injector senses the bone, the
needle was lowered to an approximately 30° angle and slips the needle between the vertebrae (Fairbanks,
2003). The solution was then injected very slowly in avolume of 10 pl and the needle rotated on
withdrawal. Thetip of the needle was inserted in such away as approximately 0.5 cm was within the

vertebral column. Test compounds were prepared in artificial CSF with HEPES buffer.
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In vivo spinal electrophysiology

Rats were anaesthetized with isoflurane (5% induction, 2—3% maintenance), and parayzed with
pancuronium (1 mg/kg iv). Animalswere artificialy ventilated and the arterial pressure was monitored.
A laminectomy was performed at the L1-5 vertebral level to expose the spinal cord, and a carbon fiber
recording electrode (Kation Scientific) wasinserted into laminaV of the dorsal horn using a SCAT
microdrive (FHC). Extracellular action potential spikes (either spontaneous or evoked) from single
neurons were isolated, amplified and filtered using (ExAmp-20KB, Kation Scientific). The spike
activities were acquired and analyzed using a CED 1401 interface and Spike 2 software (Cambridge
Electronic Design, Cambridge, UK). In experiments where CCI rats were used, electrophysiological
recordings were carried out in the rats 2-5 weeks post-surgery. In these animals, spontaneous action
potential spikes were recorded in the dorsal horn ipsilateral to the side of the sciatic ligation and spike
frequencies were determined. In the windup studies where naive rats were used, wide-dynamic range
(WDR) cellsinthe dorsal horn were identified according to their responses to innocuous mechanical
(brushing hindpaw skin) and noxious (pinching of the skin) stimuli. Trains of electrical stimuli (16
pulses, 2.0 ms duration, 2 nA intensity, 5 min interval) were applied through apair of fine needle
electrodes inserted subcutaneously into the receptive field of the plantar skin, and the stimulus intensity

was set to activate C-fiber-mediated spike activation.

LP-935509 and yohimbine were administrated by intravenous bolusinjections. For the
microiontophoresis test, double-barrel microelectrodes were inserted to the dorsa horn with one (carbon
electrode) to record single neuronal spike activity and another (glass barrel) to focally administer BMT-

124110 by microiontophoresis (30 mM, pH 4, +10-30 nA, 3 min).
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RESULTS

AAK 1 knockout mice have an antinociceptive phenotypein the formalin assay and spinal nerve

ligation (SNL) model

To identify novel therapeutic targets for neuropathic pain, 3097 homozygous mouse knockout lines
representing the druggable genome (Brommage et a., 2014) were tested in the formalin assay (Dubuisson
and Dennis, 1977). In thisassay, mice are injected in one hindpaw with dilute formalin and the
behavioral response of hindpaw flinches is observed. Quantifying the number of flinches over time
thereby provides a measure of pain behavior. Flinches are further divided into those occurring within the
first 10 minutes (phase 1), which primarily represent an acute pain state, and those that occur between 10
and 60-90 minutes (phase 1), which reflect atonic pain state similar to the relatively long-lasting stimuli
in human disease (Dubuisson and Dennis, 1977) such as neuropathic pain. The AAK1 knockout line
exhibited a reduced number of flinchesin the phase Il formalin response (Fig. 1A). This reduced
formalin response was not due to suppressed motor function (which can masguerade as lessened pain
behavior) since AAK1 knockout mice were indistinguishable from wild-type animals in the open field

assay (Fig. 1B).

The AAK1 knockout mice and wild-type control mice were then tested in a SNL model commonly used
to evaluate treatments for neuropathic pain (Kim and Chung, 1992; Yeet a., 2015). In this model,
ligation of the L4 and L5 spinal nerves resulted in mechanical allodynia, a painful response to a normally
benign tactile stimulus, which devel oped by three days post-surgery and persisted for at |east three weeks
in wild-type mice (Fig. 1C). In contrast to wild-type mice, AAK1 knockout mice did not develop
mechanical alodyniafollowing surgery over this same post-surgery period (Fig. 1C). These datawere
consistent with the lack of persistent pain response in the formalin assay and indicate that AAK1 plays a

role in the devel opment of persistent and neuropathic pain states.
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A broad phenotypic screen was used to |ook for other phenotypes in the AAK1 knockout mice
(BeltrandelRio et al., 2003). No consistent phenotypes were observed beyond the pain phenotypes

described.

A review of the scientific literature indicated that the AAK1 protein was a serine/threonine protein kinase
that was implicated in endocytosis (Conner and Schmid, 2002). Endocytosis via clathrin-coated vesicles
isamajor mechanism to move cell surface proteins to endosomes or lysosomes for recycling or
degradation, respectively (reviewed in (Traub, 2009)). Cell-surface proteins are targeted for clathrin-
mediated endocytosis by binding the AP-2 adaptor complex. AP-2 consists of four proteins, including the
o-subunit, B2 subunit, u2 subunit, and 62 subunit. A variety of sorting signals are used for recognition
by the AP-2 complex; one such recognition signal is binding of the pn2-subunit to the Y XXPhi motif in
proteins, where X is any amino acid and Phi is a bulky hydrophobic amino acid. The AAK1 kinase
phosphorylates threonine 156 of the u2-subunit, inducing a conformational change that facilitates binding

of YXXPhi matifs and thereby enhances endocytosis (Jackson et al., 2003).

Identification of an AAK 1 inhibitor

The absence of a pain phenotype for AAK1 knockout mice in the SNL model led us to hypaothesize that
an AAK1 kinase inhibitor might be an effective way to reduce neuropathic pain. To test this hypothesis,
selective, small-molecul e inhibitors of AAK1 suitable for in vivo studies were identified. In particular, a
high-throughput screen and subsegquent |ead optimization effort led to the identification of a potent and
orally available AAK1 inhibitor LP-935509 (Fig. 2A). In an enzyme assay using the human AAK1 kinase
domain (amino acids 30-330), LP-935509 inhibited phosphorylation of a peptide derived from the u2
protein with an ICsovalue of 3.3 £ 0.7 nM (n=8) (Supplemental Fig. 1A). To test the activity of LP-
935509 in an intact cellular system, the compound was incubated with HEK 293 cells overexpressing
human AAK1 and the human p2 protein. These studies showed that LP-935509 inhibited p2

phosphorylation with an ICsp value of 2.8 + 0.4 nM (n=26) (Table 1, Supplemental Fig. 1B). Additional
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enzymatic studies showed that LP-935509 was competitive with ATP with aKi of 0.9 nM (Supplemental

Fig. 2).

To better understand LP-935509 kinase selectivity, we evaluated the effect of LP-935509 on the kinase
activity of the two most closely related kinases, BIKE and GAK (77% and 39% amino acid identity vs.
AAK1 in the kinase domain, respectively). These studies showed that LP-935509 was a potent inhibitor
of BIKE (1Csp=14 nM) and a modest inhibitor of GAK (1Cs,=320 = 40 nM). To test additional kinases,
the ability of 1 uM LP-935509 to inhibit the binding of 389 kinases to an ATP binding probe was
measured. These studies showed that LP-935509 inhibited more than 70% of probe binding to 13
kinases, including BIKE (Supplemental Table 1). None of these other LP-935509-binding kinases have a
known connection to pain modulation. In addition, the comparison of kinase profiling data across severa
of our other AAK1 inhibitorsindicated alack of consistent inhibition at any other kinase aside from

BIKE (data not shown).

To further understand the pharmacol ogy of LP-935509, the compound was tested at multiple
concentrations in functional or binding assays for 43 receptors, transporters and enzymes (Supplemental
Table 2). LP-935509 was inactive at up to 10 uM in the vast mgjority of the assays (42 of 43), with the
most potent interaction observed for PDE4 (ICso = 8.4 uM). Severa receptors and transporters associated
with nociception were among those evaluated including: Kappa and Mu Opioid receptors (binding 1Cso >
30 uM), NET (ICsp = 22 uM), SERT (ICso > 30 M), Alpha 2A and Alpha 2C adrenergic receptors
(binding 1Cso > 30 M) and positive modulation of GABAa aphal and GABAaalpha 2 containing

channels (ECsp = 12 uM and 12 pM respectively).

Taken together, these studies show that LP-935509 is a potent and selective AAK 1 kinase inhibitor.
While the inhibition of BIKE could contribute to nociception, it is unlikely that other pharmacol ogic

activities of LP-935509 are relevant for nociception.

An AAK1inhibitor recapitulates the AAK 1 knockout antinociceptive phenotypein mice
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To facilitate the use of LP-935509 in mouse behavioral studies, the pharmacokinetic properties of LP-
935509 in mice were quantified. For these studies, four mice were dosed with LP-935509 either
intravenously (1 mg/kg) or oraly (10 mg/kg). Blood samples were taken over a 24 hour period and LP-
935509 plasma level s were determined (Supplemental Fig. 4). Pharmacokinetic (PK) parameters were fit
to standard PK models. This analysis showed that LP-935509 had 100% oral bioavailability and a plasma
typ0f 3.6 h. The Cmax for the 10 mg/kg oral dose was 5.2 UM at 0.5 h post dose. In addition, LP-935509
had a plasma free fraction of 2.6% in mice. Brain drug levels exceeded plasmadrug levelswith a
brain/plasma drug ratio typically between 3 and 4 showing that LP-935509 was highly brain penetrant.
Based on this data, LP-935509 was considered a suitable compound for oral delivery to evaluate the

effect of AAK1 inhibition on naciception.

The effect of LP-935509 on the formalin phase |1 responses was tested to determine if a small molecule
AAK1 inhibitor could recapitulate the AAK1 knockout phenotype. These studies showed that oral
delivery of LP-935509 caused a dose-dependent reduction in phase Il paw flinches that were significantly
lower than the vehicle-treated animals (Fig. 3A). In particular, 30 mg/kg and 60 mg/kg LP-935509
caused arobust reduction in pain behavior similar to a high dose of gabapentin (200 mg/kg) (Fig. 3A).
LP-935509 was then tested in the mouse SNL model and oral delivery exhibited a dose-dependent
reversal of the mechanical alodyniawith 60 mg/kg-treated mice displaying behavioral responses to
tactile stimuli similar to a pre-surgery mouse by 120 minutes post-dose (Fig. 3B). As expected,
Gabapentin (200 mg/kg) also reduced mechanical allodyniain thisassay. Unlike high doses of
gabapentin which are known to cause motor impairment and sedation, the effects of LP-935509 in the
mouse formalin and SNL assays were not due to decreased locomotor activity as mice treated orally with
the same doses of LP-935509 were indistinguishable from vehicle-treated animals in the open field assay

(Fig. 3C).

LP-935509 plasmaand brain drug levels were measured in satellite animals during the mouse formalin,

SNL, and open field tests (Supplemental Table 3). These measurements showed that brain drug levels
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exceeded plasmadrug levels showing that LP-935509 is highly brain penetrant and suggesting that LP-
935509 broadly distributed to tissues. For the mouse formalin and SNL assays (Fig. 3A and 3B), LP-
935509 reversed approximately half of the behavioral deficit at 10 mg/kg, which corresponded to free
drug levelsin satellite animals at 30-120 minutes that were about 30-fold higher than the cellular 1Cs

value of 2.7 nM (Supplemental Table 3).

To better understand the relationship of LP-935509 efficacy to exposure, the compound was dosed in the
SNL mice at 3, 10 and 30 mg/kg and testing was carried out at several times concluding with afinal time
of 24 hours (Fig. 4). LP-935509 plasma exposures were determined using satellite mice. Efficacy peaked
by 2 hours, declined by 5 hours, and was absent by 24 hours. Total plasma exposures were highest at the
30 minutes and declined by 24 hours to less than 2% of the peak exposure. This data suggests that

efficacy is correlated with drug levels with efficacy delayed approximately ~2-3 hours from exposure.

LP-935509 was then evaluated in a5 day repeat dosing study in SNL mice to test for tolerance (Fig. 5).
Mice received two daily doses of 3, 10 or 30 mg/kg per day for 5 days. Efficacy was consistent at each
dose level from day to day revealing no evidence for tolerance or potentiation with repeated dosing.
Exposures and efficacy levels were consistent with previous studies. Plasma exposures indicated

compound levels were not altered by repeated dosing relative to single doses (Supplemental Table 6).

Given the potent inhibition of BIKE activity and the absence of data regarding the impact of BIKE
inhibition on neuropathic pain, we generated BIKE knockout mice. SNL surgery of BIKE knockout mice
revealed that these mice devel oped 30% less alodynia after SNL surgery than wild-type mice
(Supplemental Fig. 3). Whiletheloss of BIKE was not asimpactful as AAK1 loss on mechanical

alodyniain the SNL model, BIKE inhibition may contribute to antinociception from LP-935509.

An AAK 1 inhibitor isantinociceptive in rat models of neuropathic pain but not acute pain

To facilitate the use of LP-935509 in rat behavioral studies, the pharmacokinetic properties of LP-935509
in rats were quantified. For these studies, three rats were dosed intravenously with 2 mg/kg LP-935509
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and three rats were dosed orally with 10 mg/kg LP-935509. Blood samples were taken at 10 times over a
24 hour period and LP-935509 plasma levels were determined (Supplemental Fig. 5). Pharmacokinetic
parameters were determined by non-compartmental analysis. This analysis showed that LP-935509 had
50% oral biocavailability and a plasmaty, of 4.0 h. Brain drug levels exceeded plasmadrug levels with a
brain/plasma drug ratio of 2.3 showing that LP-935509 was highly brain penetrant. The Cmax for the 10
mg/kg oral dosewas 3.1 UM at 1.3 h post dose. In addition, LP-935509 had a plasma free fraction of
2.6% inrat. Based on thisdata, LP-935509 was considered a suitable compound for oral delivery to

evaluate the effect of AAK1 inhibition on nociception.

The effect of LP-935509 on antinociception was further explored in rats since this species is commonly
used to evaluate novel antinociceptive agents. LP-935509 was first tested in the chronic constriction
injury (CCl) model. Inthisassay, the sciatic nerve isloosely ligated which creates a neuropathic state
within afew days after surgery which lasts for several months (Bennett and Xie, 1988). In CCI animals,
oral LP-935509 caused a dose-dependent reversal of thermal hyperalgesia (Fig. 6A), cold allodynia (Fig.
6B), mechanical alodynia (Fig. 6C), and mechanical hyperalgesia (Fig. 6D). In particular, LP-935509
completely reversed thermal hyperalgesia and mechanical alodyniaat 10 and 30 mg/kg, with most assays
showing significant antinociceptive activity at lower doses (ranging from 0.3 mg/kg to 3 mg/kg). The
maximal reversal of the pain response was similar to that obtained by a high-dose gabapentin. The effects
of LP-935509 on the CCI pain responses were not due to reduced functional motor abilitiesas oral LP-
935509-treated animals were indistinguishable from vehicle-treated animals in the rat accel erating rotarod
assay (Fig. 6E). In contrast, the 100 mg/kg dose of gabapentin used in these studies caused motoric
impairment which could confound measurement of the pain response. In our studies, gabapentin effects
on pain behavioral measurements and impairment in rat rotarod were not well separated with impairment

in rotarod occurring at doses as low as 30 mg/kg, the minimal efficacious dose (Supplementa Fig. 6).

LP-935509 was then tested in the streptozotocin (STZ) model of diabetic peripheral neuropathy (Courteix

et al., 1993). Inthismodel, rats are administered STZ (50 mg/kg) which kills insulin producing
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pancreatic betaislet cells thereby creating a diabetic state that is accompanied by allodynia and
hyperalgesiawhich increase progressively over 2-4 weeks. LP-935509 caused a dose-dependent reversal
of mechanical allodyniain the STZ-treated rats to control levels (Fig. 6F). The antinociceptive efficacy

observed at 3 mg/kg to 30 mg/kg was similar to high dose (100 mg/kg) gabapentin.

LP-935509 plasma and brain drug levels were measured (Table S3) after the behaviora studiesin CCl
and STZ rats (Fig. 6A-F). In these studies, LP-935509 reversed the behavioral deficits with EDsp values
ranging from 2 mg/kg to 10 mg/kg, which corresponded to plasma drug levels at 180-240 minutes that

were about 8-fold higher than the cellular ICs value of 2.7 nM (Supplemental Table 3).

LP-935509 was then tested in assays for acute pain, including the hot plate and tail flick assays. In the
hot plate assay, animals are placed in achamber on a hot (55 °C) temperature controlled surface and the
time to exhibit a hind limb response (e.g., licking or ‘dancing’) or ajump-escape response (i.e., leaping up
onto the top edge of the enclosing chamber) is recorded (Woolfe and MacDonald, 1944). Thetime
between placement of the animal into the test chamber and the display of aresponseis recorded as the
hind limb response latency. To prevent tissue damage, animals which fail to exhibit ahind limb response
by the cutoff time of 30 seconds are removed from the test chamber. In thetail flick assay, aradiant heat
source is positioned above the tail and directed through an aperture to stimulate the tail (D'Amour and
Smith, 1941). The time between lamp onset and the response of flicking the tail to escape the thermal
stimulusis recorded astail flick latency. To prevent tissue damage, animals that fail to respond to the
radiant heat by the cut-off time of 10 sec are removed from the stimulus. In both the hot plate and tail
flick assays, 30 mg/kg oral LP-935509 did not affect the pain response, while 5 mg/kg morphine was
highly analgesic (Fig. 6G, H). The 30 mg/kg LP-935509 dose is maximally efficacious in our
neuropathic pain models. Taken together, these results show that LP-935509 reduces neuropathic pain

behaviorsin mice and rats but does not affect acute pain perception.

AAK 1 inhibitors cause antinociception by inhibiting AAK 1 in the spinal cord
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AAK1 isbroadly distributed throughout the body and LP-935509 is a highly permeable compound that is
widely distributed to tissues. Hence, neither the target location nor the compound distribution is
informative as to the location of the relevant pool of AAK1 for antinociception. To help addressthis
question, LP-922761 was identified (Fig. 2C). LP-922761 is a potent and selective AAK1 inhibitor with
an invitro 1Cs value of 4.8 + 0.8 nM and acellular ICso value of 7.6 £ 0.7 nM (Table 1). While LP-
935509 has a brain to plasmadrug level ratio >2, LP-922761 had a brain to plasmaratio of 0.007
indicating that LP-922761 was essentially restricted to the peripheral compartment. When oral LP-
927761 (60 mg/kg) was tested in the mouse for relief of mechanical allodyniafollowing SNL surgery, the
compound was not antinociceptive (Fig. 7A) whereas gabapentin (200 mg/kg) showed significant activity
in the same assay. The inactivity of oral LP-922761 was not due to inadequate drug exposure because
drug levels at the time of behavioral testing exceeded those of LP-935509 both with respect to total (> 11
uM) and free drug levels (> 1,200 nM ) (Supplemental Table 3). These results with LP-922761 show that

AAK1 inhibitors must cross the blood-brain barrier to be antinociceptive.

We next investigated intrathecal injection of an AAK L1 inhibitor to determine whether AAK1 inhibitors
could act at the level of the spinal cord. LP-935509 was not suitable for these studies due to poor aqueous
solubility. Instead, we identified BMT-090605 (Fig. 2B) as a potent, selective AAK1 inhibitor (cellular
I1Cso = 0.63 + 0.39 nM) with suitable physiochemical properties for intrathecal injection (Table 1). BMT-
090605 (0.3 - 3 ug/rat) was delivered intrathecally at lumbar level L5/L6 to CCl animals. Behaviora
evaluation of these animals showed that spinal delivery of BMT-090605 caused a dose-dependent
reduction in thermal hyperalgesia (Fig. 7B). The high dose of BMT-090605 (3 ug/rat) showed efficacy
comparableto intrathecal clonidine (3 pg/rat). Exposure measurements from this study indicated that
brain and plasma levels of BMT-090605 were <4 nM, while measurable levels (90-317 nM) were
observed in lumbar spinal cord (Supplemental Table 4). Total compound levels are >100 fold the cellular

ICso (Supplemental Table 3) at the lowest dose. In addition, thereislikely acompound gradient in the
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tissue with higher exposures in the pain related dorsal horn. These data show that AAK1 inhibition

localized to the spinal cord is sufficient for antinociceptive efficacy in CCI rats.

AAK 1 inhibitors decrease neural activity in pain-related circuits at the spinal level

Rats with chronic constriction injury have increased spontaneous activity in the dorsal horn neurons of the
spinal cord (Laird and Bennett, 1993; Liu and Walker, 2006). To test the effect of AAK1 inhibitors on
this activity, we devel oped methods to record spontaneous activities from the spinal cord in anesthetized
rats. Inthis assay, spontaneous action potential spikes from single neuronsin the laminaV of the spinal
cord wereisolated and recorded extracellularly, and the response of the spike frequency to compound
treatment was tested. These studies showed that rats that had undergone the CCl procedure had elevated
spontaneous activity at an average of 23.3 + 2.4 Hz in the spina dorsal horn neurons in comparison to 1.2
+ 0.3 Hzinrats that had not undergone the CCl procedure. The effect of LP-935509 on this increased
spontaneous activity was then tested using intravenous delivery to more precisely control the onset of
drug action upon electrophysiological responses. These studies showed that LP-935509 reduced CCI-
induced increases in spontaneous activity at 3 mg/kg (Fig. 8A). LP-935509 effects on spontaneous firing
began within 8 min of infusion and achieved near complete blockade of injury-induced activity by 10
min. Blockade persisted for another 10 min and then showed a partial reversal at later times consistent
with an expected reduction in drug levels. These studies were extended to multiple doses showing that
LP-935509 (0.3 to 3 mg/kg) caused a dose-dependent reduction in spontaneous activity in CCl animals
(Fig. 8B). LP-935509 was effective in the majority of neurons (7/10) in this study suggesting that AAK1
antinociception is restricted to a subset of neurons that are activated by CCI. To determine if AAK1
antinociception required the engagement of descending pain pathways, the spinal cord of CCI rats was
transected at T8-T9 and the effect of LP-935509 on spontaneous activity was tested. AAK1 inhibition
continued to produce a suppression of injury-induced activity in spinally transected animals and also
achieved anear complete blockade lasting for several minutes (Fig. 8C). Comparing these two

experiments showed that spinal cord transection did not affect the AAK1 inhibition-induced reduction of
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spontaneous activity in CCI rats. The effect of LP-935509 (1 mg/kg) was the same regardless of whether
the spinal cord was intact (Fig. 6B) or transected (Fig. 8D). These dataindicate that intact descending
pathways are not required for AAK1 inhibitor effects on spontaneous firing and suggest that either
periphera or local spina action is sufficient to account for the observed reduction in spontaneous activity

in CCI rats.

Windup is another el ectrophysi ologic measure that is affected by drugs that are used to treat neuropathic
pain (Arendt-Nielsen et al., 2011). In the animal assay of windup, atrain of 16 electrical stimuli (2 ms,
0.5 Hz, 2 mA) was delivered transcutaneously to the hindpaw to activate C-fiber-mediated windup
activity of the wide-dynamic range (WDR) neurons in the spinal dorsal horn of naive rats, and the effect
of LP-935509 on the windup activity was then examined. These results showed that 1 and 3 mg/kg LP-
935509 administered intravenously reduced windup activity in a dose-dependent manner (Fig. 8E, F). In
this study, 9/12 animals significantly responded to LP-935509 suggesting that a majority, but not all,
neuronsin the pain circuit are regulated by AAK1. To determineif the AAKL inhibitor effects on windup
were operating in the spinal cord, BMT-124110 (cellular ICso = 3.2 + 1.4 nM) (Fig. 2D) was added
directly onto the spinal cord by microiontophoresis leading to reduction in windup-induced activity in
10/14 animas (Fig. 8G, H). BMT-124110 is structurally similar to BMT-090605, but had the appropriate
combination of solubility and charge required for microiontophoresis. In this procedure, double-barrel
microel ectrodes were used to record neuronal activity and to apply BMT-124110 by microiontophoresis.
Taken together, these results indicate that AAK1 antinociception results from inhibition of pain circuitsin

the spinal cord.

Alpha2 adrenergic antagonist blocks AAK 1 inhibitor-induced antinociception and inhibition of

spontaneous neur al activity

To further probe the mechanism of AAK1 inhibitor antinociception, chemical inhibitors of known pain

pathways were tested to determine if they blocked AAK1 inhibitor effects. We first tested the effect of
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naloxone, an inhibitor of opioid signaling. These studies showed that naloxone did not affect the ability
of LP-935509 to reduce mechanical allodyniain the STZ model of diabetic pain (Fig. 9A). Naloxone was
pharmacologically active in these experiments since naloxone fully inhibited the activity of the opioid
agonist morphine. These dataindicate that AAK1 inhibitors do not work through or require opioid
signaling. In a separate study, we evaluated potential interactions with the noradrenergic pain regulating
system. Y ohimbine, an inhibitor of alpha2 adrenergic receptors, prevented LP-935509 reductions in CCl
thermal hyperalgesiaand STZ mechanical allodynia (Fig. 9B, C). As expected, yohimbine also blocked
the antinaciceptive effects of tizanidine, an alpha 2 adrenergic agonist, in these thermal and mechanical
hyperalgesia assays. LP-935509 exposures did not differ significantly with and without yohimbine co-
treatment (Supplemental Table5). Similar data was generated with the AAK1 inhibitor BMT-090605
(data not shown), indicating the interaction of AAK1 and alpha2 adrenergic pathways was a genera
feature of AAK1 inhibition. LP-935509 and BMT-090605 do not alter adrenergic ligand binding to
human alpha 2A and alpha 2C receptors and showed little or no agonist activity in recombinant cellular
alpha 2A and alpha 2C cellular assays (Table 1). These data suggests that these AAK1 inhibitors are not

acting directly on alpha 2 adrenergic receptors.

Similar pharmacol ogic effects were also seen in whole animal in vivo electrophysiology studies of CCl
rats. The LP-935509-induced reduction in CCl-evoked spontaneous activity (Fig. 10A, top trace) was
blocked by pretreatment with yohimbine (Fig. 10A, bottom trace). Y ohimbine alone was without
significant effect, but fully prevented the reduction in spontaneous activity of spinal cord dorsal horn
neurons shown by LP-935509 (Fig. 8B). Thus, in both behavioral (Fig. 9B) and el ectrophysiological

(Fig. 10A, B) assays, yohimbine pretreatment prevented the beneficial effects of LP-935509 in CCI rats.
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DISCUSSI ON

This study identified AAK1 as anovel target for antinociception using the formalin assay to screen
knockout mice. The ability of AAK1 knockouts to significantly reduce formalin phase Il responses was
extended to show that AAK1 knockouts also fail to develop mechanical allodyniain the mouse SNL
model of neuropathic pain. AAK1 knockout mice exhibited no other phenotypes in abroad phenotypic
screen suggesting AAK 1 is a promising target for reducing neuropathic pain while avoiding other
mechani sm-based toxicities. Based on these findings, selective and potent small-molecul e inhibitors of
AAK1 kinase activity were discovered. These AAK1 inhibitors dose-dependently reduced nociceptive
behavioral responsesin multiple rodent assays of neuropathic pain, inhibited spontaneous neuronal
activity in the spinal cord due to chronic constriction injury and blocked the devel opment of windup
normally elicited by repeated electrical pulses. The effectsin behavioral assays of neuropathic pain were
present across a variety of stimulus modalities (thermal, mechanical, chemical, electrical) without
confounding motor deficits. Multiple day dosing of AAK1 inhibitor in the SNL model showed no

evidence of tolerance.

AAKZ inhibition did not alter acute nociception in the phase | formalin test, hot plate assay, and tail flick
assays suggesting that AAK1 inhibition causes a selective antineuropathic effect while leaving normal
nociception intact. The behavioral impact of AAK1 inhibitors was mirrored electrophysiologically in the
selective dampening by AAK1 inhibition of spontaneous neuronal activity following CCI injury, while
preserving some ongoing activity like that observed in non-injured control animals. Similarly, the peak
effect of AAK1 inhibition observed in normal animalsin the windup assay did not drop below the

baseline activity observed in thefirst pulse.

The blockade of AAK1-inhibitor induced antinociception and electrophysiologic effects by alpha2-
adrenergic inhibitors links AAK1 inhibition to a mgjor inhibitory pain pathway used by endogenous and

exogenous antinociceptives. In particular, the most commonly prescribed medications for neuropathic
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pain, gabapentinoids, tryclic antidepressants, and SNRIs, act (at least in part) through the a pha2-
adrenergic pathway (Fairbanks et al., 2009). In addition to linking AAK1 to the a pha2-adrenergic
pathway, our studies provide clues to the antinociceptive mechanism of AAK1 inhibitors. Theinhibitory
effects of AAK L inhibitorsin spinal cord preparations and failure of spinal transection to reduce AAK1
inhibitor suppression of spontaneous activity suggest that AAK 1 inhibition acts at a spinal level to reduce
ascending pain signals. This may involve modification of synaptic transmission from dorsal root
ganglion cell terminalsin the dorsal horn or even atering local circuits within the dorsal horn. Attempts
to further define the cellular site of action using spina dlice electrophysiology were hampered by the
relative paucity of tools to precisely define and modulate specific neuronal populations. AAKL mRNA is
expressed in the many brain areas as shown in the Allen Brain Atlas and and AAK1 protein
immunoreactivity is detected in the spinal cord (Shi et a., 2014). Thus, while we have focused on the
spinal cord site of action as sufficient for AAK 1 inhibitor antinociceptive effects, we cannot rule out a

possible supraspinal contribution with systemic administration.

Given therolefor AAK1 in endocytosis, we hypothesized that reduced endocytosis of akey cell surface
protein(s) involved in transmitting pain signals could explain AAK1 antinociception. Based on this
hypothesis, we searched for proteins with the Y XXPhi motif that might have a known function that could
explain therole of AAK1 in neuropathic pain. While neither apha2A nor Alpha2C adrenergic receptors
contained this motif, GABAA y2 protein contained this motif. The GABAA y2 protein isacomponent of
GABA channels which contain o, B, and y subunits. Activation of these channels by gamma-
aminobutyric acid (GABA) increases chloride conductance thereby typically decreasing membrane
potential and action potentials. The importance of endocytosis for regulating surface levels of p2-
containing GABA 4 channelsis supported by two experiments. First, a peptide inhibitor of GABA, Cl-
channel-u2 binding increased GABA » dependent mini- inhibitory post-synaptic currents in striatal
neurons (Kittler et al., 2008). Second, a naturally occurring GABA y2 protein mutation (R43Q) found in

a patient with childhood epilepsy increased cell surface levels by decreasing endocytosis (Chaumont et
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a., 2013). Theimportance of u2-dependent endocytosis on GABA Cl-channel function is particularly
interesting given the role of GABA Cl-channel in nociception. In particular, multiple studies show that
GABA agonists are antinociceptive in preclinical models of heuropathic pain but not human pain perhaps
due to dose-limiting sedation or tolerance (reviewed in (McCarson and Enna, 2014; Zeilhofer et al.,
2015)). The antinociceptive activity of GABAA agonists has been localized to the spinal cord where
GABA receptors are found on primary sensory neurons and intrinsic dorsal horn neurons. Taken
together, the antinociceptive effects of increasing GABA activity and its dependence on u2 endocytosis

make GABA  channels an appealing hypothetical target of AAK1 antinociceptive effects.

While we have focused on the more studied role of AAK1 in modulating cargo capture in clathrin-coated
endocytosis through p2 phosphorylation, there are several other AAK1 related activities that have been
reported. One group identified AAK1 (S635) as a substrate for the kinase NDR1/2 and showed that
AAK1 plays arolein dendritic branching and length in cultured rat hippocampal neurons (Ultanir et al.,
2012). Therelevance of these observations for the role of AAK1 in neuropathic pain is unclear since
these dendritic effects took days to manifest while AAK1 antinociception occurred within minutes.
Another group reported that AAK1 knockdown or inhibition leads to ErbB4 accumulation in PC12 cells
and potentiates Nrg1-ErbB4 mediated neurite outgrowth (Kuai et al., 2011). Interestingly, intrathecal
injection of the Nrgl peptide was recently found to be antinociceptive in the SNL model (Wang et al.,
2014). AAK1 has aso been reported as a positive regulator of the notch pathway (Gupta-Rossi et al .,
2011) which has been linked to pain. In particular, Notch inhibition with a gamma-secretase inhibitor
reduced neuropathic pain in the rat SNL model while Jagged-1, a Notch ligand, increased pain sensitivity

(Xieet a., 2015).

The failure of opioid antagoniststo inhibit AAKL inhibitor antinociception shows that AAK1
antinociception does not use the opioid system, amajor inhibitory pain pathway used by endogenous and
exogenous antinociceptives (Fields, 2004). Studies with alpha2 adrenergic agonists and opioids,
however, raise the possibility that AAK1 inhibitors will synergize with opioids for antinociception. In
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particular, amajor use for clonidine, an apha2 adrenergic agonist, is as an opioid adjuvant. Synergy of
alpha2 adrenergic agonists and opioids is supported by preclinical (Stone et ., 2014) and clinical studies
(Teasdll et d., 2010; Engelman and Marsala, 2013). AAK1 inhibition may provide a means to obtain this
synergy with the ease of oral delivery while avoiding the unwanted side effects of systemic alpha

adrenergic agonism.

The structural diversity of these AAKL inhibitors used in this study support the conclusion from AAK1
knockouts that that AAK 1 inhibition is antinociceptive. It was difficult to identify AAK1 inhibitiors that
did not inhibit BIKE. Relatively little is known about BIKE, however it has been implicated in the
differentiation of osteoclastsin vitro (Kearns et al., 2001). We found that BIKE knockouts were normal
in the phenotypying batterry, except for partial resistant to pain in the SNL model, bred normally, and

BIKE-AAK1 double knockouts were viable and healthy (data not shown).

We observed minor differences in the predicted plasma free drug coverage of the cellular ICso valuesin
micerelativeto rats. In particular, efficacious free plasma concentrations for LP-935509 averaged 30-
fold and 8-fold the cellular 1Csq in mice and rats, respectively. These differences were likely due to the
sampling times to determine drug levels where mice were typically sampled 30 min to 120 post dose
while rats were typically sampled 180 min to 240 min post dose. Regardless of these differences, the
comparison of free plasmadrug levels with cellular 1Csy values indicates that several fold coverage of the

cellular 1Cs is required for maximal antinocioception.

The lack of significant non-pain related phenotypesin the AAK1 knockout mice and AAK1 inhibitor
treated mice raise the hope that AAK1 inhibitors can provide antinociception without the side effects that
limit current drugs targeting neuropathic pain. Gabapentinoids such as gabapentin and pregabalin, which
currently dominate the neuropathic pain market, are dose-limited by sedation and cognitive impairment
and provide only very modest symptom control for most patients. We observe little or no separation

between the minimum doses of gabapentin that produce efficacy in rat neuropathic pain models and those
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that cause impairment in the accelerating rotatod. Across the range of doses tested, those which produced
significant efficacy aso produced significant deficits in motor impairment. In contrast, in these same
assays we have observed substantial separation between doses of AAK1 inhibitors that provide significant
antinociceptive effect and the dose tested in motor impairment (which for AAK1 inhibitors failed to show

any significant motor deficits at the max dose tested, suggesting potential for an even greater separation).

Using alarge scale mouse knockout and phenotypic screening approach, we identified AAKL asa
potential new target for neuropathic pain. We have further demonstrated that it is possible to generate
brain penetrant and orally active, selective AAK1 inhibitors with drug-like properties that are effectivein
both ligation and diabetic neuropathy models without dose limiting side effects or aterations in normal

nociception. We believe this represents a promising new direction for novel neuropathic pain therapy.
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FIGURE LEGENDS

Fig. 1. AAK1 knockout mice have an antinociceptive phenotypein the formalin assay and SNL

model.

(A) Hindpaw flinchesin formalin phase | and phase Il from wild-type (WT) and AAK 1 knockout
(AAK1 KO) mice (n = 25-56 per group, male and female mice distributed equally between
groups). ***p<0.001 vs. WT by 2-way repeated measures ANOVA (RMANOVA) followed by
Bonferroni’s post-hoc test.

(B) Distancetraveled in open field testing of WT (n = 15) and AAK1 KO mice (n = 20). Maeand
female mice were used and distributed equally between groups. p=0.27 unpaired t-test.

(C) Mechanical allodyniameasured using manual von Frey (mVF) fibers after SNL surgery for WT
(n=15) and AAK1 KO mice (n = 22). Maeand female mice were used and distributed equally
between groups. ***p<0.001 vs. WT by 2-way RMANOV A followed by Bonferroni’s post-hoc

test.

Fig. 2. Chemical structure of AAK1inhibitors

(A) LP-935509
(B) BMT-090605
(C) LP-922761
(D) BMT-124110
(E) LP-927443

(F) BMS-901715

Fig. 3. AAK 1linhibitor LP-935509 recapitulates the knockout phenotypein mice.
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(A) Mouse phase Il formalin responses after oral vehicle (Veh), gapapentin (GBP) (200 mg/kg), or
LP-935509 (10, 30 or 60 mg/kg) (n = 8-10 male mice per group). **p<0.01vs. Veh by 1-way
ANOVA followed by Dunnett’st test.

(B) Mechanical allodyniaover time post-dose (doses asin A) in mice with SNL injury after oral
vehicle, GBP, or LP-935509 (n = 9-13 male mice per group). ***p<0.001 vs. vehicle by
RMANOVA followed by Dunnett’st test.

(C) Open field locomotor activity of mice at 30 min after oral (dosesasin A) vehicle, GBP, or LP-

935509 (n = 7 male mice per group). p=0.27 by 1-way ANOVA.

Fig. 4. AAKlinhibitor LP-935509 efficacy in SNL model follows plasma exposure

(A) Mouse SNL mechanical alodynia responses after oral vehicle (Veh), gabapentin (GBP) (200
mg/kg), or LP-935509 (3, 10 or 30 mg/kg) (n=4-7 male mice per group). ***p<0.001 vs. vehicle

by RMANOVA followed by Dunnett’st test.

Fig. 5. AAK 1linhibitor LP-9355009 efficacy in SNL model does not change with repeat dosing

(A) Mouse SNL mechanical alodynia responses with BID dosing over 5 consecutive days with oral
vehicle (Veh), gabapentin (GBP) (200 mg/kg), or LP-935509 (3, 10 or 30 mg/kg) (n=4-7 male

mice per group). ***p<0.001 vs. vehicle by RMANOVA followed by Dunnett’st test.

Fig. 6. AAK 1 inhibitor L P-935509 is antinociceptivein multiple rat models of neuropathic pain but

not acute pain

(A) — (D) CCI operated rats were tested at 3 h after oral vehicle (0), LP-935509 (at indicated doses),
or GBP (100 mg/kg) in assays of (A) thermal hyperalgesia, (B) cold alodynia, (C) mechanical
allodyniausing mVF, or (D) mechanical hyperalgesia (n =7-8 male rats per group). For

comparison, sham operated animals (Sham) are included.
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(E) Naive rats were testing in the accelerating rotarod assay, dosed asin (4A-D) (n = 5-10 maerats
per group).

(F) STZ injured rats were tested for mechanical allodynia, dosed asin (4A-D) (n = 7-8 male rats per
group). For comparison, sham injected animals (Sham) are included.

(G) - (H) Naive rats were tested in assays of acute pain, including: (G) hot plate and (H) tail flick at
1.5 h after LP-935509 (30 mg/kg, po) or 0.5 h after morphine (5 mg/kg, sc) (n = 7-8 male rats per

group).

***p<0.001 vs. vehicle, or T11p<0.001 vs. sham controls by 1- way ANOV A followed by

Bonferroni’s post hoc test; *p<0.001 vs. vehicle by paired t-test.
Fig. 7. AAK 1 inhibitors cause antinociception by inhibiting AAK 1 in the spinal cord.

(A) Micewith SNL injury were tested for thermal hyperalgesia 2 h after oral vehicle, LP-922761
(poorly brain-penetrant AAK1 inhibitor), or GBP at indicated doses (n = 7-8 male rats per group).

(B) Ratswith CCI surgery were tested for thermal hyperalgesia 15 minutes after intrathecal vehicle
(0), BMT-090605 (0.3-3 ug/rat), or clonidine (Clon, 3 ug) (n=7-8 malerats per group). For

comparison, sham operated animals (Sham) are included.

***n<0.001 vs. Vehicle/O, T11p <0.001 vs. Sham by 1-way ANOV A followed by Bonferroni’s post-

hoc test.
Fig. 8. AAK 1inhibitors decr ease neural activity in pain-related cir cuits

(A) CCI rat spontaneous activity over time of asingle spina dorsal horn neuron showing inhibition
by LP-935509 (1 mg/kg, iv). Arrow indicatestime of LP-935509 injection (inset shows response

to vehicle).
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(B) Dose-dependent inhibition by LP-935509 (0.3-3 mg/kg, iv) on spontaneous activity of spinal
dorsal horn neuronsin CCI male rats (responders, n = 3/4 at 1 mg/kg, n = 4/6 at 3 mg/kg).
*p<0.05 vs. vehicle (0) by 1-way ANOVA followed by Dunnett’st test.

(C) Absence of effect of thoracic T8-T10 transection on LP-935509 (1 mg/kg, iv) inhibition of
spontaneous activity over timein asingle spinal dorsal horn neuron of a CCl male rat (arrow
indicates time of injection).

(D) Effect of LP-935509 (1 mg/kg, iv) on normalized spontaneous activity of CClI malerats (n = 4)
with thoracic T8-10 transection. * p<0.05 vs. Baseline by unpaired t-test.

(E) Naive WDR neuron spikes evoked by hindlimb repetitive electrical stimulation (16 pulses, 2 ms,
2.0 mA) with effect of systemic vehicle or LP-935509 (1-3 mg/kg, iv) across pulses (n = 4-8
mal e rats per group).

(F) Systemic inhibition by LP-935509 (0.3 to 3 mg/kg, iv) of eectrically evoked windup in spinal
WDR neurons from naive male rats (responders, n = 5/8 at 1 mg/kg, n = 4/4 at 3 mg/kg). *p<0.05
vs. vehicle (0) by 1-way ANOV A followed by Dunnett'st test.

(G) Naive rat spinal WDR neuron spikes across pulses (asin 6E) with effect of
microiontophoretically-applied BMT-124110 (30 mM, pH 4, +10-30 nA, 3 min) (n = 10 male
rats per group).

(H) Spinal inhibition by BMT-124110 (asin 6G) of electrically evoked windup in dorsal horn WDR

neurons from naive male rats (responders, n = 10/14). *p<0.05 by unpaired t-test

Fig. 9. Alpha2 adrenergic antagonist blocks AAK 1 inhibition-induced antinociception in CCIl and

STZ rats

(A) STZ treated rats were tested for mechanical allodyniausing eVF 1.5 h after vehicle (po), LP-
935509 (30 mg/kg, po), or morphine (3 mg/kg, sc) delivered in the presence (+) or absence (-) of

na oxone (1 mg/kg, sc) given 30 min prior to the other agents (n = 8 male rats per group). For
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comparison, sham treated (CTL) animals areincluded. ***p<0.001 vs. Veh by 1-way ANOV A
followed by Bonferroni’s post-hoc test.

(B) CCI operated rats were tested for thermal hyperalgesia 30 min after tizanidine (1 mg/kg, ip), or
1.5 h after either vehicle (po), or LP-935509 (30 mg/kg, po) al delivered in the presence (+) or
absence (-) of yohimbine (1 mg/kg, ip) given 100 min before testing (n = 6-11 male rats per
group). CTL asin (A). ***p<0.001 vs. (-) yohimbine pair by 1-way ANOVA followed by
Bonferroni’s post-hoc test.

(C) STZ treated rats were tested for mechanical alodyniawith CTL and dosing asin (B) (n =8 male

rats per group). ***p<0.001 vs. (-) yohimbine asin (B).

Fig. 10. Alpha2 adrener gic antagonist blocks AAK 1 inhibition-induced reduction in spontaneous

neuronal activity in CCl rats

(A) CCI rat spontaneous activity time course of two individual spinal dorsal horn neurons treated
with LP-935509 (1 mg/kg, iv; filled arrow) without (top trace) or with (bottom trace)
pretreatment of yohimbine (0.3 mg/kg, iv; open arrow).

(B) CCI rat group data for spontaneous activity with design and dosing asin (A) plus baseline and
yohimbine controls (n = 6-8 male rats per group). * p<0.05 vs. Baseline by 1-way ANOVA

followed by Dunnett's t test.

46

%20z ‘0z |1dy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on July 13, 2016 as DOI: 10.1124/jpet.116.235333

This article has not been copyedited and formatted. The final version may differ from this version.

JPET #235333

Table 1. Summary of in vitro properties of AAK1 inhibitors
Assay L P-935509 L P-922761 BMT-090605 | BMT-124110

Ave |Cso = SEM (n), nM
AAK1 enzyme 3.3+0.7(8) 48(2) 0.6+0.1(9) 09+0.2(7)
AAK1 binding 33+15(4) 3.6(2) 04+0.1(4) 1.0(2)
AAKZ1 cell assay 28+04(26) | 76+0.7(58) | 06+0.4(4) 321+14(2)
BIKE enzyme 14 (1) 24 (1) 45 (1) 17 (1)
GAK enzyme 320+ 40 (2) NA 60 (1) 99 (1)
Mu Opioid Receptor binding >30,000 (1) 15,000 (1) >30,000 (1) >30,000 (1)
Kappa Opioid Receptor binding >30,000 (1) >30,000 (1) 29,000 (1) >30,000 (1)
Adrenergic Alpha 2A Receptor > 30,000 (1) > 30,000 (1) > 30,000 (1) >30,000 (1)
Binding
Adrenergic Alpha 2C Receptor >30,000 (1) >30,000 (1) >30,000 (1) 15,000 (1)
Binding
Adrenergic Alpha 2A functiona >1,000 (4) NA >10,000 (4) NA
Adrenergic Alpha 2C functional >1,000 (3) NA >10,000 (3) NA
GABAaapha 1 Receptor 12,000 (3) >30,000 (1) >30,000 (1) >30,000 (1)
modul ator
GABAaapha 2 Receptor 12,000 (3) NA NA NA
modul ator
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