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Abstract
Background and objectives Inhibition of Abelson (Abl) tyrosine kinase as a therapeutic target has been gaining attention in
neurodegeneration. Post-mortem Alzheimer’s and Parkinson’s disease brains show that the levels of several other tyrosine
kinases, including Discoidin Domain Receptors (DDR1/2) are elevated. Knockdown of these tyrosine kinases with shRNA
reduces neurotoxic proteins, including alpha-synuclein, beta-amyloid and tau.
Methods Direct profiling of the pharmacokinetics of multi-kinase inhibitors Nilotinib, Bosutinib, Bafetinib, Radotinib and
LCB-03-0110 shows differential levels of brain penetration but the ability of these agents to reduce toxic proteins is independent of brain concentration and selectivity to Abl.
Results Our results indicate that the effective dose of Nilotinib has the lowest plasma:brain ratio (1%) followed by Bosutinib
and Radotinib (5%), Bafetinib (12%) and LCB-03-0110 (12%). However, similar doses of multi-kinase Abl/DDR inhibitor
Nilotinib, DDR/Src inhibitor LCB-03-0110 and Abl/Src inhibitor Bosutinib were much more effective than the more selective Abl inhibitors Radotinib and Bafetinib. Taken together, these data suggest that a multi-kinase target that includes Abl
and other tyrosine kinases (DDRs, and Src) may offer more advantages alleviating neurodegenerative pathologies than the
absolute CNS drug concentration and selectivity to Abl.
Conclusion DDRs and Src are other potential co-targets with Abl in neurodegeneration.
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Key Points
The ability of these multi-kinase tyrosine kinase inhibitors to alleviate neurodegenerative pathologies is independent of their brain concentration and their selectivity
to abelson.
Multi-kinase targeting of abelson, discoidin domain
receptor, and Src may offer more advantages in alleviating neurodegenerative pathologies.

1 Background
Over-expression and activation of some tyrosine kinases
(TKs) may be pathological features in neurodegeneration [1–8], Abelson (Abl) is a non-receptor TK, which is
upregulated in post-mortem Alzheimer’s disease (AD) and
Parkinson’s disease (PD) brains and in animal models of
neurodegeneration [1, 4, 5, 7–12]. Abelson has several neuronal functions, including cytoskeleton regulation, cell-cycle
regulation, and apoptosis [13–15]. Discoidin domain receptors 1 and 2 (DDR1/2) are members of the receptor TK family and share 89% homology in their kinase domains [16]
and are upregulated in post-mortem PD and AD brains [2].
Discoidin domain receptors, which are widely expressed in
neurons and glia, modulate cell division and may regulate
the number of myeloid-derived glial cells [2, 16–19]. We
previously reported that short hairpin RNA (shRNA) knockdown of DDRs significantly reduces amyloid-β (Aβ) and tau
in transfected cells [2]. Additionally, specific knockdown
of DDR1/2 reduces Aβ42, tau, and α-synuclein (α-syn) and
alters Triggering Receptor Expressed on Myeloid (TREM)-2
signaling in AD and PD animal models [2]. The data indicate that several TKs may be involved in the pathogenesis
of neurodegenerative diseases (NDs).
Autophagic dysfunction is a pathological feature of neurodegeneration, including AD and PD [20–27]. Autophagic
defects in neurodegeneration are partly characterized by
accumulation of un-degraded autophagic vacuoles in the
cytosol of surviving neurons [20, 26–28]. We previously
demonstrated that pre-lysosomal vacuoles accumulate in
the substantia nigra of patients with PD and not in control
subjects [5, 20]. Subcellular fractionation of post-mortem
brains revealed that α-syn in PD [5, 20] and Aβ and tau in
AD [29] accumulate in pre-lysosomal vacuoles, suggesting
defects in autophagic flux and accumulation of toxic proteins
in undigested autophagic vacuoles.
Inhibition of TKs has been established as a strategy partly
to stimulate autophagy as a maintenance therapy in cancers
[30, 31]. Two second-generation tyrosine kinase inhibitors (TKIs), nilotinib (Tasigna, AMN107, Novartis, Basel,
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Basel-Stadt, Switzerland) and bosutinib (Bosulif, SKI-606,
Pfizer, New York City, New York, USA), are US Food and
Drug Administration approved for chronic myelogenous
leukemia [32, 33]. We demonstrated that nilotinib, a preferential breakpoint cluster region-Abl inhibitor, penetrates
the blood–brain barrier (BBB), improves motor and cognitive symptoms, attenuates neuroinflammation, and reduces
neurotoxic proteins via autophagy in animal models of PD
and AD [3–5, 29, 34–37]. Additionally, nilotinib treatment
may improve motor and cognitive symptoms in patients
with PD and dementia with Lewy bodies [38]. Nilotinib
also potently inhibits DDR1/2 [39, 40] and may be selective
for platelet-derived growth factor receptors (PDGFRs)-α/β
[41, 42]. Platelet-derived growth factor receptors-α/β are
receptor TKs that play an important role in neurodegeneration [43] and they regulate BBB pericytes [44–46]. Plateletderived growth factors promote proliferation, survival, and
migration of cells of mesenchymal origin and their dysfunction is implicated in several neurological conditions [47].
Bosutinib, a dual Src/Abl inhibitor, like nilotinib, promotes
autophagic clearance of Aβ, α-syn, and tau and reduces
inflammation in gene-transfer and transgenic animal models
of AD and PD [3, 35, 37, 48]. Similar to nilotinib, bosutinib
potently inhibits Abl [49], as well as another structurally
homologous TK Src [50] but seems to display no selectivity
to PDGFRα/β [42]. Furthermore, bafetinib (INNO-406) is a
dual breakpoint cluster region-Abl/Lyn second-generation
TKI that penetrates the brain, inhibits Abl, and protects
dopaminergic neurons in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse models [51]. More recently, the
Abl inhibitor radotinib hydrochloride (Supect, Il-Yang Pharmaceutical Co., Ltd, Seoul, Rep. of Korea) was reported to
penetrate the brain and inhibit Abl in a pre-formed fibril
model of α-synucleinopathy [52].
The overlap in TK selectivity and the multi-target properties of TKIs suggest that several TKs may be concurrently
involved in mediating the effects of these drugs in neurodegeneration. To delineate the effects of nilotinib, bosutinib,
radotinib, and bafetinib on neurodegenerative pathologies,
we studied the pharmacokinetics and pharmacodynamics
of these drugs using daily intraperitoneal (IP) injections at
doses of 5–10 mg/kg, which were the effective doses we
observed in neurodegeneration models of up to 3 consecutive weeks of treatment. Human post-mortem brain tissues
show upregulation of Abl, DDRs, and PDGFRs in AD and
PD brains and shRNA knockdown of these kinases results
in the reduction of neurotoxic proteins in cellular models. In
this work, we also show (3-(2-(3-(morpholinomethyl)phenyl)thieno[3,2-b]pyridin-7-ylamino)phenol known as LCB03-0110 (LCB), which is a potent small-molecule inhibitor
against the DDR family and Src TK family [53], as a highly
effective agent at reducing neurotoxic protein levels at lower
doses than Abl inhibitors. The results suggest that TKIs with
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broad multi-kinase Abl/DDR/Src inhibition at low doses
have optimal effects in the central nervous system (CNS).

2 Methods
2.1 Human Brain Immunohistochemistry
Autopsies of human AD hippocampal and PD midbrain
regions were collected from 12 patients and compared to
11 age-matched control subjects obtained from the Johns
Hopkins University brain bank. Complete demographics,
disease stage and diagnosis, post-mortem autopsy, age,
and sex were previously published in Hebron et al. [5] and
Lonskaya et al. [3]. For immunohistochemistry, 5-μm-thick
paraffin-embedded brain slices were de-paraffinized in
xylenes for 2 × 5 min and sequential ethanol concentration,
blocked for 1 h in 10% horse serum, and incubated overnight
with primary antibodies at 4 °C. After 3 × 10 min washes in
1 × phosphate buffered saline, the samples were incubated
with the secondary antibodies for 1 h at room temperature
(RT), washed for 3 × 10 min in 1 × phosphate buffered saline
and 3,3′-diaminobenzidine stained. c-Abl was probed with a
(1:500) c-Abl rabbit polyclonal antibody (Cat. #PA1-46467,
Invitrogen Inc., Carlsbad, CA, USA). PDGFRα rabbit polyclonal antibody (Cat. #PA5-14709, Invitrogen Inc.) was
used. PDGFRβ was probed with a (1:500) PDGFRβ rabbit
polyclonal antibody (Cat. #PA5-14718, Invitrogen Inc.).

2.2 Stereological Methods
Stereological methods were applied by a blinded investigator using unbiased stereology analysis (Stereologer, Systems
Planning and Analysis Inc., Chester, MD, USA) to determine
the total positive cell counts in 20 cortical fields on at least
ten brain sections (~ 400 positive cells per subject) from each
animal as previously explained (Algarzae et al. 2012). c-Abl,
PDGFRα, and PDGFRβ positive stainings were assessed by
optical density (OD) measurements in human post-mortem
brains from the entire brain sections of all subjects.
Using an Optronics (Goleta, CA, USA) digital camera and
a constant illumination table, digitalized images of c-Abl,
PDGFRα, and PDGFRβ immunostained sections were collected. Optical densities were measured using Image-Pro
Plus software (Version 3.0.1; Media Cybernetics, Silver
Spring, MD, USA). The OD was measured from coronal
sections and the final reading was calculated as an average
of those values. Non-specific background correction in each
section was performed by subtracting the OD value of the
corpus callosum from the cortical OD value obtained from
the same section. The OD analysis was performed under
blinded conditions.

2.3 Transgenic Mouse Models of Alzheimer’s
Disease and Parkinson’s Disease
Experiments were conducted on C57BL/6J mice as follows: (1) young mice (aged 4–5 months) or old mice (aged
12–15 months) that express the neuronally derived human
APP gene, 770 isoform, containing the Swedish K670 N/
M671L, Dutch E693Q, and Iowa D694 N mutations under
the control of the mouse thymus cell antigen 1, theta, Thy1,
and promoter, or (2) 6- to 8-month-old transgenic α-syn
mice harboring the arginine to threonine (A53T) mutation
of human α-syn under the control of the prion promoter [54].
All mice were purchased from Jackson Laboratory (Bar
Harbor, ME, USA) and housed in the Georgetown Department of Comparative Medicine on a 12-h light/dark cycle
with food and water provided ad libitum. All mouse studies
were conducted in full compliance with the recommendations of the Georgetown University Animal Care and Use
Committee.

2.4 Drugs and Treatments
Nilotinib (Cat. #S1033), bosutinib (Cat. #S1014), bafetinib
(Cat. #S1369), and radotinib (Cat. #S8134) were commercially obtained from Selleckchem Inc. (Houston, TX, USA).
LCB-03-0110 (Cat. #5592) was commercially obtained
from Bio-techne Corporation. (Minneapolis, MN, USA).
Mice received treatments of daily IP injections of 30 µL of
dimethyl sulfoxide (DMSO), nilotinib (10 mg/kg), bosutinib (5 mg/kg), bafetinib (2.5 mg/kg, 5 mg/kg, 10 mg/kg),
radotinib (10 mg/kg), or LCB (10 mg/kg, 5 mg/kg, 2.5 mg/
kg, 1.25 mg/kg) dissolved in DMSO. Treatment consisted
of a single dose for pharmacokinetic experiments (Fig. 1), 7
consecutive days for screening experiments (Figs. 4, 5), or
21 consecutive days for all other experiments.

2.5 Pharmacokinetic Studies
C57BL/6J mice received an IP injection of DMSO, nilotinib, bosutinib, bafetinib, radotinib, or LCB. Brain and
serum were collected at 2, 4, 6, or 8 h (n = 18 per drug, n = 3
per dose and time-point). Animals injected with the vehicle
(DMSO) were used for background subtraction. Stock solutions of drug (approximately 1 mg/mL each) were prepared
in methanol/dichloromethane (50:50). The serial dilutions
for each of the standards were produced for the study separately in methanol/HPLC grade water (50:50). Preparation
of the calibration curve standards and quality-control samples was performed by mixing the stock solutions in blank
samples. Serum and brain samples were stored at − 80 °C
and then thawed to RT prior to preparation. The thawed
serum samples (20 µL) were transfused to a tube containing
100 µL of water. The 500-µL extraction solvent, acetonitrile/

Fig. 1  Tyrosine kinases are highly expressed in the midbrain of individuals with Parkinson’s disease (PD) and the hippocampus of individuals with Alzheimer’s disease (AD). a, b Abelson
(Abl) staining in the substantia nigra (SN) of patients with PD and age-matched control patients. c Stereological assessment of PD slides reporting the intensity of Abl staining as percent control. d, e Platelet-derived growth factor receptor (PDGFR)-α staining in SN of patients with PD and age-matched control patients. f Stereological assessment of PD slides reporting the intensity
of PDGFRα staining as percent control. g, h PDGFRβ staining in SN of patients with PD and age-matched control patients. i Stereological assessment of PD slides reporting the intensity of
PDGFRβ staining as percent control. j, k Abl staining in the hippocampus (Hipp) of patients with AD and age-matched control patients. l Stereological assessment of AD slides reporting the
intensity of Abl staining as percent control. m, n PDGFRα staining in the hippocampus of patients with AD and age-matched control patients. o Stereological assessment of AD slides reporting the intensity of PDGFRα staining as percent control. p, q PDGFRβ staining in the hippocampus of AD and age-matched control patients. r Stereological assessment of AD slides reporting
the intensity of PDGFRβ staining as percent control. Representative images (n = 9 control subjects, n = 1 patient with PD, n = 11 patients with AD). Mean ± standard error of the mean (SEM).
Unpaired two-tailed Student’s t test with Welch’s correction, #p < 0.05; ####p < 0.0001
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methanol (50:50) was added to the sample. The mixture was
vortexed and incubated on ice for 20 min to accelerate protein precipitation. After incubation, the samples were vortexed again and centrifuged at 13,000 rpm for 20 min at
4 °C. The supernatant was then collected and transferred to
a new tube, dried using SpeedVac™ (Thermo Fisher Scientific, Waltham, Massachusetts, USA), and reconstituted in
200 µL of methanol/water (50:50). The mixture was spun
again at 13,000 rpm for 20 min at 4 °C. The supernatant was
then collected into a mass spectrometer sample tube cap and
run in the mass spectrometer.
For the brain, a small section of the thawed brain sample from each animal was transferred to a flat bottom tube.
Then, 200 µL of methanol/water (90:10) was added, and the
tissue was homogenized. Acetonitrile was then added to the
mixture facilitating protein precipitation. The mixture was
incubated on ice for 10 min. After incubation, the samples
were vortexed and centrifuged at 13,000 rpm for 20 min at
4 °C. The supernatant was then collected and transferred to
a new tube, dried using SpeedVac™, and reconstituted in
200 µL of methanol/water (50:50). The mixture was centrifuged at 13,000 rpm for 20 min at 4 °C. The supernatant was
collected into a mass spectrometer sample tube cap and run
in the mass spectrometer. The samples were resolved on an
Acquity UPLC BEH C18 1.7 m, 2.1 × 50 mm column online
with a triple quadrupole mass spectrometer (Xevo-TQ-S,
Waters Corporation, Milford, Massachusetts, USA) operating in the multiple reaction monitoring mode. The sample
cone voltage and collision energies were optimized for both
analytes to obtain maximum ion intensity for parent and
daughter ions using the “IntelliStart” feature of MassLynx
software (Waters Corporation). The instrument parameters
were optimized to gain maximum specificity and sensitivity of ionization for the parent (m/z = 438.25) and daughter
ions (m/z = 357.33). Signal intensities from all multiple reaction monitoring Q1/Q3 ion pairs for analytes were ranked to
ensure selection of the most intense precursor and fragment
ion pair for multiple reaction monitoring-based quantitation. This approach resulted in the selection of cone voltages and collision energies that maximized the generation
of each fragment ion species. An analysis was performed
with a six- to eight-point calibration curve, the sample queue
was randomized, and solvent blanks were injected to assess
sample carryover. Multiple reaction monitoring data were
processed using TargetLynx 4.1. The relative quantification
values of analytes were determined by calculating the ratio
of peak areas of transitions of samples normalized to the
peak area of the internal standard.

2.6 Tissue Collection and Protein Extraction
Animals were deeply anesthetized with a mixture of xylazine
and ketamine (1:8), and 500 µL of whole blood was collected

via cardiac puncture, centrifuged at 2000×g to precipitate
blood cells, and the serum was collected. To wash out the
remaining blood from vessels and reduce contamination,
animals were perfused with 25 mL of 1 × phosphate buffered
saline for 5 min. Brains were collected and homogenized in
1.0 mL of sodium Tris EDTA NP-40 (STEN) lysis buffer
(containing protease and phosphatase inhibitors). Homogenized samples were centrifuged at 12,000×g for 20 min at
4 °C and the supernatant was collected and stored at − 80 °C.
2.6.1 Insoluble Protein Extraction
After removing the “soluble” supernatant, the tissue pellet
was washed with 1 × sodium Tris EDTA NP-40 buffer. The
pellet was re-suspended in 750 µL of 70% formic acid and
incubated for 30 min at RT followed by a centrifugation at
28,000×g at 4 °C for 1 h. The supernatant was collected as
the “insoluble fraction”. Samples from the 70% formic acid
fraction were stored at − 80 °C and neutralized with 1 M
Tris-base (1:20) immediately before use.

2.7 Western Blot Analysis and Antibodies
Soluble fractions were probed with (1:1000) mouse monoclonal anti-6E10 (Covance SIG-39320), (1:1000) rabbit
polyclonal anti-Aβ42 (Covance SIG-39153), (1:1000) rabbit
monoclonal anti-AT180 (Cat. #151559, Abcam, Cambridge,
Cambridgeshire, England), (1:1000) rabbit polyclonal antiBeclin-1 (Cat. #D40C5, Cell Signaling Technology, Danvers, Massachusetts, USA), (1:1000) rabbit polyclonal antiAtg7 (Cat. #D12B11, Cell Signaling Technology), (1:1000)
rabbit polyclonal anti-Atg12 (Cat. #D88H11, Cell Signaling Technology), (1:1000) rabbit polyclonal anti-LC3B
(Cat. #PA1-16931, Invitrogen Inc.), α-syn (Cat. #Ma112874, ThermoFisher, Waltham, Massachusetts, USA), and
(1:1000) rabbit polyclonal anti-actin (Cat. #MAB1501R,
Millipore, Burlington, Massachusetts, USA).

2.8 Enzyme‑Linked Immunosorbent Assay
Human Aβ42 enzyme-linked immunosorbent assay (ELISA)
[Cat. #KHB3544, Invitrogen Inc.] was performed using
50 µL (1 µg/µL) of insoluble proteins suspended in 30%
formic acid and detected with Aβ primary antibodies (3 h)
and 100 µL of anti-rabbit antibodies (30 min) at RT. Extracts
were incubated with stabilized chromogen for 30 min at RT
and solution was stopped and read at 450 nm, according to
the manufacturer’s protocol.
Human α-syn and p-tau ELISA were performed using
50 µL (1 µg/µL) of soluble fraction detected with 50 µL
of primary antibodies (3 h) and 100 µL of anti-rabbit secondary antibodies (30 mins) at RT. Alphα-synuclein levels
were measured using human-specific ELISA (Cat. #844101,

154

BioLegend, San Diego, CA, USA) according to the manufacturer’s protocols. P-tau was measured using specific p-tau
at serine 396 (S396) [Cat. #KHB7031, Invitrogen Inc.] or
p-tau at threonine 231 (pT231) [Cat. #KHB8051, Invitrogen
Inc.] according to the manufacturer’s protocol. Each sample
was duplicated.

2.9 Immunohistochemistry
Animals were deeply anesthetized with a mixture of xylazine
and ketamine (1:8), washed with normal saline for 1 min,
and then perfused with 4% paraformaldehyde for 15–20 min.
Brains were quickly dissected out and immediately stored in
4% paraformaldehyde for 24 h at 4 °C, and then transferred
to 30% sucrose at 4 °C for 48 h. Brains were cut using a
cryostat microtome into 20-µM-thick coronal sections and
stored at − 20 °C. Primary anti-β-amyloid, 1-16 (1:300,
803001; BioLegend) mouse antibody was applied overnight
at 4 °C. An anti-mouse 3,3′-diaminobenzidine secondary
antibody (1:300, PK-2200; Vector, Burlingame, CA, USA)
was applied as per the manufacturer’s protocol. Quantification of plaque load was performed using Image J with a nonspecific background correction and mean staining intensity
of 6E10 3,3′-diaminobenzidine was quantified and averaged
between images within treatment group hippocampus and
cortex regions and then compared between treatment groups.
Cupric silver staining was performed with the FD NeuroSilver Kit II as per the manufacturer’s protocol (PK301A; FD
NeuroTechnologies, Inc., Columbia, MD, USA).

2.10 Milliplex Enzyme‑Linked Immunosorbent
Assay
Xmap technology uses magnetic microspheres that are
internally coded with two fluorescent dyes. Through precise combinations of these two dyes, multiple proteins are
simultaneously measured within a sample. Each of these
spheres is coated with a specific capture antibody. The capture antibody binds to the detection antibody and a reporter
molecule, completing the reaction on the surface of the bead.
All samples including placebo and resveratrol at baseline
and 52 weeks were analyzed in parallel using the same reagents. A total of 25 µL of soluble protein was incubated
overnight at 4 °C with 25 µL of a mixed-bead solution
containing total tau, AB40, and AB42 (Cat. #HNABTMAG
60 K, Millipore). After washing, samples were incubated
with 25 µL of detection antibody solution for 1.5 h at RT.
Streptavidin-phycoerythrin (25 µL) was added to each well
containing 25 µL of detection antibody solution. Samples
were then washed and suspended in 100 µL of sheath fluid.
Next, samples were run on MAGPIX with Xponent software.
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The median fluorescent intensity data were analyzed using
a five-parameter logistic or spline curve-fitting method for
calculating analyte concentrations in samples.

2.11 Statistical Methods
All graphs and statistical analyses were performed in GraphPad Prism Software Version 7.0 (Graphpad Prism Software
Inc., La Jolla, CA, USA). The number (n) indicates the
number of individual animals used in each group. Asterisks
designate significant differences for analysis of variance and
pound symbols designate significant differences for t tests.
Significance was assumed at p < 0.05 and determined by
analysis of variance, with Tukey’s multiple comparison test,
or the unpaired two-tailed Student’s t test when appropriate
with Welch’s correction.

3 Results
3.1 Tyrosine Kinases are Highly Expressed
in the Midbrain of Individuals with Parkinson’s
Disease and the Hippocampus of Individuals
with Alzheimer’s Disease
We have previously reported that DDR1/2 expression is
increased in the midbrains and hippocampus of post-mortem
tissues from individuals with PD and AD, respectively [2].
Specifically, stereological quantification shows that DDR1
and DDR2 expressions were increased in AD by 41% and
67%, respectively. In PD, quantification of DDR1 and DDR2
expression was increased by 23% and 71%, respectively [2].
Because Abl and DDRs are already reported to be upregulated in human NDs and animal models of AD and PD, we
explored the expression profiles of several other TKs and
compared them to Abl. To determine the expression profiles of TKs associated with neurodegeneration, post-mortem PD midbrains (n = 10), post-mortem AD hippocampus
(n = 11), and age-matched controls (n = 9) were sectioned
and stained for Abl, PDGFRα, and PDGFRβ (Fig. 1). Stereological assessment of the staining intensity indicates that
Abl (Fig. 1c), PDGFRα (Fig. 1f), and PDGFRβ (Fig. 1i)
are significantly upregulated in the substantia nigra of the
post-mortem PD tissue samples. The data also indicate that
Abl (Fig. 1l), PDGFRα (Fig. 1o), and PDGFRβ (Fig. 1r) are
significantly upregulated in the hippocampus of the postmortem AD tissue samples.
After identifying that Abl, PDGFRα, and PDGFRβ
were upregulated, we created shRNA clones to knockdown each of these TKs in cell culture and animal models [Figs. 1 and 2 of the Electronic Supplementary Material (ESM)]. We identified two shRNA clones, one that
potently knocked down Abl (Abl shRNA) and a control
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shRNA that did not have any effect on Abl (Abl mock) in
rat B35 neuroblastoma (data not shown). Abelson shRNA
was injected into the right (ipsilateral) hippocampus and
Abl mock shRNA was injected into the left (contralateral)
hippocampus of 4- to 5-month old APP mice (n = 4). Western blot analysis for Abl in these mice shows that Abl is
significantly reduced in the ipsilateral hemisphere, which
received the Abl shRNA, compared with the contralateral
hemisphere (Fig. 1A and B of the ESM; p < 0.01). The
ELISA of the insoluble and soluble Aβ42 levels indicate
that the ipsilateral hemisphere had significantly reduced
levels of Aβ42 compared with the contralateral hemisphere
(Fig. 1C and D of the ESM; p < 0.01). We also identified
shRNA clones that knock down PDGFRα (Fig. 2A of the
ESM) and PDGFRβ (Fig. 2D of the ESM). These clones
were tested in rat B35 neuroblastoma that were transfected
with Aβ 42 to find the clone that potently knocks down
the gene (Fig. 2B and E of the ESM). We then tested the
shRNA clones in the transfected cells with and without
co-treatment of 10 µM of nilotinib (Fig. 2C and F of the
ESM). The shRNA for PDGFRα and PDGFRβ showed
similar results to the ability of nilotinib to reduce Aβ42,
and when the transfected cells were treated with both
shRNA and nilotinib there was a more robust response
to reduce Aβ42 (Fig. 2C and F of the ESM). Together, our
data indicate that several TKs are upregulated in human
PD and AD brains and knockdown of these TKs in cells or

Fig. 2  Pharmacokinetics and pharmacodynamics of nilotinib,
bafetinib, bosutinib, radotinib, and LCB. C57BL/6 J mice were given
a single intraperitoneal (IP) injection of a 10 mg/kg of nilotinib, b
5 mg/kg of bafetinib, c 5 mg/kg of bosutinib, d 10 mg/kg of radotinib,
e 1.25 mg/kg of LCB, or f 2.5 mg/kg of LCB (n = 3 per time-point,
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transgenic mouse models results in decreased neurotoxic
protein burden.
3.1.1 Pharmacokinetics and Pharmacodynamics
of Nilotinib, Bafetinib, Bosutinib, Radotinib, and LCB
Several TKIs were evaluated to determine their pharmacokinetics and compare their pharmacodynamic effects
at comparable doses that were previously found to be
effective at reducing neurotoxic protein levels. To determine the brain penetrance of each TKI, wild-type male
C57BL/6 J (n = 18 per drug) mice received a single IP
injection of 10 mg/kg of nilotinib (Fig. 2a), 5 mg/kg of
bafetinib (Fig. 2b), 5 mg/kg of bosutinib (Fig. 2c), 10 mg/
kg of radotinib (Fig. 2d), 2.5 mg/kg of LCB (Fig. 2e),
or 1.25 mg/kg of LCB (Fig. 2f) all dissolved in DMSO.
Injected mice (n = 3 per time-point) were sacrificed at 1,
2, 4, 8, and 12 h after injection and data were normalized
to DMSO-treated mice. The brain and plasma concentrations of the drug were assessed using mass spectrometry.
No drug was detected in the brain after the 4-h time-point,
while their plasma concentrations declined progressively
until they were undetected at the 8-h time-point. The data
(Fig. 2a–f) summarized in Table 1 show that the maximum
concentration of every drug peaked at the 1-h time-point.
The highest concentration at 1 h was bafetinib at 2362 nM,

n = 18 per drug). Brain and plasma were collected and drug concentration was assessed at 1, 2, 3, 4, 8, and 12 h using mass spectrometry and plotted as concentration (µM) vs. time (hours). All values are
reported in Table 1

10 mg/kg (IP)
5 mg/kg (IP)
5 mg/kg (IP)
10 mg/kg (IP)
2.5 mg/kg (IP)
1.25 mg/kg (IP)

Nilotinib
Bosutinib
Bafetinib
Radotinib
LCB-03-0110
LCB-03.0110

359
918
2362
1004
445
245

Brain (nM)

Cmax

33.7
19.373
19.392
24.359
3.650
2.355

Plasma (µM)
1
5
12
5
12
10

Ratio (%)

0.9376
1.996
4.193
1.839
0.3152
0.2302

Brain

AUC

173.7
51.71
69.53
83.34
6.482
2.805

Plasma
1
1
1
1
1
1

Time (h)

Tmax
A

20 nM
26 nMB
5.8 nME
34 nMH
> 1 µMI

Abl

IC50

<6
> 4900C
220F
< 180H
6I

A

DDR1/2 (nM)
N.A.
N.A.B
N.A.E,F
> 1300 nMG,H
591 nMI

A

c-Kit

A

N.A.
1 nMC
1700 nME
> 2000 nMH
1.3 nMI

SRC

< 71 nM
N.A.B
N.A.E,F
75.5 nMH
69 nMI

A

PDGFR-α

< 60 nMA
N.A.B
N.A.E,F
130 nMF
409 nMI

PDGFR-β

[79]

[39]

[53]

[81]

[80]

[66]

H

I

[78]

[49]

[58]

G

F

E

D

C

B

A

Abl abelson, AUCarea under the curve, Cmax maximum plasma concentration, DDR1/2 discoidin domain receptors 1 and 2, IC50 half-maximal inhibitory concentration, PDGFR platelet-derived
growth factor receptor, Tmax time to Cmax

Concentration

Drug

Table 1  Pharmacokinetics of a single intraperitoneal (IP) dose of nilotinib, bafetinib, bosutinib, radotinib, and LCB in mice
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while the lowest concentration at 1 h was 1.25 mg/kg LCB
at 245 nM (Table 1).
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To evaluate the efficacy of radotinib to reduce neurotoxic
protein load in a model of α-synucleinopathy, 12-month-old
A53T mice (n = 3) were given an IP injection with 5 mg/kg
of radotinib or DMSO once daily for 3 consecutive weeks.
We previously demonstrated that 1–10 mg/kg of nilotinib
can effectively reduce α-syn levels in A53T mice that carry
the human mutant A53T α-syn transgene and overexpress

α-syn predominantly in the striatum [37]. To compare the
effects of radotinib to nilotinib, A53T mice were treated
with 5 mg/kg of IP radotinib once a day for 3 consecutive
weeks. Western blot analysis shows there is no change in
α-syn levels compared to DMSO-treated animals (Fig. 3a).
The ELISAs also show there is no difference in α-syn levels between 5 mg/kg of radotinib and DMSO treatment
(Fig. 3b). We also compared the efficacies of nilotinib and
radotinib in 4- to 7-month-old APP mice, which express neuronally derived human APP harboring the Swedish K670 N/
M671L, Dutch E693Q, and Iowa D694 N mutations under
the control of the mouse thymus cell antigen 1 promoter. All
mice were injected intraperitoneally with either 10 mg/kg of
nilotinib or 10 mg/kg of radotinib for 3 consecutive weeks.

Fig. 3  Multi-target abelson (Abl) inhibitor radotinib has no effect
on α-synuclein in the A53T mouse at low doses and at high doses
differentially affects amyloid-β (Aβ) and tau pathology in APP mice
compared to nilotinib. The 12-month-old A53T mice (n = 3) were
given a daily intraperitoneal (IP) injection with dimethyl sulfoxide
[DMSO] (n = 3) or 5 mg/kg of radotinib (n = 3) for 21 consecutive
days. a Western blot representative images and densitometry probed
with human α-synuclein (ThermoFisher, Cat. #Ma1-12874) and actin
(EMD-Millipore, Cat. #MAB1501R), b human α-synuclein enzyme-

linked immunosorbent assay (ELISA). The 4- to 7-month-old APP
mice were given a daily IP injection with DMSO (n = 3), 10 mg/kg of
nilotinib (n = 7–10), or 10 mg/kg of radotinib (n = 7–10) for 21 consecutive days. ELISA concentrations (pg/mL) of c insoluble human
Aβ42, d phospho-tau (Ser396), e total tau, and f ratio of phopsho-tau
(Ser396) to total tau. Levels of protein that are not detected in the
assay are indicated as (N.D.) mean ± standard deviation (SD). Ordinary one-way analysis of variance (ANOVA), Tukey’s multiple comparison test, *p < 0.05; ***p < 0.001

3.1.2 Multi‑Target Abelson Inhibitors, Nilotinib
and Radotinib Differentially Affect Amyloid‑β and tau
Pathology in APP Mice
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These mice develop age-related Aβ and tau expression and
protein accumulation [3, 35]. Insoluble human Aβ was significantly decreased by both nilotinib and radotinib (Fig. 3c;
p < 0.01, 0.001). Additionally, nilotinib reduced the amount
of phospho-tau by 28% compared with DMSO (ser396) with
no effect on the level of total tau, while radotinib had no
effect on the phosphorylated or total tau levels (Fig. 3d, e).
There is a slight reduction (30%) in the ratio of phospho-tau
(Ser396) to total tau levels in nilotinib-treated animals and
not in radotinib-treated animals (Fig. 3f).

3.1.3 Bafetinib, an Abelson Inhibitor, Does Not Ameliorate
α‑Synuclein Pathology in A53T Mice

Fig. 4  Bafetinib, an abelson (Abl) inhibitor, does not ameliorate
α-synuclein in A53T mice. Eight- to ten-month-old A53T mice
were given a daily intraperitoneal (IP) injection daily with 10 mg/
kg, 5 mg/kg, and 2.5 mg/kg of bafetinib for 7 consecutive days (n = 6
per treatment group). a Alpha-synuclein enzyme-linked immunosorbent assay (ELISA) concentration. b Western blot image probed
with α-synuclein (ThermoFisher, Cat. #Ma1-12874) and actin (EMDMillipore, Cat. #MAB1501R). c Alphs-synuclein densitometry with

10 mg/kg of bafetinib. d Alpha-synuclein densitometry with 5 mg/
kg of bafetinib. e Alpha-synuclein densitometry with 2.5 mg/kg of
bafetinib. f ELISA concentrations of homovanillic acid (HVA) and
dopamine. Levels of protein that are not detected in the assay are
indicated as (N.D.). Mean ± standard error of the mean (SEM). Ordinary one-way analysis of variance, Tukey’s multiple comparison test,
*p < 0.05, ****p < 0.0001

To determine the efficacy of bafetintib in a model of
α-synucleinopathy, 8- to 10-month old transgenic A53T
mice were injected intraperitoneally with 10 mg/kg, 5 mg/
kg, or 2.5 mg/kg of bafetinib or DMSO (n = 6 per group)
once daily for 3 consecutive weeks (n = 6 per treatment
group). The protein ELISA for human α-syn shows that
A53T DMSO-treated animals have significantly higher levels of α-syn compared with wild-type mice (Fig. 4a). We
have shown earlier (Fig. 2b) that bafetinib is able to penetrate the brain within 5 h, similarly to nilotinib. However,
the 10-mg/kg, 5-mg/kg, or 2.5-mg/kg dose of bafetinib did
not reduce the levels of α-syn measured via ELISA (Fig. 4a).
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Western blot densitometry analysis also shows that A53T
mice treated with DMSO have significantly higher levels
of α-syn compared with wild-type mice and that 10 mg/kg
(Fig. 4b, c), 5 mg/kg (Fig. 4b, d), or 2.5 mg/kg (Fig. 4b, e)
of bafetinib reduced α-syn levels in these mice (Fig. 4b–e).
Additionally, ELISA homovanillic acid and dopamine measurements remain unchanged with bafetinib treatment, indicating that bafetinib has no effect on midbrain dopamine
metabolism (Fig. 4f).

Fig. 5  LCB, a potent discoidin domain receptors 1 and 2 (DDR1/2)
inhibitor, ameliorates amyloid-β (Aβ) and tau pathology in APP
mice. Twelve- to fifteen-month-old APP mice were given a daily
intraperitoneal (IP) injection with 10 mg/kg, 5 mg/kg, 2.5 mg/kg,
or 1.25 mg/kg of LCB for 7 consecutive days (n = 5 per treatment
group). Enzyme-linked immunosorbent assay (ELISA) concentrations
from brain lysates of a Western blot probed with Tau 6E10, Aβ42,
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3.1.4 LCB, a Potent Discoidin Domain Receptor 1/2
Inhibitor, Ameliorates Amyloid‑β and tau Pathology
in APP Mice
To determine the efficacy of LCB in a transgenic animal
model of AD, 10-mg/kg, 5-mg/kg, 2.5-mg/kg, and 1.25mg/kg doses of LCB were evaluated in 4-month-old transgenic APP mice, which were injected intraperitoneally
with DMSO or LCB daily for 7 consecutive days (n = 5
per treatment group). Western blot immunostaining indicates that full-length APP (6E10) does not change with
LCB treatments (Fig. 5a); however, Aβ42 and phosphotau (AT180) decrease in an inverse dose-dependent manner (Fig. 5a, b). The densitometry of the immunostaining
indicates that lower doses of LCB reduce phospho-tau

Tau AT180, and actin (EMD-Millipore, Cat. #MAB1501R), b Tau
AT180 and Aβ42 densitometry as percent control compared to dimethyl sulfoxide (DMSO) treatment, c phospho-tau (Ser396), d total tau,
and e the ratio of phospho-tau (Ser396) to total tau. Mean ± standard error of the mean (SEM). Ordinary one-way analysis of variance
(ANOVA), Tukey’s multiple comparison test, *p < 0.05; **p < 0.01
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(AT180) by up to 27% and Aβ42 by up to 49% compared
to DMSO treatment, although these data do not reach
significance with appropriate statistical tests (Fig. 5b).
The ELISA shows a significant reduction in phospho-tau
(Ser396) levels in APP mice treated only with 2.5 mg/kg
and 1.25 mg/kg (Fig. 5c; p < 0.01) with no change in total
tau levels between treatment groups (Fig. 5d). Additionally, there is a significant reduction in the ratio of phospho-tau (Ser396) to total tau in the low-dose, 2.5-mg/kg,
and 1.25-mg/kg LCB treatment groups (Fig. 5e; p < 0.01).
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To compare the efficacies of the identified optimal doses of
LCB and bafetinib in APP mice, 4- to 7-month-old APP or
age-matched C57BL/6 J control mice were injected intraperitoneally with 2.5 mg/kg of LCB (n = 8), 5 mg/kg of
bafetinib (n = 8), or DMSO (n = 5) for 3 consecutive weeks.

The ELISA indicates that soluble human Aβ40 and Aβ42 are
significantly increased in APP mice compared with control mice (Fig. 6a, b). Bafetinib 5 mg/kg reduces the level
of soluble Aβ40 by only 9% (Fig. 6a) compared to DMSO.
LCB had a more robust effect compared with bafetinib, significantly reducing the level of soluble Aβ40 compared with
DMSO-treated mice and bafetinib-treated mice (Fig. 6a).
Analysis of soluble Aβ42 indicates that here bafetinib did
significantly reduce the level of Aβ42 compared with DMSOtreated mice. However, again, the level of soluble Aβ42 was
significantly reduced with LCB compared with DMSO and
bafetinib-treated mice (Fig. 6b). When the insoluble Aβ42
was assessed there was no significant changes detected,
but there was a slight reduction in the insoluble Aβ42 with
bafetinib by 17% and LCB by 21% compared with DMSOtreated APP mice (Fig. 6c). There was no significant difference in levels of phospho-tau (Ser396) between treatment
groups (Fig. 6d). However, there was a significant reduction
in total tau levels in both bafetinib- and LCB-treated APP
mice compared with DMSO-treated APP mice, yet this did

Fig. 6  Low dose of 2.5 mg/kg of LCB-03-011 and not 5 mg/kg of
bafetinib ameliorates amyloid-β and tau pathology in APP mice.
Four- to seven-month-old APP mice were given an intraperitoneal
(IP) injection with DMSO (n = 5), 5 mg/kg of bafetinib (n = 8), or
2.5 mg/kg of LCB (n = 8) for 21 consecutive days. Enzyme-linked
immunosorbent assay (ELISA) concentrations (pg/mL) of a human

Aβ42 (pg/mL), b human Aβ40 (pg/mL), c insoluble human Aβ42
(pg/mL), d total tau (pg/mL), e phospho-tau (Ser396), and f ratio of
phopsho-tau (Ser396) to total tau. Mean ± standard error of the mean
(SEM). Ordinary one-way analysis of variance (ANOVA), Tukey’s multiple comparison test, *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001

3.1.5 Low Dose of 2.5 mg/kg of LCB‑03‑011 and Not 5 mg/
kg of Bafetinib Ameliorates Amyloid‑β and tau
and Reduces Amyloid‑β Plaque Burden in APP Mice
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Fig. 7  Low dose of 2.5 mg/kg of LCB reduces plaque load in APP
mice. Four- to seven-month-old APP mice given an intraperitoneal
(IP) injection with dimethyl sulfoxide [DMSO] (n = 2) or 2.5 mg/kg
of LCB (n = 4) for 21 consecutive days were used for immunohistological analysis. Immunohistochemistry staining of 20-µM-thick
mouse brain sections shows a decreased amyloid-β (Aβ) plaques via

6E10 antibodies in the entorhinal cortex (EC) (top) and hippocampus
(middle) and the cell number via cupric silver staining (bottom). b
Plaque loads in the EC (top) and hippocampus (bottom) were quantified with a non-specific background correction using Image J. Data
are presented as mean ± standard error of the mean (SEM)

not result in any significant changes when assessing the ratio
of phosphorylated tau to total tau (Fig. 6e, f).
We further examined the plaque burden and cell number in the LCB-treated mice compared to DMSO APP mice
via 6E10 antibodies to detect Aβ plaques and cupric silver stain to determine the cell number (Fig. 7). We probed
for Aβ plaques in the entorhinal cortex (Fig. 7a, top row)
where black arrows indicate examples of Aβ plaques. LCB
2.5 mg/kg reduced the plaque burden in the entorhinal cortex
and the hippocampus compared with DMSO-treated mice
(Fig. 7a). Quantification of plaque load via the mean staining intensity indicate a 26% and 22% reduction in plaque
load in the entorhinal cortex and hippocampus, respectively,
compared with DMSO (Fig. 7b). LCB reduced the number
of cells that took up the silver stain, which suggests a higher
number of viable cells in the hippocampus compared with
DMSO-treated mice (Fig. 7a).

4 Discussion
The results indicate that effective TKIs in models of neurodegeneration display a complex relationship between target
selectivity, levels of brain concentration, and CNS bioavailability (Fig. 8). Our data demonstrate differential effects of
TKIs on the level of neurotoxic protein clearance using similar drug doses (5–10 mg/kg), route of administration (IP),
and duration of treatment (3 weeks) in the same models of
AD and PD. The CNS bioavailability of TKIs, including
nilotinib, bosutinib, bafetinib, radotinib, and LCB was similar and indicates that these agents are completely washed
out of the brain after 4–5 h of administration. The short bioavailability and low doses (compared to cancer models) of
these TKIs provide a strategy to facilitate autophagic clearance for a short time, thus reducing the risk of prolonged
activation of autophagy and self-cannibalization of neurons.
Our data show that the selective Abl/DDR/PDGFR inhibitor,
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Fig. 8  Multi-kinase abelson (Abl)/discoidin domain receptor (DDR)/
Src inhibition suggests optimal effects for tyrosine kinase inhibitors (TKIs) in models of neurodegeneration. Kinetics and dynamics
profiling of TKIs in animal models of neurodegeneration shows that
selective Abl/DDR/platelet-derived growth factor receptor (PDGRF)
inhibitor nilotinib has low central nervous system (CNS) penetrance
and is effective at low-to-medium doses. The highly selective Abl
inhibitor bafetinib has high CNS penetrance and may be partially
effective at high doses. The highly selective Abl inhibitor radotinib
has medium-to-high CNS penetrance and may be partially effective
at high doses. The highly selective Abl/Src inhibitor bosutinib has
medium-to-high CNS penetrance and is highly effective at low doses.
The highly selective PDGFR inhibitor pazopanib has high brain penetrance and is effective at low doses. The highly selective DDR/Src
inhibitor LCB has high CNS penetrance and is highly effective at low
doses

nilotinib has low CNS penetrance but is effective at low-tomedium doses (Fig. 8). Interestingly, when comparing the
brain penetrance, using the ratio of brain-to-plasma levels,
the data indicate that nilotinib has the lowest penetrance
at 1%. However, even with the low brain concentration,
nilotinib has been shown by us and others to significantly
reduce neurotoxic proteins, regulate immunity, and prevent
neuronal loss in multiple models of proteinopathies [3–5, 29,
34–37]. The highly selective Abl/Src inhibitor bosutinib has
medium/high CNS penetrance (5%) compared to other TKIs
and is highly effective at low doses (5 mg/kg) in models of
neurodegeneration. Bosutinib is an Abl-Src inhibitor and is
used clinically at a dose of 600–800 mg daily (80–100 mg/
kg in mice) to treat chronic myelogenous leukemia with
minimal side effects. We previously reported that bosutinib
is efficacious at reducing toxic proteins and improving cognitive and motor functions in models of neurodegeneration
[3, 4, 29, 55]. A range of 1–10 mg/kg is effective at reducing
neurodegenerative pathologies, including α-syn, tau/p-tau,
and Aβ42, and reducing inflammation in several animal models of NDs [3, 35, 37, 48].
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Collectively, the data indicate that the efficacy of nilotinib and bosutinib may be co-mediated by Abl and Src.
Targeting PDGFRs with pazopanib, a dual inhibitor of vascular endothelial growth factor receptors and PDGFRs, also
reduced tau and Aβ levels in the same models we studied in
the current work [56], suggesting that nilotinib selectivity
to PDGFRs (Table 1) may also play a role in producing an
effective multi-kinase inhibition effect despite its low CNS
level.
The selective Abl inhibitor bafetinib has the highest CNS
penetrance ability (12%) and may be effective at reducing
Aβ levels in AD models at a high concentration. However,
bafetinib failed to alter the level of α-syn in transgenic PD
models and affect dopamine metabolism using the same
IP dose compared to either nilotinib or bosutinib, albeit
bafetinib was reported to alter autophagy [57]. The halfmaximal inhibitory concentration ( IC50) of bafetinib to Abl
is 62 nM and 56 nM to PDGFRα [58, 59] with no affinity
to PDGFRβ [42]. Bafetinib (INNO-406) development was
aimed at extending the susceptibility spectrum of mutations
to TKIs and increasing selectivity towards Abl to reduce
clinical adverse reactions during treatment, e.g., cardiovascular and metabolic toxicities of nilotinib [60]. However, it is
very important to mention that in the context of neurodegeneration, TKs are not mutated and the IC50 required to inhibit
wild-type TKs that are upregulated in AD and PD brains
may be significantly different from the IC50 reported in cancer studies and will depend on the type of assay performed,
i.e., enzymatic activity, cell proliferation, and inhibition in
mutated cell lines.
Previous studies showed that 10 mg/kg of bafetinib given
to C57 mice for 1 week before MPTP treatment (4 × 20 mg/
kg IP, every 2 h) and then for 1 week after MPTP treatment decreased the loss of striatal dopamine and protected
substantia nigra neurons [51]. However, these experiments
in MPTP models were not performed in an animal model
that shows over-expression of toxic proteins, reminiscent of
NDs. Furthermore, evaluation of another highly selective
Abl inhibitor, radotinib, shows good CNS penetrance (5%)
and may be partially effective at high doses (10 mg/kg IP)
at reducing the levels of Aβ in AD mice. Previous studies
showed that oral administration of three different doses (3,
5, and 30 mg/kg) of radotinib and 30 mg/kg of nilotinib,
once a day for 5 months inhibits pre-formed fibril-induced
Abl activation and reduces α-syn pathology in vitro and
in vivo [12]. These results were reported from longer treatment paradigms (5–6 months) in pre-formed fibril models
and our experiments were performed in transgenic models
where no surgery was performed to affect the concentration of CNS drugs and mice were treated for a significantly
shorter time period. These data suggest that targeting Abl
alone as a therapeutic strategy in neurodegeneration may be
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less effective than multi-kinase inhibition of Abl and DDRs
or Abl and Src.
The highly selective DDR/Src inhibitor LCB has high
CNS penetrance (12%) and is very effective at low doses
(Fig. 8). The display of this inverse dose dependency by
LCB (Fig. 5) is intriguing, but may underscore the efficaciousness of a low brain concentration of nilotinib to result
in large amelioration of neurodegenerative pathologies as
previously reported. We suspect that this pharmacological
property of LCB may be owing to the effect of the drug
at multiple targets, especially at high concentrations, suggesting that multi-target engagement abrogates LCB action
and may result in more off-target effects within the CNS.
Therefore, the low dosage of LCB results in CNS drug concentrations that allow for very precise engagement of DDRs
and Src alone. It is possible that a balance between drug concentrations in the CNS and target engagement is necessary
and is best achieved at these lower concentrations, leading
to more specific binding affinity and potent inhibition of
DDRs and Src.
We previously demonstrated that shRNA knockdown
of DDRs results in degradation of toxic proteins in in-vivo
and in-vitro models of neurodegeneration [2]. Nilotinib and
LCB are inhibitors of DDRs [53, 61]. Discoidin domain
receptors are collagen-binding receptor TKs that have been
implicated in a number of fundamental biological processes
ranging from growth and development to immunoregulation [62]. Nilotinib inhibits DDR1 ( IC50 43 nM) and DDR2
(IC50 0.5 nM) with high potency [63] and with an IC50 even
lower than that of Abl. Taken together, the data from nilotinib, bafetinib, radotinib, and LCB, which is effective at
reducing neurotoxic protein levels at the lowest concentration (1.25–2.5 mg/kg), suggest that DDRs are potentially
more optimal targets for TKIs in neurodegeneration. LCB
has the highest level of brain penetration (12%) and displays
maximum benefits in terms of the CNS availability:efficacy
ratio. LCB also shares a strong property with bosutinib as an
inhibitor of Src TKs [53]. Activation of Src kinases potentially exacerbates neurodegenerative pathology as previous
findings suggest that prion proteins and Aβ impair endocytosis and protein degradation [64], while Src inhibition
attenuates microgliosis and reduces inflammation [65].
These findings are consistent with the observed effects of
LCB [53] and bosutinib in several neurodegeneration models
[3, 4, 29, 48, 55]. Bafetinib, nilotinib, and radotinib do not
appear to inhibit Src [66].
Future studies will include examining other routes of
administration of these TKIs. Repeated IP administration
of DMSO may be unfavorable because of the toxicity of
DMSO; therefore, an oral formulation and determination
of the CNS TKI concentration via oral administration of
these TKIs may be a likely follow-up study. Furthermore,
additional studies on LCB with comparisons to nilotinib and

bosutinib are necessary to fully dissect the individual contributions of the individual TKs to potential TKI therapies
for neurodegeneration.

5 Conclusions
Taken together, our results suggest that Abl inhibition alone
is suboptimal for treating neurodegenerative proteinopathies,
despite the evidence of the effects of Abl on autophagy in
neurodegeneration. Instead, our data indicate that the optimal target is the combination of Abl, DDRs, Src, and possibly PDGFRα/β. Widespread inflammation and accumulation
of activated microglia are features observed in NDs [67, 68].
Evidence suggests that DDRs regulate myeloid-derived glial
cells [16–19]. Discoidin domain receptor 1 has been shown
to attenuate inflammation in models of atherosclerosis, renal
disorder, and lung fibrosis [69–72]. Discoidin domain receptor 1 is also reported to upregulate matrix metallopeptidase 9
[17]. Upregulation of matrix metallopeptidase 9 leads to an
impaired BBB [73–75]. Further, knockdown of DDR1 and
DDR2 decreases BBB permeability [76]. The PDGFRsα/β
are TKs that play an important role in neurodegeneration
[43] and they regulate BBB pericytes [44–46]. Src, Btk, and
Syk family kinases have been suggested as promising targets
in the development of anti-inflammatory agents [77]. Therefore, multi-target TK inhibition may facilitate autophagic
clearance of neurotoxic proteins, prevent degradation of the
BBB, regulate brain immunity, and provide a potentially
protective mechanism in NDs.
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