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Abstract

The pathology of Parkinson’s disease and other synucleinopathies is characterized by the 

formation of intracellular inclusions comprised primarily of misfolded, fibrillar α-synuclein (α-

syn). One strategy to slow disease progression is to prevent the misfolding and aggregation of its 

native monomeric form. Here we present findings that support the contention that the tricyclic 

antidepressant compound nortriptyline (NOR) has disease-modifying potential for 

synucleinopathies. Findings from in vitro aggregation and kinetics assays support the view that 
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NOR inhibits aggregation of α-syn by directly binding to the soluble, monomeric form, and by 

enhancing reconfiguration of the monomer, inhibits formation of toxic conformations of the 

protein. We go on to demonstrate that NOR inhibits the accumulation, aggregation and 

neurotoxicity of α-syn in multiple cell and animal models. These findings suggest that NOR, a 

compound with established safety and efficacy for treatment of depression, may slow progression 

of α-syn pathology by directly binding to soluble, native, α-syn, thereby inhibiting pathological 

aggregation and preserving its normal functions.
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Introduction

Parkinson’s disease (PD) is a member of a class of neurodegenerative syndromes termed 

synucleinopathies, characterized by abnormal accumulations of the protein alpha-synuclein 

(α-syn) within selectively vulnerable neurons or glial cells (McCann et al., 2014). These 

syndromes are relentlessly progressive with no disease modifying therapy available at 

present. α-Syn is widely distributed in the central nervous system, representing 

approximately 1% of all cytosolic protein in brain (Iwai et al., 1995). In its native state, α-

syn is mainly localized to synaptic terminals and the nucleus (Iwai et al., 1995; Yu et al., 

2007). Soluble, monomeric α-syn is an intrinsically disordered protein (Theillet et al., 

2016). Several membrane-bound helical conformations have been identified, ranging from 

monomeric to multimeric (Snead and Eliezer, 2014). Membrane conformers are in 

equilibrium with the cytosolic, disordered monomer (Burré et al., 2015). Although the 

normal function of α-syn is not fully understood, it is involved in synaptic plasticity (George 

et al., 1995; Watson et al., 2009), vesicle pool maintenance (Murphy et al., 2000), and 

neurotransmitter release (Abeliovich et al., 2000; Burré et al., 2010, 2014). Under conditions 

in which α-syn homeostasis is perturbed, the protein misfolds and forms insoluble amyloid 

fibrils associated with neuropathology. In PD, α-syn is the primary component of 

intracellular Lewy body inclusions diagnostic for the disease (Spillantini et al., 1997). 

Genetic forms of PD have been linked to multiplications and mutations of the α-syn gene 

locus, further implicating α-syn in the pathogenesis of PD (Polymeropoulos et al., 1997; 

Ibáñez et al., 2004; Singleton et al., 2003; Simón-Sánchez et al., 2009).

One reasonable approach to therapy for synucleinopathies is to inhibit accumulation and 

aggregation of α-syn while maintaining its native states and normal functions. Many 

strategies have used fibril formation as the indicator that inhibition has been achieved. 

However, evidence supports the contention that fibrilization is a multi-step process and that 

fibrils are not in themselves toxic (Chiti and Dobson, 2006; Lashuel et al., 2013). While 

prior studies indicate that the process of aggregation initiates from the disordered monomer 

(Burré et al., 2015; Dettmer et al., 2015), it is thought that lower molecular weight oligomers 

are likely the toxic species (Winner et al., 2011; Pinotsi et al., 2016). Therefore, inhibition of 
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the formation of toxic α-syn conformations must occur at the earliest stages, perhaps at the 

monomer level.

We report here that the tricyclic antidepressant drug nortriptyline (NOR) inhibits aggregation 

of α-syn through interaction with the monomeric form. We provide evidence from in vitro 
kinetics assays that NOR binds directly to α-syn and affects the ensemble of unfolded 

conformations to promote more expanded structures that are more rapidly diffusing, making 

formation of the first oligomeric dimer less likely. Furthermore, we demonstrate that NOR 

inhibits aggregation and neurotoxicity of α-syn in cell and animal models. Taken together, 

this suggests that NOR has potential as a disease-modifying intervention for 

synucleinopathies such as PD and provides a pharmacoepidemiologic template for 

development of novel therapeutic agents.

Materials and Methods

α-Syn aggregation assays

Preparation of human wild-type α-syn—Recombinant α-syn protein for aggregation 

assays was expressed in E. Coli and purified to > 95% purity. Expression and purification 

were performed by The University of Iowa Center for Biocatalysis and Bioprocessing using 

a previously published protocol with slight modifications (Conway et al., 1998). Briefly, cell 

pellets were resuspended in Buffer A (10mM Tris-HCl, pH 7.4) with E-64c protease 

inhibitor, and then lysed by passing through a microfluidizer. Proteins precipitated by 

addition of 25% ammonium sulfate were resuspended in Buffer A with E-64c, then 

ultrafiltered through a 100 kDa MWCO filter. After buffer exchange via diafiltration, 

proteins were loaded on DEAE-650S column and eluted with a gradient of NaCl in Buffer 

A. Fractions were analyzed by SDS-PAGE for the presence of α-syn. Pooled fractions were 

buffer exchanged into 50mM ammonium bicarbonate, then lyophilized.

Preparation of α-syn-fluorophore conjugate—A solution of recombinant wild-type 

α-syn in PBS was dialyzed against PBS, pH 7.0 overnight. Dialyzate was ultrafiltered 

through a 100 kDa MWCO membrane. The protein concentration was determined by 

absorbance at 280nm, then diluted to 500μM with PBS. One vial of Alexa Fluor 594 

carboxylic acid, succinimidyl ester (Alexa Fluor 594 Protein Labeling kit, A10239) was 

resuspended in 50μl DMSO and immediately added to the stirring α-syn solution. The 

reaction proceeded in the dark at room temperature for 1.5 hours. The complete reaction 

mixture was applied directly to a 3ml Sephadex G-75 column equilibrated in 20mM Bis-Tris 

Propane, pH 6.5, 100mM LiCl. Fractions containing Alexa Fluor 594 α-syn conjugate were 

identified by fluorescence intensity and fluorescence polarization in a Molecular Probes 

Analyst using a 546nm band-pass filter for excitation, a 595nm dichroic mirror, and a 620nm 

band-pass emission filter.

Aggregation assays—A solution of recombinant wild-type α-syn in 20mM Bis-Tris 

Propane pH 6.5, 100mM LiCl was ultrafiltered through a 100kDa MWCO membrane. 

Concentration was determined by absorbance at 280nm. Aggregation reactions were 

performed with 70μM human α-syn and 200nM AXS in 20mM Bis-Tris Propane pH 6.5, 

100mM LiCl in a total volume of 750μl in a 1.5ml polypropylene tube. Triplicate tubes were 
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treated with either nortriptyline (20x stock in DMSO) or 5% DMSO. Aggregation was 

performed at 37°C with gentle agitation via rotation in a tissue culture roller at 

approximately 60 RPM. To monitor aggregation progression, tubes were vortexed for 3 

seconds, then aliquots were removed for analysis. For fluorescence polarization, 5μl of 

aggregation reaction was diluted with 45μl 50mM Tris-HCl, pH 7.4 in a black 384 well plate 

(Greiner Fluotrac). Fluorescence polarization was read on a Molecular Devices Analyst 

using a 546nm band-pass filter for excitation, a 595nm dichroic mirror, and a 620nm band-

pass emission filter. Treatment groups were compared to DMSO alone with a two-tailed t-

test using GraphPad Prism 6.0 (La Jolla, CA). For loss of monomer experiments, 20μl 

aliquots of reaction were centrifuged (14,000 g × 15′) to remove fibrillar material, then 5μl 

of supernatant was diluted with 50μl of mobile phase (20mM Bis-Tris propane, 100mM 

LiCl, pH 7.4). The diluted solution was passed through a 2ml Shodex KW-G gel filtration 

column with prefilter, separating monomer from higher order multimers. The elute was 

monitored by absorbance at 276nm and peak area for monomer was quantitated.

Inclusion-prone neuroblastoma cell experiments

Tet-inducible neuroblastoma cell line M17D-TR/αS-3K::YFP//RFP was generated by 

Lipofectamin 2000 (Invitrogen) co-transfecting pcDNA6/TR (Invitrogen) and described 

plasmid pcDNA4/αS-3K::YFP (Dettmer et al., 2015) followed by Blasticidin (1μg per mL) 

and Zeocin (200ng per mL) selection. Red fluorescent protein (RFP) expression was 

achieved by transduction with pLVX-IRES-mCherry (empty vector) viral particles. 

αS-3K::yellow fluorescent protein (YFP) expression was induced by adding 1ug per mL 

(f.c.) dox to culture media. Cultures then were treated with NOR at 0 (= DMSO alone at 

0.1% f.c.), 0.3, 1, 3, 5 and 15μM. After treatments and dox induction, cells in culture dishes 

were incubated in the IncuCyte Zoom 2000 platform (Essen Biosciences) and images (red, 

green, bright field) were taken after 24 h. To measure inclusion formation in inducible 

M17D-TR/αS::YFP//RFP cells, we created the processing definition ‘Inclusions’. Inclusions 

(green objects) were defined using the following parameters in the IncuCyte Zoom 2016A 

software: Top-Hat background subtraction, radius 10μm, threshold (GCU) 5; Edge Split On, 

edge sensitivity 100; Cleanup, all parameters set to 0; Filters, Area (μm2): min 0 and max 

100, Eccentricity: min 0.1, Mean Intensity: min 9.5, Integrated Intensity: min 200.0. Cells 

were plated in 384-well plates at 10,000 cells per well and induced 24 h after plating. Total 

Integrated RFP intensity was measured by the IncuCyte standard processing definition. After 

IncuCyte analysis, cell culture plates were stained with Hoechst dye (16.2μM f.c.) and fixed 

using 0.4% paraformaldehyde (f.c.) solution in PBS. YFP, RFP and Hoechst images were 

acquired on an IN-Cell 2200 platform. Ponceau staining and Western blotting of membranes 

using α-syn-specific antibodies C20 (Santa Cruz) and Syn-1 (BD Biosciences) have been 

described before (Dettmer et al., 2013).

Primary neuron culture experiments

Preparation of primary mesencephalic cultures—Primary midbrain cultures were 

prepared via dissection of E17 embryos obtained from pregnant Sprague-Dawley rats 

(Harlan, Indianapolis, IN) using methods approved by the Purdue Animal Care and Use 

Committee. The ventral mesencephalon containing the substantia nigra (SN) and ventral 

tegmental area (VTA) as isolated stereoscopically and dissociated with trypsin (final 
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concentration, 26 μg/ml in 0.9% [w/v] NaCl). The cells were plated at a density of 1250 

cells per mm2 on coverslips pre-treated with poly-L-lysine (5μg/ml) in media consisting of 

DMEM, 10% (v/v) FBS, 10% (v/v) horse serum, penicillin (100 U/ml), and streptomycin 

(100μg/ml). Four days later, the cells were treated with AraC (20μM, 48 h) to inhibit the 

growth of glial cells. After exposure to AraC, the cultures were incubated in fresh media for 

an additional 24 h. At this stage (i.e. 7 days in vitro), the neurons appeared differentiated 

with extended processes.

Lentiviral transductions and treatments with NOR—Lentivirus encoding the A53T 

α-syn variant was prepared using the ViraPower Lentivirus Expression System (Invitrogen). 

Primary cultures (7 days in vitro) were untreated or transduced with A53T lentivirus in 

media supplemented with polybrene (6μg/ml). Viral transductions were carried out at a 

multiplicity of infection (MOI, defined as the number of lentiviral particles per cell) of 10, in 

the absence or presence of NOR (0.3, 1.0, or 3μM). After 72 h, the cells were treated with 

fresh media (with or without NOR) for an additional 24 h prior to analysis.

Immunocytochemistry—The following antibodies were used: mouse anti-microtubule 

associated protein (MAP2; clone AP20, EMD Millipore/Chemicon), rabbit anti-tyrosine 

hydroxylase (TH; EMD Millipore/Chemicon), anti-mouse IgG-Alexa Fluor 488 

(Invitrogen), and anti-rabbit IgG-Alexa Fluor 594 (Invitrogen). Primary midbrain cultures 

were fixed in 4% (w/v) paraformaldehyde in PBS for 30 min. The cells were permeabilized 

and blocked simultaneously for 1 h with PBS containing 1% (w/v) BSA, 10% (v/v) FBS, 

and 0.3% (v/v) Triton X-100. After washing with PBS, the cells were treated overnight at 

4°C with antibodies specific for MAP2 (1:500) and anti-TH (1:500) in PBS with 1% (w/v) 

BSA. The cells were then washed with PBS and treated with secondary antibodies 

conjugated to Alexa Fluor 488 or Alexa Fluor 594 (both diluted at 1:1000 in PBS with 1% 

(w/v) BSA) for 1 h at 22°C. After a final wash with PBS, the coverslips were mounted onto 

slides using ProLong Gold Antifade reagent (Invitrogen), dried at room temperature 

overnight, and sealed with clear nail polish.

Measurement of primary neuron viability—Relative dopaminergic cell viability was 

assessed by counting MAP2- and TH-immunoreactive primary neurons in a blinded manner 

using a Nikon TE2000-U inverted fluorescence microscope with a 20X objective. Ten 

random fields of view were chosen for each sample to provide representation of the whole 

well. Approximately 150–350 MAP2+ neurons were counted per experiment for each 

treatment. Replicate experiments were conducted using cultures isolated from 3 different 

pregnant rats. The data are expressed as the percentage of MAP2+ neurons that were also TH
+ (this ratiometric approach was used to correct for variations in cell plating density). 

Primary neuron viability data were analyzed via repeated-measures, one-way ANOVA 

followed by Tukey’s multiple comparisons post hoc test using GraphPad Prism 6.0 (La Jolla, 

CA). In analyzing percentage cell viability data by ANOVA, square root transformations 

were carried out to conform to ANOVA assumptions.
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Transgenic Drosophila experiments

Transgenic Line—Transgenic Drosophila were created similar to Feany and Bender 

(2000). cDNA containing A30P mutant human α-syn (kind gift of M. Farrer, University of 

British Columbia and J. Hardy, University College London) was cloned downstream of the 

Glass Multimer Reporter promoter (Hay et al., 1997). Transgenic flies were created by 

germline transformation using the w+ selectable marker. α-Syn expression was confirmed by 

Western blotting and immunohistochemistry. Retinal degeneration was measured by direct 

microscopic examination of the eye. In pseudopupil analysis, the intact eye is trans-

illuminated and, in normal eyes, seven photoreceptors of each unit eye are arranged in a 

regular, trapezoidal pattern (ommatidia). The death of photoreceptor neurons leads to visible 

and quantifiable changes in these structures (Thomas and Wasserman, 1999). In the 

transgenic line used here, flies less than 24-hours-old have normal retinas as monitored by 

the pseudopupil assay. Retinas progressively degenerate over ten days until no normal 

ommatidia are visible, correlating with loss of photoreceptors and pigment cells. No 

degeneration is apparent in wild-type flies over that time.

Fly maintenance and NOR-embedded food—Flies were maintained on Formula 4–24 

Instant Drosophila Medium from Carolina Biologicals (Burlington, NC) at 25°C with a 

constant light-cycle (12 hours light/dark). For treatment with NOR, Formula 4–24 was 

rehydrated with an aqueous solution of drug. Female flies (20 per vial) less than 12-hours-

old were placed on mock treated or NOR-embedded food. Retinal degeneration was 

assessed on day 7 by pseudopupil analysis (Thomas and Wasserman, 1999). The analyzer 

was blinded to the identity of samples in all analyses. Fly heads were annealed to a glass 

microscope slide with clear nail polish. Eyes were trans-illuminated following optical 

neutralization of the corneas with immersion oil and examined under a 100X lens. An 

ommatidium was graded as normal if the normal complement of 7 intact rhabdomeres were 

visible, with all others classified as degenerate. 20–50 ommatidia were assessed per eye. The 

percent normal ommatidia was calculated for each eye and averaged for each group. Data 

was analyzed by one-way ANOVA followed by Dunnett’s multiple comparison post hoc test 

using GraphPad Prism.

Transgenic mouse experiments

Transgenic line—Mice overexpressing human wild-type α-syn driven by the PDGF 

promoter (D-Line) were used (Masliah et al., 2000). Human α-syn over-expressing 

transgenic mice were raised in the QPS research animal facility under standardized 

conditions according to the animal welfare regulations of the Austrian guidelines for the care 

and use of laboratory animals and were approved by the Styrian government, Austria. 

Animals were provided with standard rodent chow (Altromin, Germany) and normal tap 

water ad libitum. Animals were housed under a constant light-cycle (12 hours light/dark). 

Genotyping of animals was done by tail tipping and were numbered consecutively by 

classical ear markings.

Experimental design—Six-month-old male transgenic mice were treated with vehicle 

(0.9% saline, n = 7) or 0.5 mg/kg (n=6), 5 mg/kg (n=6), or 25 mg/kg (n=7) NOR via once 

daily intraperitoneal (i.p.) injection for 30 days. Mice were euthanized by isoflurane 
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overdose and transcardially perfused with 0.9% saline. Brains were extracted and 

hemisected. The right hemisphere of all mice was immersion fixed in freshly produced 4% 

paraformaldehyde/PBS (pH 7.4) for one hour at room temperature. Thereafter brains were 

transferred to a 15% sucrose/PBS solution for 24 hours to ensure cryoprotection. On the next 

day brains were frozen in liquid isopentane and stored at −80°C until used. For quantitative 

immunohistochemistry, 10μm sections in the cortex and hippocampus were cryo-cut. Five 

sagittal sections from five different layers were used for counts of immunoreactive cells in 

the cortex and hippocampus. The 11th slice of each layer was taken for α-syn 

immunohistochemistry. Sections were stained with a NeuN antibody (1:800; Chemicon, 

MAB377) marked with a secondary Cy3 antibody (1:500; Jackson ImmunoResearch, 

111-165-003) and with a human α-syn specific antibody (1:5; Alexis, 804-258-L001) 

marked with a secondary Cy2 antibody (Jackson ImmunoResearch, cat # 705-165-147). 

Fluorescence was recorded with an exposure time of 400ms and at 100X magnification. 

Quantitation of human α-syn immunoreactive cells was performed with Image Pro Plus 

(version 4.5.1.29). Up to 100 single images with 100-fold magnification each were 

assembled to one image (real size about 3 × 1 m), assuring a high pixel resolution for 

counting immunoreactive cells. Cell counts started with a detection step in which all 

assembled images were contrasted manually and the same intensity based threshold was 

used to mark all cells above the threshold intensity within the outlined brain region. A 

minimum size restriction of 30 μm2 was set to exclude transversely cut neuritic processes 

and peripheral cell cuts from cells in consecutive slices. During this macro-based rating 

procedure the outlines of the object counts were saved. Next, all measured objects were 

extracted from the original (contrast free) image using the saved outlines and assembled 

according to object size in a sorted object image. The sorted object images were re-evaluated 

using a roundness restriction (Lower limit: 1 Upper limit: 1.5) to partition α-syn positive 

cells from bias objects. These automatic object counts were visually controlled and the count 

manually corrected by adding all explicit cells not being round enough or not separable from 

background, leading to the ultimate cell count. The measurement area of the cortex and the 

hippocampus in each slice and the relative and absolute number of α-syn immunoreactive 

cells per measurement area of the specific brain regions hippocampus and cortex were 

calculated. Data was analyzed by one-way ANOVA followed by Dunnett’s multiple 

comparison post hoc test using GraphPad Prism.

Rat α-syn pre-formed fibril (PFF) model experiments

Animals—Adult male Sprague Dawley rats (200–225g; Harlan Laboratory, Indianapolis, 

IN) were utilized in all experiments. Studies were conducted at Michigan State University. 

Rats were housed in the Van Andel Research Institute vivarium. The animal facility is 

accredited by the Association for the Assessment and Accreditation of Laboratory Animal 

Care and complied with all Federal animal care and use guidelines. The Institutional Animal 

Care and Use Committee approved all protocols.

Intrastriatal α-syn pre-formed fibril (PFF) injections—Purification of recombinant, 

fulllength mouse α-syn protein and in vitro fibril assembly was performed as previously 

described (Luk et al., 2012). Immediately prior to injection, PFFs were thawed, diluted in 

sterile saline, and sonicated at room temperature using an ultrasonic homogenizer (300VT; 
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Biologics, Inc., Manassas, VA) with pulser at 20%, power output at 30% for 60 pulses at one 

second each. Anesthetized rats were placed into a stereotaxic device and PFFs were injected 

into the left striatum at one site (4μl/8μg protein; AP +1.6, ML +2.4, DV −4.2 from skull) at 

a rate of 0.5μl per minute. After each injection, the needle was left in place for 2 minutes and 

then slowly withdrawn. Animals were monitored weekly following surgery and euthanized 

at a time point when α-syn accumulation/aggregation is maximal (2 months post-injection) 

(Paumier et al., 2015a).

Experimental Design—NOR Pre-treatment study. Three-month-old male Sprague 

Dawley rats were randomized and divided into five treatment groups [saline (n=6), low dose 

NOR (5mg/kg; n=6); high dose NOR (15mg/kg; n=6)]. Daily intraperitoneal (i.p.) injections 

of saline or NOR commenced two weeks prior to PFF injection and continued for the 

duration of the study. Animals were euthanized 2 months post-PFF injection and processed 

for immunohistochemistry for morphological comparisons. NOR Post-treatment study. 
Three-month-old male Sprague Dawley rats were randomized and divided into three 

treatment groups [saline (n=10); low dose NOR (5mg/kg; n=10); high dose NOR (15mg/kg; 

n=10)]. All rats received an intrastriatal injection of sonicated pre-formed α-syn fibrils 

followed by daily i.p. injections of saline or NOR that began 2 weeks after PFF injection and 

continued for the duration of the study. Animals were euthanized 2 months post-injection 

and processed for immunohistochemistry for morphological comparisons.

Immunohistochemistry—Animals were euthanized via pentobarbital overdose 

(60mg/kg) and intracardially perfused with saline followed by cold 4% paraformaldehyde 

(PFA) in 0.1 M PO4 buffer. Brains were removed and post-fixed in 4% PFA for 24 hours and 

sunk in 30% sucrose. Brains were frozen on a microtome platform and cut to generate 40μm 

thick sections. A 1:6 series of free-floating coronal sections was stained for either tyrosine 

hydroxylase (TH) or S129-phosphorylated α-syn (pSyn). Tissue was incubated in 0.3% 

H202 for 45 minutes, rinsed and blocked in 10% normal goat serum (1 hour) then incubated 

in either primary mouse anti-pSyn (81a-1:15,000; Luk et al., 2012) or mouse-anti-TH 

(1:8000; Immunostar, Hudson, WI) antibodies overnight at 4°C. Then, sections were 

incubated in biotinylated secondary antisera against either mouse (1:400, Millipore, 

Temecula, CA) or rabbit IgG (1:400, Millipore, Temecula, CA) followed by Vector ABC 

detection kit (Vector Labs, Burlingame, CA). Antibody labeling was visualized by exposure 

to 0.5 mg/ml 3,3′ diaminobenzidine (DAB) and 0.03% H2O2 in Tris buffer. Sections were 

mounted on subbed slides, dehydrated to xylene and coverslipped with Cytoseal (Richard-

Allan Scientific, Waltham, MA).

For all immunofluorescence a 1:12 series of free-floating coronal sections was stained. 

Tissue was rinsed and blocked in 10% new goat serum in TBS (1 hours) then incubated in 

primary solution 10% bovine serum albumin in TBS with appropriate primary antibody 

overnight at 4°C. Then, sections were incubated with corresponding Alexa Fluor antibodies 

in 10% new goat serum (1 hour). Double labeling was done simultaneously with primaries 

from two different host species followed by incubation with appropriate secondary 

antibodies. Primary antibodies used include rabbit anti-TH (1:4000; Millipore, Temecula, 

CA) and mouse anti-pSyn (81a-1:15,000). Secondary antibodies used include Alexa Fluor 
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568 goat anti-mouse IgG (1:500; Invitrogen, Carlsbad, CA) and Alexa Fluor 488 goat anti-

rabbit IgG (1:500; Invitrogen, Carlsbad, CA).

pSyn aggregate counts—MicroBrightfield stereological software (MBF Bioscience, 

Williston, VT) was used to assess the total number of aggregates (defined as dense, darkly 

stained cores of phosphorylated α-syn staining) within the SN at the 60d time-point. A 

contour was drawn around the SN using a 4X objective and then aggregates were 

systematically counted using the 20X objective. The total number of aggregates was 

recorded for every sixth section throughout the rostro-caudal axis of the SN. The total 

number of aggregates for each section was compiled and reported as a total for each animal. 

Counts reflect actual numbers counted, not a population estimate derived from a sample 

within the SN.

Proteinase-K pretreatment—Confirmation of p-Syn positive inclusions as true 

aggregates was performed by exposing representative tissue sections to proteinase-K 

digestion prior to staining with the 81a antibody. Sections from four animals from each 

treatment group were randomly selected for exposure to proteinase-K. Sections were 

removed from cryoprotectant and washed 6-times for 10 min. each in 0.1M TBS pH 7.3. 

Sections were then treated with proteinase-K at a concentration of 10μg/ml in TBS for 10 

minutes. Sections were washed 3-times for 10 min. each in 0.1M TBS. Finally, sections 

were stained for pSyn as detailed above.

Stereology—MicroBrightfield stereological software (MBF Bioscience, Williston, VT) 

was used to assess total population cell counts. Sections were counterstained with cresyl 

violet following TH immunolabeling in order to distinguish between loss of TH phenotype 

and neuronal loss. Glial nuclei were excluded from cresyl violet neuronal counts based on 

smaller size and homogeneous intense Nissl substance staining. Low magnification (1.25X) 

was used to outline the substantia nigra pars compacta (SNpc) and 20% of the designated 

area was sampled via a random series of counting frames (50μm × 50μm) systematically 

distributed across a grid (183μm × 112μm) placed over the SNpc. An investigator blinded to 

experimental conditions counted neurons using the optical fractionator probe (60X with oil). 

A marker was placed on each TH+ or cresyl-labeled neuron within the counting frame while 

focusing through a z-stack of images (1–2μm). Between 50 and 300 objects were counted to 

generate the stereological estimates. The total number of stained neurons was calculated 

using optical fractionator estimations and the variability within animals was assessed via the 

Gundersen Coefficient of Error (< 0.1).

α-Syn western blots—To determine whether NOR alters endogenous levels of α-syn in 

brain, an independent subset of rats were treated with either saline (n=3) or NOR (n=4; 

15mg/kg) for 4 weeks. At the conclusion of the study, animals were euthanized and the 

striatum and midbrain regions were dissected on ice and processed for immunoblots. Tissue 

samples were homogenized in lysis buffer (T-PER) and protein determination was 

performed (Pierce). Lysates (20μg) were separated on 4–12% Bis-Tris gels (Invitrogen; 

Carlsbad, CA) and then transferred onto nitrocellulose membranes (Invitrogen, Carlsbad, 

CA). The blots were probed with the following antibodies: rabbit polyclonal α-syn (1:2,000; 
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Santa Cruz, Dallas, TX), mouse monoclonal actin (1:10,000, Sigma, Saint Louis, MO), 

followed by goat anti-rabbit (1:10,000; Novus, Littleton, CO) and goat-anti-mouse 

(1:10,000; Novus, Littleton, CO). Protein bands were detected and quantified with the 

OdysseyClx infrared scanning system (LiCor, Lincoln, Nebraska).

Retrograde transport of fluorogold—To ensure the reduction in aggregation was not 

due to blockade of retrograde transport an additional cohort of rats were treated with either 

saline (n=3), or NOR (n=4 at 5mg/kg; n=4 at 15mg/kg) for 2 weeks prior to an intrastriatal 

injection of fluorogold (1 injection site AP +1.6 ML +2.4 DV −4.2 from skull, 2μl volume, 

rate 0.5μl/min., 4% solution fluorogold (Fluorochrome LLC, Denver, CO)). Brains were 

processed three days post-injection and immunofluorescence was examined to assess 

magnitude of fluorogold transport across groups.

Statistical analysis—All statistical tests were completed using GraphPad Prism software 

(version 6, GraphPad, La Jolla, CA). Differences between three or more groups were 

analyzed using a one-way ANOVA. Post-hoc comparisons were made between groups using 

either Dunnett’s multiple comparisons or Bonferroni’s correction method. The level of 

significance was set at P<0.05.

α-Syn molecular reconfiguration experiments

α-Synuclein Mutation, Expression and Purification—The α-syn plasmid was a kind 

gift from Gary Pielak (University of North Carolina, Chapel Hill, NC). The α-syn mutant 

containing the tryptophan/cysteine (Trp/Cys) pair A69C/F94W was created using the 

QuikChange site-directed mutagenesis kit (Stratagene). The mutants was then expressed in 

E. coli BL21 (DE3) cells and purified by a procedure described previously (Ahmad et al. 

2012). The monomeric α-syn peak obtained using size exclusion was found to be >95% 

pure as assessed by SDS-PAGE and Coomassie blue staining. The protein was stored at 

−20°C in aliquots of 300μM.

NOR binding studies—All fluorescence measurements were conducted in PTI Q4 

fluorimeter equipped with a temperature controlled cuvette holder and stirrer kit. 

Fluorescence of W94 was measured at room temperature in a 1cm path length cuvette. The 

excitation wavelength was 280nm. The protein concentration was kept fixed at 3μM and the 

NOR concentration was added to the protein with increasing concentrations, ranging from 

2nM to 30μM. All spectra at all concentrations were analyzed globally using single value 

decomposition (svd).

Trp-Cys contact quenching measurements—Monomeric α-syn was mutated to 

contain one Trp and one Cys (A69C/Y94W). The tryptophan is excited to a long-lived 

excited state that is quenched on contact with cysteine. The measurement of the tryptophan 

triplet state lifetime has been described in detail previously. Briefly, the triplet state was 

excited by a 10ns laser pulse at 289nm created by the 4th-harmonic of a Nd:YAG laser 

(Continuum, Surelite II) and a 1-meter Raman Cell filled with D2 gas. The population of the 

triplet state was probed by continuous absorption of a diode laser at 450nm (91Laser 

LSR445NL) and probe and reference beams are detected by silicon optical detectors 
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(Newport 2151). These signals are combined in a differential amplifier (DA 1853A, LeCroy) 

and further amplified in a 350 MHZ preamplifier (SR445A, Stanford Research Systems) for 

a total gain of 50X. The temperature in the instrument is set by a thermoelectric-controlled 

cuvette holder (Quantum Northwest FLASH 100). All measurements were completed within 

30 minutes, much less than the observed lag times for α-syn aggregation under these 

conditions (~60 hrs). For each measurement, an aliquot of the protein was thawed and 

diluted 10x in 25mM sodium phosphate buffer (pH=7.5), 10mM TCEP (to prevent disulfide 

bond formation) and various sucrose concentrations (0, 10, 20 and 30% w/w). The buffer, 

sucrose and TCEP solutions were bubbled with N2O for one hour to eliminate oxygen and 

scavenge solvated electrons created in the UV laser pulse. The viscosity of each sucrose 

concentration at different temperatures was measured independently using a cone-cup 

viscometer (Brookfield Engineering). Each sucrose concentration was measured at five 

temperatures (0, 10, 20, 30 and 40°C).

To measure intramolecular diffusion, we excite W94 to a long-lived triplet state which is 

quenched upon close contact with C69, almost 400-times more efficiently than with any 

other amino acid. The theory of Szabo, Schulten and Schulten (1980) gives reaction-limited 

and diffusion-limited rates as

where the integration limits are dα =4 Å, and lc, the contour length of the protein. P(r) is the 

probability of intrachain distances, r is the distance between the Trp and Cys, and q(r) = 

4.2x109 exp(−4.0(r − 4.0)) s−1 is the experimentally-determined distance-dependent 

quenching rate. This rate for the Trp-Cys system drops off very rapidly beyond 4.0 Å, so the 

reaction-limited rate is mostly determined by the probability of the shortest distances 

(Lapidus et al., 2001).

To determine D we assume the probability distribution, P(r), for each mutant and 

temperature is given by a Gaussian chain model where <r2>, the average Trp-Cys distance, 

is an adjustable parameter, and N is a normalization constant such that ∫P(r) = 1. For each 

mutant and temperature, <r2> was found such that the calculated kR from the equation in 

text Figure 8 matched the measured rate. These values are almost certainly too big because 

the real distribution is narrower than a Gaussian so that we must choose a large <r2> in order 

to make the probability low enough at the shortest distances. However for purposes of 

comparison with and without NOR, it is a suitable approximation. Finally, the diffusion 
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coefficient, D, is computed from the equation above with the appropriate P(r) and the 

measured kD+.

Results

NOR delays aggregation of α-syn in vitro

To test whether NOR can affect α-syn aggregation in vitro, recombinant wild-type α-syn 

monomer was incubated with NOR or vehicle with gentle agitation at 37°C. Aggregation 

progression was monitored by fluorescence polarization (FP) using an Alexa-Fluor-594 α-

syn adduct as a tracer (Luk et al., 2007). NOR increased the lag time to initiation of 

aggregation in a dose-dependent fashion (Figure 1A). To determine if the delay in 

aggregation is related to conversion of monomer to higher molecular weight conformations, 

the reaction product was separated by size exclusion. In this assay, loss of monomer was 

detected in parallel with the formation of species associated with high FP. Addition of NOR 

to the reaction delayed the loss of monomer (Figure 1B&C). This is consistent with NOR 

delaying initiation of aggregation through interaction with monomeric α-syn and inhibiting 

formation of high molecular weight species.

NOR reduces aggregation and neurotoxicity of α-syn in cell and animal models

NOR inhibits accumulation of α-syn inclusions in cultured inclusion-prone 
neuroblastoma cells—α-Syn E35K+E46K+E61K (= αS3K) is an ‘amplification’ of the 

familial PD-linked α-syn mutation E46K and readily forms round cytoplasmic inclusions in 

cultured cells (Dettmer et al., 2015). A stable neuroblastoma cell line was generated that 

expresses an α-syn-3K::yellow fluorescent protein (YFP) fusion protein (dox-inducible) and 

red fluorescent protein (RFP; constitutive). Twenty-four hour dox-induction of α-

syn-3K::YFP led to pronounced round inclusions in the presence of vehicle alone, whereas 

NOR dose-dependently prevented their occurence (Figure 2a and 2c, top row). RFP intensity 

(Figure 2b and 2c, middle row) and nuclei count (Figure 2c, bottom row) were not affected, 

ruling out cell loss as the mechanism of decreased detection of aggregates in NOR-treated 

cultures. Western blotting for α-syn using two different antibodies showed that levels were 

unaffected by the treatments (Figure 2d, panels on the left) and Ponceau staining of the same 

membranes (Figure 2d, panels on the right) confirmed equal loading and equivalent protein 

content in all treated cells.

NOR suppresses neurotoxicity in cultured dopamine neurons expressing 
A53T α-syn—Transduction of embryonic rat midbrain cultures with a lentivirus encoding 

mutant A53T α-syn is associated with development of insoluble (SDS-resistant) α-syn 

conformations and selective degeneration dopamine (DA) neurons (Cooper et al., 2006; Liu 

et al., 2008). Prior to examining the effects of NOR on A53T α-syn transduced cultures, we 

performed a pilot experiment to determine whether NOR affected lentivirus transduction of 

LacZ-V5 in cultured midbrain neurons. Western blot analysis revealed no effect of NOR on 

transduction. Expression of A53T α-syn in midbrain cultures resulted in a significant 

decrease in survival of TH-positive neurons. Treatment with 1μM and 3μM NOR 

significantly increased the survival of DA neurons (Figure 3A).
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NOR rescues α-syn neurotoxicity in transgenic Drosophila—Death of 

photoreceptor neurons in Drosophila has been used as a model of neurodegeneration induced 

by toxic proteins such as α-syn and mutant huntingtin (Feany and Bender, 2000; Steffan et 

al., 2001; Ehrnhoefer et al., 2006). NOR was tested in A30P α-syn transgenic Drosophila 
that exhibit progressive retinal degeneration following over-expression specific to the eye 

(GMR-GAL4/+). Flies less than 24-hours old have normal retinas, but exhibit complete 

degeneration of ommatidia by day 10 post-hatching. Within 12 hours of hatching, α-syn 

transgenic flies were transferred to food supplemented with NOR or vehicle, and evaluated 

for retinal degeneration after seven days. Transgenic flies that ingested NOR-embedded food 

had significantly more normal ommatidia than those raised on untreated food. Suppression 

of α-syn-induced retinal degeneration was dose dependent (Figure 3B).

NOR reduces accumulation of α-syn in transgenic mice—The Line-D transgenic 

mouse model exhibits progressive accumulation of human α-syn, driven by the platelet-

derived growth factor (PDGF) promoter, between 3 and 12 months of age (Masliah et al., 

2000; Amschl et al., 2013). In these animals, human α-syn accumulates in synapses of the 

neocortex, limbic system and olfactory regions and form inclusion bodies in neurons of the 

deep layers of neocortex and pyramidal cells of the hippocampus (Rockenstein et al., 2002). 

At an early stage of development of α-syn pathology in these animals, six-month-old 

transgenic mice were administered NOR or vehicle by intraperitoneal injection once daily 

for one month. Human α-syn in the cortex and hippocampus was analyzed by 

immunohistochemistry. NOR inhibited the progression of α-syn pathology in a dose-related 

pattern compared to vehicle treated animals in both brain regions (Figure 4).

NOR attenuates development of α-syn aggregates in the rat pre-formed fibril 
(PFF) injection model—The recently established rat synucleinopathy model is based on 

direct brain injection of a fibrillar form (pre-formed fibrils; PFF) of α-syn that seeds 

endogenous α-syn, that progressively accumulates, aggregates and leads to degeneration of 

substantia nigra (SN) DA neurons over a 6 month time course (Paumier et al., 2015). Prior to 

neurodegeneration, at two months following injection of α-syn PFFs into the striatum of 

young adult rats, TH-positive neurons of the SN display numerous intracellular α-syn 

inclusions that stain positive for phosphorylation at Ser 129 (pSyn) (Fujiwara et al., 2002) 

(Figure 5A&C) and are proteinase-K resistant (Figure 5C′), supporting their identity as 

insoluble α-syn aggregates. When rats received once daily intraperitoneal injection of NOR 

in a pretreatment paradigm, beginning 2 weeks prior to PFF injection and continuing for the 

remaining 8 weeks of the study, NOR significantly reduced the accumulation of aggregates 

in SN in a dose related manner (Figure 5B,D, E, F).

The effect of NOR treatment also was assessed in a post-PFF infusion design to determine 

whether NOR had an impact on clearance of pre-existing aggregates. α-Syn PFFs were 

injected into the striatum, and 2 weeks later subjects were randomly assigned to groups that 

received daily saline or NOR injection, for an additional 6 weeks. Over this interval, saline 

treated animals showed the expected continued accumulation of aggregates in SN. NOR 

treated animals exhibited a consistent, modest reduction in accumulation of aggregates: 

5mg/kg = −30%, 15mg/kg = −29%. These differences did not reach statistical significance. 
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Taken together, the findings suggest that NOR has the capacity to delay and diminish 

formation of α-syn aggregates, but once seeding and aggregation is established, NOR does 

not clear existing pathology.

In the rat PFF synucleinopathy model, reduced numbers of aggregates is not 
attributable to NOR-induced cell death, reduced levels of endogenous α-syn 
or impaired retrograde transport—We examined several possible caveats to the 

reduced presence of pSyn aggregates in NOR treated PFF injected rats, including NOR 

toxicity producing loss of neurons, reduction of endogenous α-syn available for templating 

and aggregation, and impaired retrograde axonal transport of PFF-templated seeds. We 

previously demonstrated that at the 8 week post-PFF time point examined here, overt loss of 

DA neurons has yet to occur (Paumier et al., 2015). Stereological counts of TH-positive 

neurons and cresyl violet stained neurons in SN were not changed with NOR treatment 

(Figure 6A&B), consistent with the absence of a toxic effect. Western blot analysis of 

endogenous α-syn levels in untreated rats and those treated with NOR for 30 days did not 

differ (Figure 6C), consistent with no association of NOR treatment with reduced 

endogenous α-syn available for templating by PFFs. Injection of the retrograde tracer 

fluorogold into the striatum of untreated rats and those treated with NOR revealed no 

impairment of axonal transport as a contributor to reduced aggregate formation (Figure 6D).

A mechanism for NOR inhibition of α-syn aggregation

We conducted a series of experiments to test a potential mechanism of action of reduced 

aggregation of α-syn with exposure to NOR based on the hypothesis that aggregation is 

kinetically controlled by reconfiguration of α-syn monomers (Lapidus, 2013). This 

hypothesis contends that when two monomers come into contact, stabilizing interactions 

must be made within the time of the encounter complex in order to form an oligomer. The 

opportunity for stabilizing interactions to occur is regulated by the rate at which the 

unstructured monomer ensemble changes its conformation: faster internal reconfiguration 

reduces the opportunity for bimolecular stabilization leading to aggregation.

Intramolecular diffusion of α-syn can be assessed by measurement of intramolecular contact 

between two probes placed into the amino acid chain (Ahmad et al., 2012). Ideally, these 

measurements require a long-lived probe that is quenched on contact with an efficient 

quencher located in the same chain. For our analysis this is accomplished using the triplet 

state of tryptophan (Trp) as the probe and cysteine (Cys) to efficiently quench the triplet 

state only upon close contact (Trp-Cys quenching). An α-syn mutant was engineered that 

contains exactly one tryptophan and one cysteine in the sequence (A69C/Y94W). This 

mutation does not alter aggregation kinetics (Ahmad et al., 2012), and as a side benefit, 

allows detection of conformational changes by tryptophan fluorescence. Empirically, we 

have observed that an increase in reconfiguration is correlated with more expanded and 

solvent-exposed conformations (Ahmad et al. 2012).

Figure 7a shows the emission spectra of W94 with varying concentrations of NOR. There is 

a significant red shift, even with addition of nanomolar (nM) concentrations of NOR, 

indicating higher solvent exposure of W94 consistent with a more expanded conformation of 
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the α-syn chain. In addition, we examined the response to Sypro Orange, a fluorophore that 

increases emission when bound to hydrophobic residues. Figure 7b shows the emission of 

Sypro Orange when bound to α-syn and with the addition of NOR. The increase in 

fluorescence with the addition of NOR indicates more hydrophobic residues within the chain 

are exposed to solvent and available to bind Sypro Orange. Overall these fluorescence 

signals suggest that α-syn becomes more expanded and more solvent exposed upon binding 

with NOR.

The general scheme of the Trp-Cys quenching experiment is shown in Figure 8a. Pulsed 

optical excitation leads to population of the lowest excited triplet state of Trp. Trp contacts 

Cys in a diffusion-limited process, and then either diffuses away or is quenched by Cys. The 

observed rate of Trp triplet decay is given by

(1)

and can be decomposed into two rates, a reaction-limited rate (kR), which depends on 

temperature, and a diffusion-limited rate (kD+), which depends on both temperature and 

viscosity.

(2)

By measuring the Trp triplet decay rate at various viscosities at a particular temperature, we 

can extract these rates from a plot of triplet lifetimes vs. viscosity. The intercept of a linear 

fit of this data is 1/kR and the slope is 1/kD+, normalized by the viscosity of water at that 

particular temperature. The reaction-limited and diffusion-limited rates at 30°C are plotted 

for α-syn protein alone and the protein with 1:1 NOR (Figure 8b). With addition of NOR, 

the reaction-limited rate decreases and the diffusion-limited rate increases.

To interpret the reaction-limited and diffusion-limited rates we use a theory by Szabo, 

Schulten and Schulten (1980), which models protein dynamics as diffusion on a 1-d 

potential determined by the probability of Trp-Cys distances. The reaction-limited rate is 

inversely proportional to the volume of the chain. Thus, the decrease in kR with the addition 

of NOR indicates the chain is more expanded. The diffusion-limited rate is inversely 

proportional to the volume of the chain and directly proportional to the intramolecular 

diffusion coefficient, D. The moderate increase in kD+ with the addition of NOR reflects 

both the expansion of the chain (which would decrease the rate) and a larger increase in the 

rate of intramolecular diffusion (reconfiguration of the α-syn chain) D (Figure 8c).

As stated above, the first step of aggregation is controlled by the rate of monomer 

reconfiguration, defined as kr=D/RG2, where D is the intramolecular diffusion coefficient 

and RG is the radius of gyration. While D increases by ~10x with NOR, any changes in RG 
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are more modest, on the order of 10% (Ahmad et al., 2012). Therefore, changes in 

reconfiguration rate are essentially changes in intramolecular diffusion. In the absence of 

NOR, it is possible for α-syn to form oligomers because the reconfiguration rate is similar to 

the bimolecular rate. However, with the addition of NOR, the reconfiguration rate increases 

significantly and is much faster than the bimolecular rate. Thus, during the encounter 

complex with another monomer, each monomer can reconfigure to escape stabilizing 

interactions and oligomer (O) formation leading to aggregation. This hypothesis can be 

summarized with the following kinetic model (Lapidus, 2013):

(i)

Solutions to scheme (i) are shown in Figure 8d for kr=k1+k−1 = D/RG2. We assume K=k

−1/k1 = 1 for simplicity and ko=100 s−1 for computational ease. The Fick model of diffusion 

gives kbi = 4πr(DM + DM*)NA/1000 = 3.8×108 M−1s−1. In aggregation experiments in this 

work (Figure 1), the concentration was 70μM, therefore kbi=26,600 s−1. Using the values for 

D given in Figure 8c and RG = 30 Å, a reasonable assumption for the size of α-syn, we can 

solve the model in scheme (i) and plot the concentration of oligomers formed [O]. A fit of 

each curve in Figure 8d to a second-order formation function, yields a formation rate of 5.0 s
−1 without NOR and 0.65 s−1 with NOR, an almost 8-fold decrease in oligomerization rate.

Further steps to convert the oligomer to fibrils would not be sensitive to the reconfiguration 

rate but also could be altered by the binding of NOR. In the α-syn PFF model, it has been 

demonstrated that α-syn spread and aggregation is via secondary nucleation (Volpicelli-

Daley et al., 2011). If the nucleating species is the encounter complex, [M*M*], then 

keeping this complex short-lived by increasing the reconfiguration rate with NOR would 

impede this process. Thus, the conclusion drawn from the in vitro experiments is that upon 

binding of NOR, the intrinsically disordered α-syn becomes more solvent exposed, more 

diffusive and resistant to fibrilization.

Discussion

NOR is a second-generation tricyclic antidepressant (TCA) medication with a long history 

of safety and efficacy in the treatment of depression and chronic pain. Evidence from 

multiple studies assessing the mechanisms of action of TCAs in model systems with no 

direct relevance to PD indicate that this class of compounds have multiple properties that 

suggest the potential for neuroprotection, including, increased expression of factors 

associated with neural plasticity (Nibuya et al., 1996; Sairanen et al., 2007; Boehm et al., 

2006), stimulation of neurotrophic factor signaling (e.g., brain-derived neurotrophic factor 

(BDNF) (Nibuya et al., 1995; Xu et al., 2003; Balu et al., 2008), direct binding to 

neurotrophic factor receptors (TrkA&B)(Cong et al., 2015; Jang et al., 2009; Rantamäki et 

al., 2011), activation of autophagy (Zschocke and Rein, 2011; Gassen et al., 2014), reduced 
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neuroinflammation (Kubera et al., 2000; Obuchowicz et al., 2006; Sadeghi et al., 2011; 

Valera et al., 2014), and stimulation of neurogenesis (Chadwick et al., 2011; Boldrini et al., 

2009; Boku et al., 2013). Coinciding with increased awareness of the high prevalence of 

depression in PD (Dooneief et al., 1992; McDonald et al., 2003), we became interested in 

whether the neuroprotective properties of TCAs might impact nigrostriatal system 

degeneration in PD models. In addition, our attention was drawn to TCAs as they have 

proven to be superior in treating depression associated with PD (Frisina et al., 2008; Menza 

et al., 2009). Work in one of our laboratories demonstrated that the TCA amitriptyline 

(AMI) reduced nigrostriatal degeneration in a rat 6-hydroxydopamine toxin model of PD 

and was associated with increased levels of BDNF in basal ganglia structures (Paumier et 

al., 2015b). Also, we conducted a retrospective data analysis of clinical trials involving 

newly diagnosed PD patients that specifically identified TCAs as the only class of 

antidepressant medications associated with a significant delay in need for dopaminergic 

therapy (Paumier et al., 2012).

In the present series of experiments, we utilized the TCA compound NOR as representative 

of this class of drugs. NOR is the major metabolite of AMI, and NOR accumulates in brain 

following chronic administration of AMI (Coudore et al., 1996). Here, we present evidence 

that NOR protects against the negative consequences of pathological α-syn in cell culture 

models, transgenic flies and mice, and injection of α-syn PFFs in rats. The cell and animal 

models in our studies include multiple mutant forms of α-syn in addition to wildtype α-syn, 

vary in their cellular and regional accumulation of α-syn, whether aggregates form, and 

whether the result is neurotoxicity. However, all of the model systems provide direct links to 

α-syn pathology that is diminished by treatment with NOR. Indeed, the inhibitory effects of 

NOR in all of these models argues for the broad applicability of NOR as an α-syn anti-

aggregation compound.

Arguably, the rat PFF model most closely resembles events associated with α-syn pathology 

in PD, incorporating seeding, accumulation and development of aggregates within midbrain 

DA neurons, ultimately leading to neurodegeneration (Paumier et al., 2015a). The significant 

dose-related decrease in α-syn aggregates with NOR pre-treatment, and partial effects with 

NOR post-treatment, suggest that while NOR does not appear to clear existing pathology, it 

interrupts the ongoing processes related to formation and accumulation of neurotoxic α-syn 

conformations. This suggests a direct interaction of NOR with non-fibrillar α-syn and we 

hypothesize that NOR interacts directly with the monomer and prevents the earliest stages of 

aggregation.

We tested this hypothesis using multiple in vitro aggregation and kinetics assays that suggest 

NOR directly binds to the monomeric form of α-syn and inhibits aggregation. We used the 

method of Trp-Cys quenching to measure intramolecular diffusion: the random motion of 

one part of the protein chain relative to another. Using this assay, Lapidus and collaborators 

have demonstrated that their findings are consistent with a model of α-syn aggregation in 

which intramolecular reconfiguration of the monomer determines the rate of bimolecular 

association and subsequent steps in aggregation (Ahmad et al., 2012). They have gone on to 

demonstrate that PD-causing mutations of α-syn slow down intramolecular diffusion of the 

protein chain, predicting the propensity for aggregation (Acharya et al., 2015). They posit 
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that one therapeutic strategy for PD and other synucleinopathies is to use small molecules 

that bind to α-syn and increase its reconfiguration rate under physiological conditions, 

thereby preventing aggregation. Consistent with this view, they have shown that both the 

synthetic molecular tweezer CLR01 and the natural substance curcumin bind to monomeric 

α-syn, increase its reconfiguration rate and inhibit aggregation (Acharya et al., 2014; Basir 

and Lapidus, 2012). The results reported here indicate that NOR exhibits the most potent 

effects to date, binding to monomeric α-syn at nM concentrations and reducing 

oligomerization nearly 8-fold. Intrinsically disordered proteins are now recognized as drug 

targets (Metallo, 2010). In fact, a recent effort to discover small molecule α-syn aggregation 

inhibitors specifically targeted the monomer ensemble (Tóth et al., 2014). However, 

characterizing such protein-ligand interactions is challenging due to the lack of globular 

structure, existence of many possible transient binding sites, and probability that a ligand 

may bind to only a subset of disordered states (Tóth et al., 2014; Zhu et al., 2013). Our 

approach was to examine how a ligand might change the ensemble of disordered structures 

and the dynamics of reconfiguration of that ensemble.

In addition to avoiding formation of potentially toxic oligomers, an intriguing potential 

benefit of preventing monomer aggregation is preserving the normal functions of α-syn. 

While aggregation of α-syn in synucleinopathies is commonly interpreted as gain-of-

function toxicity the converse may be true: sequestration of native forms of α-syn in 

aggregates may decrease the functional pool, resulting in loss-of-function toxicity (Perez and 

Hastings, 2004; Cookson, 2006; Kanaan and Manfredsson, 2012; Collier et al., 2016). For 

example, SNARE-chaperone activity requires a balance between soluble monomer and 

membrane-bound helical conformers (Burré et al., 2015). By diminishing misfolding, NOR 

could normalize the concentration of available monomer for membrane binding in neurons 

and preserve normal function.

Although several small molecule fibrillization inhibitors have been identified, none have yet 

proven therapeutically useful for synucleinopathies in the clinic. The properties of NOR 

suggest that specific interaction with the unstructured form of α-syn may be critical for 

novel therapeutics. However, it remains to be determined whether specific targeting of α-syn 

represents an optimal approach to treatment for synucleinopathies, or whether complex 

disorders require a multi-target approach best served by combination therapies (Valera and 

Masliah, 2016). The present findings indicate that NOR, a tricyclic antidepressant with a 

long history of safety and efficacy, may provide multiple benefits for these syndromes, 

including amelioration of comorbid depression, modulation of important signaling pathways 

involved in cell survival and plasticity, reduced inflammation and interference with 

misfolding and aggregation of α-syn : a multifunction compound to treat a complex 

disorder.
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Highlight

• Nortriptyline inhibits aggregation of alpha-synuclein in cell and animal 

models.

• Nortriptyline enhances molecular reconfiguration to inhibit aggregation.

• Nortriptyline has disease-modifying potential for treatment of 

synucleinopathies.

Collier et al. Page 24

Neurobiol Dis. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Nortriptyline delays initiation of α-syn aggregation and conversion of α-syn monomer 
to higher molecular weight species
A) Aggregation of recombinant α-syn (70μM) in the presence of DMSO (black), 1μM 

(blue), 100μM (green), and 200μM (red) NOR was induced by gentle agitation at 37°C. 

Introduction of NOR was associated with a dose-related delay in α-syn aggregation as 

measured by fluorescence polarization. Fluorescence polarization is expressed in 

millipolarization (mP) units. Each time point is expressed as mean ± SD. NOR treatment 

groups were compared to DMSO-only group with two-tailed t-test, *p<0.05, **p<0.01. 

B&C) Recombinant α-syn (70μM) was incubated with gentle agitation in the presence of 

vehicle (B) or 100μM NOR (C). Aliquots were removed at the indicated times and average 

molecular size determined by fluorescence polarization of Alexafluor 594 α-syn conjugate 

tracer (red bars) and the amount of monomeric α-syn determined by size exclusion (blue 

bars). Monomer was normalized to reading at 0 hours for each tube. Fluorescence 

polarization was normalized to reading at 40 h for each tube. In both conditions, increased 

fluorescence polarization coincided with loss of monomer and NOR delayed this conversion 

to higher molecular weight species. Values are expressed as mean +/− SD.
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Figure 2. Nortriptyline reduces inclusion formation in M17D neuroblastoma cells that express 
inclusion-prone αS3K::YFP
A) M17D cells that express an αS-3K::YFP fusion protein (dox-inducible) and RFP 

(constitutive) were treated with NOR at 0 (= DMSO alone at 0.1% f.c.), 0.3, 1, 3, 5 and 15 

μM. αS-3K::YFP expression was induced at the same time point and IncuCyte-based 

analysis of punctate YFP signals relative to total RFP was performed 24 h later. YFP 

inclusion integrated intensities and RFP total integrated intensities were measured and the 

ratio was calculated. Four independent experiments (N = 4, n = 12), the data are presented as 

mean ± SD. ***p<0.001, ****p<0.0001 versus 0 μM NOR (whose mean was set to 1 in 

each experiment), repeated-measures one-way ANOVA followed by Dunnett’s multiple 

comparisons post hoc test. B) Same as A, but only the total integrated intensities of co-

expressed RFP are plotted. No significant changes were observed. C) Representative images 

(YFP, RFP and Hoechst staining) for the indicated NOR concentrations; scale bar = 20μm. 

D) Western blots using α-syn-specific mAb Syn-1 and pAb C20, plus Ponceau-stained 

membranes.
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Figure 3. Nortriptyline attenuates neurotoxicity elicited by A53T α-syn in a primary cell culture 
model and α-syn-induced retinal degeneration in transgenic Drosophila
A) Primary midbrain cultures were untreated (‘control’) or transduced with A53T α-syn 

lentivirus in the absence or presence of NOR. The cells were stained with antibodies specific 

for MAP2 and TH and scored for dopaminergic cell viability (%MAP2+/TH+). The data are 

presented as the mean ± SEM. **p<0.01, ***p<0.005 versus A53T, square root 

transformation, repeated-measures, one-way ANOVA followed by Tukey’s multiple 

comparisons post hoc test. B) Transgenic Drosophila less than 12 hours after hatching were 

transferred to vials with food hydrated with either water or an aqueous solution of NOR at 

the indicated concentrations. After 7 days, retinas were assessed by the pseudopupil assay. 

Data are presented as mean +/− SEM and analyzed by one-way ANOVA followed by 

Dunnett’s multiple comparison post hoc test. *p ≤ 0.05, **p ≤ 0.01.
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Figure 4. Nortriptyline reduces accumulation of human α-syn in transgenic mice
Six-month-old mice were treated for 30 days with vehicle (N=7), 0.5 mg/kg (N=6), 5 mg/kg 

(N=6), or 25 mg/kg (N=7) NOR. Treatment with NOR reduced the number of cells 

immunoreactive for human α-syn in both A. cortex and B. hippocampus. C & D. 
Representative sections from the hippocampus show reduced α-syn accumulation (green) in 

cell bodies and the neuropil without affecting neuronal architecture as judged by NeuN 

immunostaining (red). White arrows indicate hippocampal pyramidal cell layer; white 

asterisks indicate hippocampal neuropil. Data represent mean ± SEM. Statistical 

significance determined by one-way ANOVA with Dunnett’s post hoc test. *p ≤ 0.05, **p 
≤0.01, *** p ≤ 0.001.
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Figure 5. Nortriptyline pre-treatment reduces the number of α-syn aggregates in substantia 
nigra in the rat PFF model
A&B: dual label fluorescence immunocytochemistry for tyrosine hydroxylase (TH, green) 

and S129 phosphorylated α-syn (pSyn, red) illustrating reduced formation of α-syn 

aggregates in substantia nigra dopamine neurons with NOR treatment. C–E: light 

microscopy of pSyn aggregates (brown) showing dose-related reduction with NOR. C′: 

pSyn aggregates following proteinase K digestion confirming their identity as aggregates of 

insoluble α-syn. F: counts of pSyn aggregates in SN with increasing doses of NOR: vehicle 

(N=6), NOR (5mg/kg)(N=6), NOR (15mg/kg)(N=6). Treatment effect (F(2,11)=20.38; 

p=0.0002) for total counts of pSyn-positive aggregates. Post-hoc tests indicate that both the 

low (**p<0.01) and high dose (***p<0.001) NOR-treated rats had significantly fewer 

aggregates in SN as compared to saline treated animals.
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Figure 6. Nortriptyline-mediated reduction of pathology in the PFF rat model is not due to 
neuron loss, reduced levels of endogenous alpha-synuclein, or inhibition of retrograde transport
A–B) Stereological counts of TH+ and cresyl violet stained substantia nigra neurons indicate 

that the reduction in pathology was not due to frank loss of DA neurons with NOR 

treatment. In the legend, “Contra” refers to the hemisphere contralateral to PFF injection and 

“”Ipsi” refers to the hemisphere ipsilateral to PFF injection. C) Western blots show that 

levels of endogenous α-syn in the striatum and substantia nigra after 30 days of daily NOR 

treatment remain unchanged compared to saline treatment.. D) Fluorescence micrographs of 

substantia nigra show no difference in fluorogold transport between groups, consistent with 

no impairment of retrograde transport with NOR treatment.
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Figure 7. Nortriptyline interacts with monomeric α-syn to inhibit a compact conformation
A) Fluorescence of W94 with increasing [NOR]. The red shift suggests W94 is more solvent 

exposed when bound to NOR. B) Fluorescence of Sypro Orange with α-syn with increasing 

[NOR]. Increased fluorescence indicates increased exposure of hydrophobic residues.
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Figure 8. Trp-Cys contact quenching indicates that in the presence of nortriptyline, the α-syn 
chain is less compact, more labile and less prone to forming oligomers
a) Schematic for the determination of the rate of contact formation between the probe, 

tryptophan (W), and the quencher, cysteine (C), within an unfolded protein. Pulsed optical 

excitation leads to population of the lowest excited triplet state of tryptophan. Tryptophan 

contacts cysteine in a diffusion-limited process with rate kD+, and then either diffuses away 

(kD−) or is quenched (q) by the cysteine. b) Reaction-limited and diffusion-limited rates for 

α-syn without (black) and with (gray) equimolar NOR at 30°C. c) Intramolecular diffusion 

coefficients calculated at 30°C with the same colors as (b). d) Calculated formation of O (α-

syn oligomers), from scheme “i” in the text, for rates describing the protein without (black) 

and with NOR (gray).
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