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Summary for social media 
 
Alpha-synuclein aggregation in Lewy Body inclusions are implicated in driving Parkinson’s 
Disease (PD) pathology. In this study we investigate how endogenous alpha-synuclein and its loss 
affects PD with dementia (PDD)-like disease progression in Ifnb–/– mice, which exhibit clinical and 
neuropathological features similar to PDD. Our results demonstrate that dysregulated neuronal 
TNF-α/TNFR1 signaling due to IFN-β loss results in PDD-like neuropathology and behavioral 
manifestation independent of alpha-synuclein. These findings have a strong impact on our search 
for cures on neurodegenerative disease as it warrants additional consideration to non-alpha-
synuclein-specific aspects of PD, including neuroinflammation, with emphasis on targeting IFN-β-
IFNAR and/or TNF-α/TNFR1 signaling. 
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Abstract 

Objective: Parkinson’s disease (PD) manifests in motor dysfunction, non-motor symptoms, and 

eventual dementia (PDD). Neuropathological hallmarks include nigrostriatal neurodegeneration, 

Lewy body (LB) pathology, and neuroinflammation. Alpha-synuclein (α-syn), a primary component 

of LBs, is implicated in PD pathogenesis, accumulating and aggregating in both familial and sporadic 

PD. However, as α-syn pathology is often comorbid with amyloid-beta (Aβ) plaques and 

phosphorylated tau (pTau) tangles in PDD, it is still unclear whether α-syn is the primary cause of 

neurodegeneration in sporadic PDD. We aimed to determine how the absence of α-syn would affect 

PDD manifestation. 

Methods: IFN-β knockout (Ifnb−/−) mice spontaneously develop progressive behavior abnormalities 

and neuropathology resembling PDD, notably with α-syn+ LBs. We generated Ifnb/Snca double 

knockout (DKO) mice and evaluated their behavior and neuropathology compared with wild-type 

(Wt), Ifnb−/−, and Snca−/− mice using immunohistochemistry, electron microscopy, immunoblots, 

qPCR, and modification of neuronal signaling.  

Results: Ifnb/Snca DKO mice developed all clinical PDD-like behavioral manifestations induced by 

IFN-β loss. Independently of α-syn expression, lack of IFN-β alone induced Aβ plaques, pTau 

tangles, and LB-like Aβ+/pTau+ inclusion bodies and neuroinflammation. IFN-β loss caused 

significant elevated glial and neuronal TNF-α and neuronal TNFR1, associated with 

neurodegeneration. Restoring neuronal IFN-β signaling or blocking TNFR1 rescued caspase 3/t-BID-

mediated neuronal-death through upregulation of c-FLIPS and lowered intraneuronal Aβ and pTau 

accumulation.  

Interpretation: These findings increase our understanding of PD pathology and suggest that 

targeting α-syn alone is not sufficient to mitigate disease. Targeting specific aspects of 

neuroinflammation, such as aberrant neuronal TNF-α/TNFR1 or IFN-β/IFNAR signaling, may 

attenuate disease. 
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Highlights 

• Removal of alpha-synuclein did not impact PDD-like behavioral and pathological 

manifestations in IFN-β knockout mice 

• IFN-β loss leads to pathological amyloid-beta plaques and phosphorylated tau accumulation, 

associated with glial activation, and aberrant neuronal TNF-α-TNFR1 expression 

• Restoring IFN-β signaling or blocking TNFR1 in neurons prevents Ifnb−/−-induced caspase-

3/t-BID-mediated cell death and pathological protein accumulation 
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Introduction  

Hallmark Parkinson’s disease (PD) pathology includes substantia nigra (SN) degeneration 

and Lewy bodies (LBs) in the basal ganglia 1. PD symptoms include motor dysfunction and 

neuropsychiatric disturbances, with most cases developing into PD with dementia (PDD) 2. Alpha-

synuclein (α-syn), normally involved in presynaptic transmission 3, is a primary component of LBs, 

and is highly implicated in PD pathophysiology for several reasons: 1) mutations or multiplications 

in the α-syn locus, SNCA, lead to α-syn overabundance and autosomal dominant forms of familial 

PD 4; 2) genome-wide association studies link allelic variations in SNCA to sporadic PD 5; 3) 

aggregation of α-syn in LBs occurs in both familial and sporadic PD 6; and 4) prion-like propagation 

of fibrillar α-syn is thought to contribute to disease progression and extension 7. However, α-syn 

pathology in PD rarely occurs in isolation from other proteinopathies, including amyloid-beta (Aβ) 

and phosphorylated tau (pTau) tangles, and combination of these proteinopathies correlates with PDD 

clinical outcome severity 8. Prior to α-syn fibril discovery in LBs 9, LBs were identified as 

eosinophilic concentric cytoplasmic inclusion bodies containing ubiquitin and neurofilaments 10. 

Recent ultrastructural studies revealed that LBs contain several other components, including pTau 11, 

which may be exacerbated by concomitant Aβ pathology in PDD 12. 

 Inflammation is another pathophysiological feature associated with neurodegenerative 

diseases, including PD. Activated glia express pro-inflammatory markers tumor necrosis factor alpha 

(TNF-α) and major histocompatibility complex (MHC)-II (or HLA-DR) in post-mortem PD brains 

13. TNFA polymorphisms correlate with PD age of onset 14; this, in addition to a study indicating a 

protective effect of TNF-α-modifying compounds against PD development 15, implicates 

dysregulated TNF-α signaling, and neuroinflammation in general, in aging-related neurodegeneration 

in a manner potentially independent of α-syn proteinopathy. Neurons express both TNF receptors 

(TNFR1 and TNFR2) 16 and are sensitive to dysregulated TNF-α expression 17. Though TNF-
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α/TNFR1 dynamics in the CNS have been studied, knowledge on the impact of neuron-specific TNF-

α/TNFR1 expression in chronic neurodegeneration is limited in comparison to what is known in the 

context of glial or immune cell dysregulation (reviewed in 18). Similar to α-syn, neuroinflammation 

may be an early pathological phenomenon that precedes neurodegeneration in PD 19, therefore 

targeting specific aspects of neuroinflammation could potentially prevent or reverse pathogenesis. 

Defective neuronal signaling with the CNS immunomodulatory cytokine interferon beta 

(IFN-β) causes chronic neuroinflammation 20, 21, dysfunction of which is associated with sporadic 

PDD 22. IFN-β knockout (Ifnb–/–) mice develop aging-related motor and cognitive deficits, 

nigrostriatal dopaminergic neurodegeneration, and spontaneous development of α-syn+ LB-like 

inclusions in the brain  23, 24. Here, the Ifnb−/− mouse is used as a PDD model to investigate the in vivo 

impact of endogenous α-syn removal on development of PDD-like behavior and pathology by 

generating IFN-β/α-syn double-knockout (DKO) mice. Independent of α-syn expression, IFN-β loss 

in mice is sufficient to trigger PDD-like behavior, concurrent development of Aβ and pTau pathology, 

and TNF-α+/MHC-II+ glial activation. Importantly, IFN-β loss causes elevated neuronal TNF-α and 

TNFR1, contributing to intraneuronal accumulation of Aβ and pTau, and leads to neuronal death. 
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Materials and Methods 

Mice  

Mice were bred and housed in standard facilities operating on a 12-h light-dark cycle 23. Ifnb−/− mice 

were backcrossed more than 20 generations to either the B10.RIII or C57BL/6J background 23. 

Snca−/− mice (C57BL/6JOlaHsd, Harlan Laboratories), were used to generate Ifnb/Snca double 

knockout (DKO) mice as previously described 23. B10.RIII background Wt and Ifnb−/− mice were 

used for initial histology, electron microscopy, quantitative real-time PCR, and primary neuron 

experiments, which were verified with C57BL/6J background Wt and Ifnb−/− mice. For experiments 

comparing Wt, Ifnb−/−, DKO, and Snca−/− strains, only mice on the C57BL/6J background were used. 

Transgenic mice overexpressing human mutated APP (V717F/APP-Tg) and mice with five familial 

Alzheimer’s disease (AD) mutations (5xFAD), both which develop significant extracellular Aβ 

pathology 25, were used for Aβ antibody specificity tests. All animal experiments were performed in 

accordance with current Danish ethical standards under ethical permission licenses 2013-15-2934-

00807 and 2018-15-0201-01572. 

 

Neuronal cell culture 

Primary cortical neurons (CNs) were cultured from 0- to 1-day-old pups from Wt, Ifnb−/−, DKO, or 

Snca−/− mice as previously described 23. Cerebellar granule neurons (CGNs) were cultured from 6- 

to 7-day-old pups from Wt, Ifnb−/−, DKO, or Snca−/− mice as previously described 20.  

CGN treatment began 3 days in vitro. TNF-α-neutralizing treatments were conducted for 3 

consecutive days, and the following reagents were used: rat IgG (clone R3-34, 10 µg/mL, BD 

Biosciences, cat. # 553922) and rat anti-TNF-α (clone MP6-XT22, 10 µg/mL, BD Biosciences, cat. 

# 554416). For 24-h treatments, the following reagents were used: mouse rIFN-β (100 U/mL, Sigma, 

I9032), mouse rTNF-α (10 ng/mL, R&D Systems, cat. # 410-MT-010), hamster IgG (10 µg/mL, 

Thermofisher, cat. # 16-488-85), hamster anti-TNFR1 (clone 55R-170, 5 µg/mL, Thermofisher, cat. 
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# 16-1202-85), and hamster anti-TNFR2 (clone TR75-54, 5 µg/mL, Thermofisher, cat. # 14-1203-

85).  

 

Behavior 

Sex- and weight-matched mice were used to generate behavior cohorts containing roughly equal 

proportions of male and female mice. 5 cohorts were tested over time, with each cohort including Wt, 

Ifnb–/–,  Snca–/– and DKO mice in C57BL/6J background. Mice were habituated to the behavior room 

24 h prior to testing. Psychiatric tests were conducted prior to motor and cognitive tests, followed by 

pain sensitivity tests.  

As B10.RIII-background Ifnb–/– mice were previously evaluated at 1.5, 3, and 6 months of 

age for progressive behavior deficits 23, the same time points were used to evaluate C57BL/6J 

background Wt, Ifnb–/–,  Snca–/– and DKO strains, in addition to an 11-month timepoint for additional 

cognitive evaluation of aged mice. Two 1.5-month-old cohorts were assessed on the rotarod and wire 

suspension test to confirm baseline motor performances, after which tissue was collected from 

randomized mice from each cohort for biochemical analysis. Remaining mice were combined with 

additional mice to form larger cohorts that were followed at 3-, 6-, and 11-month time points for the 

wire suspension test, elevated plus maze (EPM), Morris water maze (MWM), and Barnes maze. 

Random mice from each genotype and cohort were collected for biochemical examination after 

behavior tests at 6- and 11-month timepoints. 6-month-old Ifnb–/– and DKO mice demonstrated 

significant anxiety-like behavior on the elevated plus maze compared to Wt and Snca–/– mice. To 

minimize potential confounding effect of anxiety from our cognitive measurements, mice tested at 

11-months of age were reserved solely for the Barnes maze, which evaluates spatial memory and 

learning similar to the MWM without the added stress of swimming. The rotarod test was conducted 

for a separate group, as the test was not included in the initial behavior screen. All behavior tests were 

performed simultaneously in all groups, and analyzed in a blinded manner by the same experimenter.  
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Rotarod, wire suspension, heat-induced tail-flick, and MWM tests were performed as 

previously described 23. For the wire suspension test, some 6-month-old mice (up to 4 per genotype), 

fell within 5 seconds for all 4 timepoint trials and were excluded from analysis. One significant outlier 

in the DKO group, as determined by the Grubb’s outlier test, was removed from EPM analysis. 

Rearing and EPM tests were adapted from 26. Barnes maze test was adapted from 27.  Ethovision 

11XT software (Noldus Information Technology) was used to analyze EPM, MWM, and Barnes 

maze performances.  

 

Brain tissue preparation 

Paraffin-embedded tissues: mice were placed under isofluorane-induced anesthesia and intracardially 

perfused for 1 min with phosphate-buffered saline (PBS), followed by freshly prepared aqueous PBS-

buffered 4% paraformaldehyde (PFA, Sigma, cat. # P6148) fixative solution. Brains were removed 

and kept in the same fixative at 4ºC for 18 h before alcohol dehydration and paraffin embedding. A 

microtome (Thermo Scientific, cat. # HM355S) was used to prepare 6-µm-thick serial coronal 

sections onto glass slides (Thermo Scientific, cat. # 10149870).  

Cryo-preserved tissues: mice were sacrificed by cervical dislocation. Brains were removed on 

ice and halved along the midline, with one half placed in Optimal Cutting Temperature (OCT) 

compound (Sakura, cat. # 4583) snap-frozen on dry ice, and the other half micro-dissected for basal 

ganglia and snap-frozen in liquid nitrogen. 6-µm-thick serial sagittal sections were cut and mounted 

onto glass slides using a cryostat (Leica, cat. # CM3050).  

 

Primary antibodies 

Details for all primary antibodies used in this study are included in Supplementary Online Table 1. 

 

This article is protected by copyright. All rights reserved.



Immunofluorescence (IF), immunohistochemistry (IHC), and transmission electron microscopy 

(TEM) 

Selection of brain regions for histological examination were based on previous work 23. To focus 

immunohistochemical investigations, an initial screen was conducted on 6 Ifnb–/– mouse coronal 

sections to identify heavily affected areas of proteinopathy, such as cortex (Aβ plaques) and thalamus 

(LB-like inclusions). Comparative quantifications in Wt, DKO, and Snca–/– mice were then targeted 

to areas most affected by α-syn, Aβ, and pTau pathology in Ifnb–/– mice. Among 5-6 coronal brain 

regions per Ifnb–/ mouse, the frequency of overlapping α-syn, pTau, and Aβ pathology were most 

consistently observed in amygdala versus the cortex. The amygdala was therefore chosen for 

comparative quantification of all three protein aggregates. Summary of the brain regions investigated 

in this study and their relation to known pathology in PD are shown in Table 1. 

[Table 1] 

Tissues and cells were stained as previously described 21, 23, imaged using a Zeiss LSM510 

confocal scanning microscope and an IN Cell Analyzer 2200 automated microscope, a NanoZoomer 

2.0-HT digital slide scanner or an Olympus BX51 microscope and analyzed  with ImageJ (Fiji 

v.2.0.0-rc-49/1.51a), IN Cell Investigator, CellProfiler and Zeiss Zen. 

 Genotypes were randomized prior to analysis. Background subtraction was made prior to 

analysis with ImageJ. Samples were unblinded post-analysis and normalized to Wt within the same 

staining group (paired) to account for technical variation between staining rounds.  

Extracellular amyloid plaques were visualized with Congo Red solution (0.2%, Sigma-

Aldrich, cat. # C6277), or anti-Aβ primary antibodies (Supplementary Online Table 1), followed with 

3,3’-diaminobenzidine (DAB) staining according to the manufacturer’s instructions (Vector 

Laboratories, cat. # SK-4100). Nuclei counterstaining was made with Meyer’s hematoxylin (Histolab, 

cat. # 01820). For specificity determination of Aβ1-42 antibodies (Supplementary Online Table 1), the 

antibodies were blocked by pre-incubation overnight with excess (200x molar) human Aβ1-42 peptide 

This article is protected by copyright. All rights reserved.



(Invitrogen, cat. # 03-111), relative to anti-Aβ1-42 concentration. Frozen sagittal sections from 18-

month-old APP-Tg mice were used as positive Aβ1-42
+ plaque controls (data not shown). Paraffin-

embedded sections from 9-month-old 5xFAD mice were used as positive controls for Aβ1-16
+ plaques. 

Aβ1-16  clone 6E10 is reportedly specific for human Aβ, positive 6E10 staining was demonstrated in 

Wt mice depending on antibody concentration used 28. Here, anti-Aβ1-16 only stained fibrillary 

plaques in 5xFAD mice but not in Wt, and resulted in similar staining to Aβ1-42 antibodies.  

TEM: 12-month-old mice were intracardially perfused with 4% PFA (EM-grade, Electron 

Microscopy Sciences, cat. # 15710) and 0.05% glutaraldehyde (Sigma, cat. # 340855) in 0.1 

M PB, pH 7.4. Brains were removed, and coronal sections of thalamic and amygdala regions were 

cut on a vibratome (50 µm). Sections were incubated overnight at 4°C with primary antibodies against 

Aβ, pThr205-Tau, or pSer-α-syn (see Supplementary Online Table 1). After washing, sections were 

incubated with secondary antibodies (1:100, Nanogold 1.4 nm Fab fragments; Nanoprobes) overnight 

at 4°C followed by silver enhancement (HQsilver; Nanoprobes). Sections were contrasted using 0.5% 

OsO4 and 1% uranylacetate, dehydrated, and embedded in epoxy resin (Durcupan, Sigma-Aldrich, 

cat. # 44611). Ultrathin sections were cut using a Leica UC6 ultramicrotome and analyzed using a 

Philipps CM100 TEM. Of note, we additionally verified our Aβ1-16 findings in EM by using Aβ1-42 

antibodies in parallel for both in IHC and EM.  

 

Western blotting 

Immunoblotting was performed as previously described 23. Visualization was performed with ECL 

substrate on film or with fluorescence-labeled secondary antibodies on a LI-COR Odyssey CLx 

system.  
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Quantitative real-time (q)PCR 

Total RNA was isolated using a QIAGEN RNeasy Mini Kit (Qiagen, cat. # 74106), reverse-

transcribed into cDNA (iScript kit, Bio-Rad, cat. # 1708891), amplified, and quantified by SYBR 

Green (Thermofisher, cat. # K0222) detection. All qPCR reactions were run with LightCycler 480 

software (Roche). Relative mRNA expression was normalized with the glyceraldehyde 3-phosphate 

dehydrogenase (Gapdh) gene. All primers are listed in Supplementary Online Table 2. 

 

Statistical Analysis and Sample Size Determination 

Prism software v9 was used for statistical analysis of all data, including both in vivo and in vitro 

experiments. Parametric tests were applied on the basis of passing the Shapiro-Wilk normality test. 

Unless otherwise specified, unpaired Student’s t-tests were used for two-group comparisons, and 

one- or two-way ANOVAs were used for multiple-group comparisons. Paired t-tests were applied 

when comparing treatment effects to control conditions within biological replicates and are 

specified in the figure legends. For data that did not pass the Shapiro-Wilk normality test, non-

parametric analyses were applied and specified in the figure legends, including the unpaired Mann-

Whitney U test for two-group comparisons, and the Kruskal-Wallis test for multiple-group 

comparisons. Single outliers were evaluated using GraphPad Grubb’s test with a confidence interval 

of 0.05 and were removed when significant.  

Samples sizes for behavior, histology, and in vitro experiments were determined based on 

previous experiments 21-23. The G*Power program (v.3.1.9.6) was used to calculate post-hoc power 

and confirmed that sample sizes of 8 animals per group for behavior tests and 3 biological replicates 

per group for biochemical assays, including qPCR, histology, and Western blots, were sufficient to 

replicate published Wt versus Ifnb–/– behavior differences with 0.05 alpha value and >80% power.  

For animal behavior tests, we planned for many biochemical analyses on tissue collected 

from behavior-tested mice at 6- and 11-month time points, therefore we included with larger 
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cohorts at 3 months of age in order extract biological tissues from mice subject to the same tests 

over time.  

For neuronal cultures, 2-3 pups were required to culture an appropriate number of neurons 

per biological replicate for several simultaneous conditions and use for immunofluorescence, 

western blot, and qPCR analyses. To abide by 3R ethical principles (https://en.3rcenter.dk/3r), we 

evaluated the minimal number of biological replicates (n=3-6) required to replicate our findings in 

Wt versus Ifnb–/– neurons both in this study and from previous work 21-23, meanwhile concurrently 

evaluating the same differences in DKO and Snca–/– neurons. 
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Results 

Absence of α-syn fails to rescue progressive motor and non-motor deficits of PDD in Ifnb−/− mice 

Motor deficits on both the accelerating rotarod and wire suspension tests were apparent in 

Ifnb−/− mice by 3 months (of age), as previously described using Wt and Ifnb−/− mice on a B10.RIII 

background 23 (Fig. 1a, b). Compared to all other genotypes, DKO mice spent significantly less time 

on the accelerating rotarod at 1.5 months and progressively worsened at 6 months compared to Wt 

and Snca−/− mice (Fig. 1a). Both Ifnb−/− and DKO mice had significantly lower latencies on the wire 

suspension test (Fig. 1b) and accelerating rotarod (Fig. 1a) at 6 months compared to Wt and Snca−/− 

controls. Correspondingly, 3-month-old Ifnb−/− and DKO mice demonstrated reduced spontaneous 

motor activity (rearing) when placed in a wire mesh cylinder (Fig. 1c). These results indicate that a 

lack of Ifnb alone is sufficient to induce progressive PD-like impairment of motor activity, ability, 

and coordination and that lack of α-syn accelerates this process.  

We further investigated non-motor symptoms associated with PD. Ifnb−/− and DKO mice 

exhibited faster reactions in the heat-induced tail flick test at 3 months compared to Wt and Snca−/− 

mice (Fig. 1d). Both Ifnb−/− and DKO mice demonstrated anxiety-like behavior on the elevated plus 

maze, spending significantly less time investigating the open arms of the maze than Wt and Snca−/− 

mice (Fig. 1e). No significant genotypic differences were observed at 1.5 months on the Barnes maze 

or at 3 months on the Morris water maze (data not shown); however, when tested on the Morris water 

maze at 6 months, Ifnb−/−, DKO, and even Snca−/− mice spent significantly less time in the platform 

area during training and made fewer crossings during the probe compared to Wt mice (Fig. 1f-h), 

indicating progressive deficits in spatial learning and memory. Age-related cognitive impairment was 

further confirmed in the same mice at 11 months on the Barnes maze, where Ifnb−/−, DKO, and 

Snca−/− mice spent less time investigating targets around the escape hole during training and less time 

in the escape zone during the probe compared to Wt mice (Fig. 1i, j).  
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These findings suggest that the absence of α-syn does not impact PDD-like behavior deficits 

induced by lack of IFN-β but that α-syn contributes to the maintenance of cognition. 

 

Dopaminergic neuronal loss is sustained upon α-syn removal in mice lacking IFN-β  

Brains from 11-month-old behavior-tested mice were examined for dopaminergic neuron 

populations in the SN using an antibody against tyrosine hydroxylase (TH). As previously reported 

23, we found significantly fewer tyrosine-hydroxylase (TH)-expressing cell bodies in Ifnb−/−, DKO, 

and Snca−/− mice compared to Wt controls (Fig. 2a-d, i); however, TH+ neurites covered significantly 

smaller area fractions of the SN pars reticula (SNpr) of Ifnb−/− and DKO mice compared to Wt and 

Snca−/− mice (Fig. 2ai-di, j). Consequently, striatal TH positivity was significantly lower in Ifnb−/− 

and DKO versus Wt mice (Fig. 2e-h, k).  

These results suggest that lack of Ifnb is sufficient to result in a decreased pool of 

dopaminergic neurons and their extended neurites and that α-syn is also required for dopaminergic 

neuron homeostasis. Additionally, degeneration and neurite retraction of dopaminergic neurons may 

subsequently explain motor deficits appearing only in absence of Ifnb. 

  

Intraneuronal Lewy bodies are formed in Ifnb−/− mice with and without α-syn 

Alongside α-syn+ LBs, the main hallmark of PD, LBs contain a number of other identified 

contents, including pTau 11, which is abundant in PD 29 and often occurs in conjunction with Aβ 

pathology 12, 30. The spontaneous development of α-syn+ LB-like inclusions in the brainstems of 

Ifnb−/− mice 23, without overexpression of α-syn, therefore provided a unique opportunity to study the 

impact of genetic lack of α-syn on LB-like inclusion formation in vivo, and whether these LBs contain 

dementia-associated pTau or Aβ. We first confirmed the presence of spherical and perinuclear LB-

like inclusions in 12-month-old Ifnb–/– mice as previously reported 23, which were detected using 

either phosphorylated (pSer129) α-syn or pThr205-Tau antibodies (Fig. 3a, b). The morphology and 
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composition of these inclusion bodies were validated using immunogold-labeled electron microscopy 

(Fig. 3c, d). Such formations were not found in age-matched Wt mice (Fig. 3e). Surprisingly, 

morphologically identical spherical inclusion bodies were also observed in 12-month-old DKO and 

Snca−/− mice, staining positive for pTau (Fig. 3f) or Aβ1-42 (Fig. 3g, h) but negative for pSer129-α-

syn (Fig. 3i). Collectively, these results support the notion that LBs may form independently of α-syn 

due to other compromised mechanisms, including impaired autophagy.  

Autophagosomes containing pThr205-Tau+ structures were observed in Ifnb−/− thalamus (Fig. 

3j), implicating the role of autophagy in preventing LB-like inclusion body formation and 

corroborates with our previous report showing that loss of IFN-β results in late-stage autophagy block 

23. Accordingly, basal ganglia lysates from Ifnb−/− and DKO mice contained significantly higher 

levels of the autophagy marker LC3-II in relation to its precursor, LC3-I (Fig. 3k, l), in addition to 

the autophagy receptor SQSTM/p62 and the modulator Atg7 (Fig. 3m, n), demonstrating that Ifnb−/−-

induced autophagy dysregulation occurs regardless of α-syn expression 31. Accumulation of pSer129-

α-syn in Ifnb−/− and Aβ1-42 in both Ifnb−/− and DKO aged primary neurons was mitigated with long-

term treatment with recombinant (r)IFN-β (Fig. 3o-q).  

These data demonstrate that loss of IFN-β drives the pathological process leading to LB-like 

inclusions with or without α-syn and confirms that promotion of IFN-β signaling prevents 

intraneuronal pathogenic protein accumulation. 

 

IFN-β loss leads to accumulation of amyloid-beta plaques  

Since both Ifnb–/– and DKO mice developed cognitive impairments, autophagy deficits, and 

LB-inclusions containing Aβ1-42, we examined whether extracellular Aβ deposits also develop with 

Ifnb loss. Multiple senile plaques were detected in the Ifnb−/− cortex with CongoRed staining (Fig. 

4a, ai). This was confirmed in adjacent brain sections stained with anti-Aβ1-42 antibodies (Fig. 4b, 

black arrows), which also revealed neurofibrillary tangle-like structures (Fig. 4bi) in areas with high 
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GFAP staining (Fig. 4c, area corresponding with Fig. 4b, black box). Aβ1-42
+ deposits were found 

throughout different brain areas of 12-month-old Ifnb–/– mice, including thalamus and hippocampus 

(Fig. 4c-h), which were identical to Aβ1-42
+ deposits in APP-Tg mice (data not shown). Moreover, we 

verified the extracellular Aβ+ plaques using an antibody to Aβ1-16, which also substantiated cortical 

Aβ1-16
+ plaques only in 5xFAD mice and Ifnb–/– mice, but not Wt mice (Fig. 4e, f), and confirmed 

Aβ+ fibrillary immunolabeled DAB deposit structures by transmission electron microscopy (Fig. 4g, 

arrows in insert). Importantly, Aβ1-42
+ extracellular plaques were detected in both Ifnb–/– and DKO 

mice (Fig. 4h).  

In agreement with previous findings 23, we observed that Ifnb−/− mice also demonstrated 

significant numbers of cells containing pSer129-α-synuclein by immunohistochemistry, particularly 

in the amygdala, which is heavily and consistently affected by progressive LB formation in sporadic 

PD 32 and by neuritic plaques and pTau tangles in AD 33 (Fig. 4i, j). DKO and Snca−/− brains 

demonstrated no immunoreactivity to pSer129-α-syn, as expected (Fig. 4i, j); however, significant 

intracellular Aβ1-42 accumulation was measured in Ifnb−/− and DKO mice compared to Wt and Snca−/− 

mice (Fig. 4k, l). Increased levels of pTau within neuritic tangles were observed in Ifnb−/− and DKO 

mice but not Wt or Snca−/− mice (Fig. 4m, n). Though significantly increased levels of intracellular 

Aβ1-42 were quantified in Ifnb–/– and DKO mice, no extracellular plaques were specifically detected 

in amygdala. 

 Glial cells that are associated with protein aggregates are reported in PD 34; therefore, we 

examined whether microglia and astrocytes accompanied the protein aggregates found in the Ifnb−/− 

and DKO mice. Indeed, CD11b+ microglia were closely associated with pSer129-α-syn aggregates 

in 9-month-old Ifnb–/– mice (Fig. 4o). GFAP+ astrocytes and Iba1+ microglia were also associated 

with Aβ1-16
+ plaques in 12-month-old Ifnb–/– and DKO mice but not in Wt or Snca−/− mice (Fig. 4p),  
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Collectively, these data suggest that, independent of α-syn, a lack of Ifnb is sufficient to 

recapitulate dementia-linked protein accumulation. 

 

Lack of IFN-β results in neuroinflammation independently of α-syn  

Though IFN-β has immunomodulatory effects in the CNS 21, spontaneous neuroinflammation 

in naïve Ifnb−/− mice has not been previously reported. In agreement with results of a neuronal 

microarray of sporadic PD patients 22, GSEA studies of a mouse neuronal microarray (GSE63815) 

revealed that the Cytokine-cytokine receptor interaction pathway was significantly dysregulated 

when comparing Wt and Ifnb–/– primary neurons. As dysregulation of TNF signaling was among the 

major differences observed, we verified relative transcription levels of TNF-α in 3-month-old Ifnb−/− 

mice. Analysis by qPCR revealed increased Tnfa mRNA in the brains of Ifnb–/– compared to Wt mice 

(Fig. 5a), indicating that lack of the Ifnb gene is sufficient to disturb transcription levels of other 

immunoregulatory cytokines.  

We next examined whether TNF-α and MHC-II were produced by glial cells in Ifnb–/– mice, 

as both markers are indicative of neuroinflammation in PD patients brains 13.  Intensive TNF-α 

staining in segregated patterns was detected in 9-month-old Ifnb–/– but not Wt mouse brains, 

reminiscent of TNF-α–positive glial cells (Fig. 5b). Iba1+ or CD11b+ microglia in Ifnb–/– were 

predominantly TNF-α-positive (Fig. 5c, d), while few expressed MHC-II (Fig. 5e). In contrast, few 

GFAP+ astrocytes were TNF-α-positive (Fig. 5f), whereas many were MHC-II+ (Fig. 5g). TNF-α+ 

microglia and MHC-II+ astrocytes were rare in Wt brains (Fig. 5c, g). While the total number of cells 

was decreased in Ifnb–/– (Fig. 5h), presumably because of ongoing neurodegeneration as previously 

reported 23, percentages of Iba1+ microglia and TNF-α+Iba1+ microglia were significantly increased 

compared to age-matched Wt brains (Fig. 5c, i). Higher counts of Mac-3+ microglia were present in 

12-month-old Ifnb–/– mouse brains relative to Wt (Fig. 5j) Moreover, there were significantly more 

GFAP+ and GFAP+MHC-II+ astrocytes in Ifnb–/– mouse brains (Fig. 5g, k).  
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As microglia were observed to contain α-syn aggregates in Ifnb−/− and associate with Aβ1-42 

deposits in both Ifnb−/− and DKO mice (Fig. 4o, p), we then investigated whether the lack of α-syn 

would affect Ifnb−/−-induced microglial activation in DKO mice. Like Ifnb−/− mice, DKO mice had 

fewer DAPI+ cells in the hippocampus (Fig. 5l, n) and SN (Fig. 5m, o), in addition to having 

significantly more TNF-α+ microglia compared to Wt and Snca−/− mice (Fig. 5l, m, white arrows; n, 

o).  

Collectively, these results show that lack of IFN-β dysregulates TNF-α cytokine signaling and 

causes neuroinflammation consisting of glial proliferation and activation, which are relevant to PDD 

and other chronic neurodegenerative disorders involving neuroinflammation. 

 

IFN-β loss results in increased neuronal TNF-α/TNFR1 signaling in brain 

Alongside elevated TNF-α+ microglial populations in the SN of Ifnb and DKO mice (Fig. 5h-

k), we discovered large populations of TNF-α+ neurons in both Ifnb−/− and DKO mice compared to 

Wt and Snca−/− mice (Fig. 6a, b). Interestingly, the increase in TNF-α+ neurons in DKO mice was 

significantly lower than in Ifnb–/– mice (Fig. 6b), suggesting that though α-syn may contribute to 

neuronal TNF-α expression upon IFN-β loss, its removal is not sufficient to mitigate this effect 

entirely.  

We next investigated whether neuronal TNF-α/TNFR1 was also dysregulated in the 

cerebellum of Ifnb−/− mice, as cerebellar degeneration is associated with both tremor and cognitive 

decline in PD 35. Tnfa mRNA was significantly upregulated in cerebellar tissues from 3-month-old 

Ifnb−/− versus Wt mice (Fig. 6c). Pronounced TNF-α expression was detected in the cerebellum of 

Ifnb−/− but not Wt mice by immunohistochemistry (Fig. 6d). In 6-month-old Ifnb−/− cerebellum, 

significant TNF-α immunoreactivity was observed surrounding NeuN-positive granule cells (Fig. 6e), 

not co-localized with GFAP (Fig. 6f). TNFR1 was detected in punctuate patterns in Ifnb−/− and 

diffusely in DKO Purkinje cells but not in Wt or Snca−/− cells (Fig. 6g, white arrows).   
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These results demonstrate that lack of IFN-β is sufficient to trigger dysregulation and elevated 

levels of TNF-α and its receptor, TNFR1, in post-mitotic neurons, cells that do not otherwise highly 

express TNF-α or TNFR1 under physiological conditions in the brain. Moreover, these findings 

suggest that dysregulated neuronal TNF-α signaling may contribute to Ifnb−/−-induced 

neurodegeneration and disease progression.  

 

Upregulated TNFR1 in Ifnb−/− neurons results in caspase 3/t-BID-mediated apoptosis  

Next, we verified defective neuron-specific TNF-α/TNFR signaling and addressed the 

functional impact of elevated TNF-α/TNFR signaling on neurons lacking IFN-β. Pathway analysis of 

microarray results from Ifnb−/− compared to Wt in cerebellar granule neurons (CGN)s revealed that 

TNF-α signaling through TNFR1 was significantly dysregulated upon lack of Ifnb 23. Consistent with 

cerebellar tissue expression, Tnfa mRNA expression was significantly increased in Ifnb−/− versus Wt 

CGNs (Fig. 7a). Increased TNF-α in Ifnb−/− CGNs was associated with a lower survival rate of 

neurons (Fig. 7b). To support a functional role for TNF-α in neuronal cell death, we treated Wt CGNs 

with rTNF-α, which resulted in significant elevated cell death, assessed by survived number of 

neurons in culture (Fig. 7c), while no additional impact of rTNF-α on Ifnb−/− CGNs was detected 

(data not shown), suggesting that the pathway is already activated upon Ifnb loss. In contrast, blocking 

TNF-α using a neutralizing antibody rescued Ifnb−/− CGNs from cell death (Fig. 7d). Tnfr1 expression 

was also markedly reduced in Ifnb−/− neurons upon rIFN-β treatment (Fig 7e), demonstrating a direct 

effect of IFN-β signaling on TNFR1 expression. Of note, the baseline expression of Tnfr1 was 

significantly higher in Ifnb−/− and DKO neurons compared to Wt and Snca−/− neurons (Fig 7f).  

Increased neuronal TNF-α/TNFR1 observed in Ifnb−/− and DKO neurons was associated with 

a significant increase in TNF-α effector Casp3 mRNA and protein compared to Wt and Snca−/− (Fig. 

7g-h), indicating a possible role in neuronal apoptosis and that loss of Ifnb results in greater numbers 

of neurons entering a pro-apoptotic state. TNFR1 engagement is reported to cause cleavage of 
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cytosolic BID to truncated (t)-BID, which translocates to mitochondria and contributes to caspase-

mediated apoptosis 36; therefore, we investigated t-BID levels in neurons lacking Ifnb. Upon treatment 

with rTNF-α, levels of t-BID versus BID significantly increased in Wt but were saturated in Ifnb−/− 

and DKO neurons (Fig. 7i), indicating mitochondrial involvement in Ifnb−/−-induced Casp3 

overactivation. Moreover, treatment with rTNF-α induced Casp3 in Wt CGNs, while rIFN-β 

treatment significantly reduced Casp3 in neurons lacking Ifnb (Fig. 7j, k). 

Blocking the pro-survival TNFR2 significantly induced cleaved Casp3 in Wt neurons but did 

not affect levels in Ifnb−/− or DKO neurons (Fig. 7l, m). In contrast, blocking TNFR1 reduced 

neuronal death in Ifnb−/− and DKO, as determined by the number of Casp3+ neurons (Fig. 7n). These 

results, together with the finding that treatment with additional rTNF-α did not impact neuronal death 

(Fig. 7j, k), suggest that increased neuronal apoptosis due to higher TNFR1 expression is mitigated 

by counteracting extracellular TNF-α. In support, relative levels of the anti-apoptotic c-FLIPS 37 were 

increased in Ifnb−/− and DKO neurons upon blocking TNFR1 alone or in combination with TNFR2 

(Fig. 7n). 

These results strongly implicate the overactivation of the TNF-α/TNFR1-driven apoptosis 

pathway, mediated by t-BID/Casp3, in neuronal death due to lack of Ifnb. Neuronal survival was 

promoted through rescue of IFN-β signaling or TNFR1-specific antagonism, which may be through 

counteracting suppression of c-FLIPS. 

 

Restoration of neuronal IFN-β or TNFR1 blockade prevents intraneuronal accumulation of Aβ 

and pTau induced by loss of IFN-β 

We next investigated the effect of Ifnb−/−-induced TNF-α/TNFR1 dysfunction on 

accumulation of neurotoxic proteins. As seen with Aβ in primary cortical neurons (Fig. 3k, m), basal 

levels of pTau (pThr205-Tau) were significantly elevated in CGNs lacking Ifnb (Fig. 8a). 

Accumulation of pThr205-Tau and Aβ1-16 in Ifnb−/− and DKO CGNs was confirmed by 
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immunofluorescence (Fig. 8b-d). As with Casp3 activation, treatment with either rIFN-β or a TNFR1 

antagonist significantly reduced levels of pThr205-Tau and Aβ1-16 in both Ifnb−/− (Fig. 8e, f) and DKO 

(Fig. 8g, h) neurons, drawing an important link between TNF-α/TNFR1 signaling, protein clearance, 

and cell survival.  

These findings confirm that lack of IFN-β signaling leads to a disruption in neuronal TNF-

α/TNFR1 signaling and, as a consequence, causes α-syn-independent neurodegeneration involving 

caspase-driven apoptosis and pathogenic protein accumulation. Conversely, restoring IFN-β 

signaling or TNFR1-specific inhibition circumvents the progression of pathology (Fig. 8i, j).  
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Discussion 

PDD-like pathology and disease in Ifnb–/– mice without relying on α-syn overexpression 23 

presented a novel opportunity to determine the impact of endogenous α-syn removal on PD 

pathogenesis. Removal of α-syn in the Ifnb/Snca DKO mouse investigated here did not rescue the 

development of progressive PDD-associated motor and non-motor behavior deficits induced by Ifnb 

loss, indicating that although the hallmark of PD pathology in this model is associated with α-syn+ 

aggregates and LB-like inclusions, α-syn is not required to recapitulate a clinical phenotype 

resembling PDD in Ifnb–/– mice. Furthermore, nigrostriatal neurodegeneration and inclusion bodies 

presenting most characteristics of LBs occurred independently of α-syn expression, a concept which 

has been also suggested earlier 38. These findings suggest that although α-synucleinopathy contributes 

to pathogenesis in Ifnb–/– mice, it is not the sole contributor to the molecular and cellular development 

of cardinal PD features, including LB-like inclusions and dopaminergic neuron degeneration and loss 

in the SN.  

A novel attribute of the Ifnb−/− PDD model observed in the current report was the development 

of extracellular Aβ plaque and neurofibrillary tangle formation upon aging, which is a hallmark 

associated with dementia in both  PDD 12  and AD 39. The development of motor dysfunction prior to 

cognitive impairments in Ifnb–/– mice mimics the timeline of dementia development occurring after 

PD diagnosis, which is suggestive of PDD 40; however, it is likely that the Ifnb–/– PDD model 

recapitulates neurodegenerative processes shared by other dementias involving α-syn, Aβ, and tau 

proteinopathies, and neuroinflammation. Moreover, the pathogenically linked formation of 

extracellular Aβ plaques and intraneuronal accumulation of pTau and Aβ were only seen upon lack 

of IFN-β in both Ifnb−/− and DKO mice, indicating that IFN-β signaling plays a crucial role in 

mitigating aberrant protein aggregation not limited to α-syn.  

Furthermore, we found that these aggregates induced by IFN-β loss were associated with a 

broad neuroinflammatory response in the form of gliosis, leading to our hypothesis that Ifnb–/– would 
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affect the homeostatic cytokine milieu in the brain. Here, we established that IFN-β signaling loss 

directly results in neuroinflammation involving significantly increased activated astrocytes and 

microglia expressing pro-inflammatory markers MHC-II and TNF-α which are elevated in post-

mortem PD brains 13.  

Most importantly, our results show that loss of IFN-β leads to increased global and neuronal 

TNF-α expression in aging mouse brains. Increased TNF-α, TNFR1, and active Casp3 have been 

observed in PD post-mortem SN tissue 13, 41. Though glia have been predominantly implicated in 

increased TNF-α signaling, two studies highlight the significance of neuronal TNF-α signaling in 

chronic neurodegeneration: neuronal-specific overexpression of TNF-α exacerbates Aβ/tau 

pathology, gliosis, and neurodegeneration in triple transgenic AD mice 42, and neutralization of 

soluble TNF-α rescues dopaminergic neuronal death in the 6-OHDA PD mouse model 43. 

Additionally, overexpression of apoptosis inhibitor c-FLIP has been reported to have a direct 

protective effect in neurons 44. In support, we demonstrated that blocking neuronal TNFR1 increased 

levels of c-FLIPS, which corresponded with decreased levels of active Casp3, suggesting that pro-

apoptotic neuronal TNFR1 signaling upon IFN-β loss may be due in part to suppression of c-FLIPS. 

Abnormal upregulation of TNF-α/TNFR1 signaling has also been shown to impair autophagy 45, 

which supports our findings that blockade of TNFR1 mitigates accumulation of Aβ and pTau in a 

manner similar to restoring IFN-β signaling. Collectively, these observations suggest that specific 

modulation of neuronal TNF-α/TNFR1 signaling, through rescue of defective IFN-β signaling or 

directly through blockade of TNFR1, may aid in preventing neuronal death, particularly in PDD and 

other neurodegenerative conditions involving inflammation and proteinopathy.  

Though our findings are currently limited to a mouse PDD model, conclusions from this study 

support the notion that targeting α-syn accumulation may require additional intervention of other 

disease mechanisms in order to modulate disease progression in vivo, particularly in sporadic and 

non-familial PD 8. Therapies focused on specific aspects of neuroinflammation, such as aberrant 
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neuronal IFN-β/TNF-α/TNFR1 signaling, may have significant impact in halting or reversing the 

neurodegenerative disease process.  
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Figure legends 
Fig. 1. PDD-like behavior deficits induced by Ifnb−/− not rescued by absence of α-syn. a) Rotarod 

latencies in seconds (s) of 1.5-, 3-, and 6-month-old mice (n=9-11, 6-8, and 9-15 per genotype per 

timepoint, respectively). Aging effect €€€€p<0.0001 and genotype effect §§p<0.01 by two-way 

ANOVA. Genotype per timepoint vs Wt *p<0.05 and aging effect #p<0.05 by Tukey’s post hoc test. 

b) Wire suspension performance of 1.5-, 3-, and 6-month-old mice (n=9-11, 10-15, and 9-15 per 

genotype per timepoint, respectively). Aging effect €€€p<0.001 and genotype effect §§§§p<0.0001 by 

two-way ANOVA. Genotype effect per timepoint vs Wt *p<0.05, **p<0.01, and ****p<0.0001 and 

aging effect #p<0.05 by Tukey’s post hoc test. c) Rearing events of 3-month-old mice (n=15-20 per 

genotype). *p<0.05 and **p<0.01 by one-way ANOVA and Tukey’s post hoc test. d) Heat-induced 

tail flick latencies of 3-month-old mice as percent average Wt performance, n=16-20 per genotype. 

*p<0.05 and ****p<0.0001 by one-way ANOVA and Tukey’s post hoc test. e) EPM performances 

of 6-month-old mice as percent total time spent in open arms, n=11-18 per genotype. *p<0.05 and 

**p<0.01 by Kruskal-Wallis and Dunn’s multiple comparisons test. f-h) MWM results by 6-month-

old mice, n=11-19 per genotype. f) MWM training performances as trial averages of percent total 

time spent in platform quadrant per training day. Genotype effect §§p<0.01 by two-way ANOVA. 

Genotype effect vs Wt *p<0.05 and **p<0.01 by Tukey’s post hoc test. g-h) MWM probe 

performances as percent total time spent in platform zone and platform crossing events. *p<0.05 and 

**p<0.01 by one-way ANOVA and Tukey’s post hoc test. i-j) Barnes maze results of 11-month-old 

mice, n=6-10 per genotype. i) Barnes maze training performances, *p<0.05 by two-way ANOVA and 

Tukey’s post hoc test; and j) probe performances as percent total time spent in escape zone, p<0.05 

and **p<0.01 by one-way ANOVA and Tukey’s post hoc test. All data are mean ±SEM. 
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Fig. 2. Ifnb loss is sufficient to induce nigrostriatal neurodegeneration. a-d) Representative 

images and i) quantifications of tyrosine hydroxylase (TH)+ cells in the SN of 12-month-old animals; 

scale bar 250 microns (µm). ai-di) Images and j) area density quantifications of TH+ neurites 

extending into SN pars reticulata (SNpr); scale bar 50 µm. e-h) TH staining in corresponding striatum 

of animals shown in a-d and k) quantifications of TH integrated optical density (IOD) as fold-change 

of Wt; scale bar 2.5 millimeters (mm). Data are mean ±SEM, n=3 per genotype (5 serial sections per 

animal). *p<0.05 and **p<0.01 by one-way ANOVA and Tukey’s post hoc test. €p<0.05 by t-test. 

 

Fig. 3. Lewy body-like inclusions can form independently of α-syn expression. a-b) Light 

microscopy images of LB-like inclusion bodies (IB)s in 12-month-old Ifnb–/– thalamus, stained for 

either a) phosphorylated α-syn (pSer129-a-syn) or b) phosphorylated tau (pThr205-Tau). Nuclei were 

visualized with hematoxylin. Scale bars = 5 µm. c-e) Transmission electron microscopy (TEM) 

micrographs of perinuclear (nucleus = Nu) LB-like IBs and lipofuscin formations (Lf)s in thalamus 

of 12-month-old Ifnb−/− or Wt mice, immunogold labelled for c) pSer129-a-syn or d-e) pThr205-Tau. 

f-g) Light microscopy images of LB-like IBs in 12-month-old DKO thalamus, stained for either f) 

pThr205-Tau or g) amyloid-beta (Aβ)1-42. h-i) TEM micrographs of perinuclear IBs and Lfs in brains 

of 12-month-old DKO and Snca−/− mice. h) Immunogold-labeling of Aβ1-42 in DKO thalamus. i) 

Immunogold-labeling of pSer129-a-syn in Snca−/− thalamus. j) TEM micrograph of aggregate 

structure staining positive for pThr205-Tau surrounded by double-membraned autophagosome in 

Ifnb−/− brain. k-n) Representative immunoblots and quantifications of autophagy markers in basal 

ganglia lysates from 7-month-old Wt, Ifnb−/−, DKO, and Snca−/− mice, staining for k-l) alpha (α)-

tubulin for normalization, LC3-I, LC3-II, or m-n) vinculin for normalization, Atg7, and SQSTM1 

(p62). Graphs represent mean ±SD; n=5-6 per genotype. *p<0.05 and **p<0.01 by one-way ANOVA 

and Tukey’s post hoc test, and €p<0.05 by student’s t-test. o-q) Representative immunoblots and 

quantifications of aggregate-prone proteins p) pSer129-a-syn or q) Aβ1-42 normalized to vinculin in 
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aged (15 days in vitro) primary cortical neurons with or without long-term rIFN-β (30 U/mL) 

treatment. Blot images were cropped (dashed line) to exclude ladder. €p<0.05 for treatment effect and 

§§p<0.01 for genotype effect by two-way ANOVA. *p<0.05 and **p<0.01 for genotype effect and 

#p<0.05 for treatment effect by Bonferroni’s post hoc test. %p<0.05 by paired t-test. 

 

Fig. 4. Lack of IFN-β results in deposition of extracellular Aβ plaques and phosphorylated Tau 

aggregates. a) Congo Red staining and b-c) Aβ1–42 immunohistochemical staining for senile plaque 

formation in 12-month-old Ifnb−/− brain; (ai-bi) close-up of neurofibrillary tangle-like structures and 

c) Aβ1–42 plaques among intense GFAP staining in an adjacent section to b, black box. d) Striatal 

Aβ1–42 aggregates. e Aβ1–16 immunohistochemical staining in cortex of Wt, 5xFAD, and Ifnb−/− mice. 

f) Quantification of Aβ1–16
+ plaques/mm2 in cortex of Wt and Ifnb−/− mice, n=4 per genotype. 

**p<0.01 by one-way ANOVA and Tukey’s post hoc test. g) TEM of 12-month-old Ifnb−/− cortex 

showing Aβ1–16 DAB-immunolabeled aggregates (arrowheads) contained in pathogenic fibrillary 

structures (black arrows in insert). Scale bar, 500 nm. h) Extracellular Aβ1–42 plaques in the thalamus 

of 12-month-old Ifnb−/− and DKO mice. i-j) Images and quantifications of pSer-129-α-syn+ cells per 

mm2 amygdala of 12-month-old Wt, Ifnb−/−, DKO, and Snca−/− mice. N.D. = not detected. k-l) Images 

and quantifications of Aβ1–42
+ cells per mm2 amygdala of 12-month-old Wt, Ifnb−/−, DKO, and 

Snca−/− mice. m-n) Images and quantifications of pThr205-Tau+ cells per mm2 amygdala of 12-

month-old Wt, Ifnb−/−, DKO, and Snca−/− mice. i-n) Scale bars, 50 µm, n=3 per genotype (5 serial 

sections). *p<0.05 by one-way ANOVA and Tukey’s post hoc test. o) Immunofluorescence (IF) 

showing CD11b+ (green) microglia associated with pSer-129-α-syn aggregates (red) in the midbrain 

of 9-month-old Ifnb–/– mouse. DAPI (blue) and scale bar, 10 µm. p) IF showing Iba1+ (green) 

microglia and GFAP+ (white) astrocytes associated with Aβ1–16 aggregates (red) in the hippocampus 
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of 12-month-old Ifnb−/− and DKO mice but not in Wt or Snca−/− mice. DAPI (blue) and scale bars, 

50 µm and 5 µm in close-up. All data on graphs are mean ±SEM. 

 

Fig. 5. Ifnb loss induces gliosis with expression of proinflammatory cytokines. a) Quantitative 

(q)PCR of Tnfa expression, normalized to Gapdh, in brains of 3-month-old Wt vs Ifnb–/– mice, n=4-

5 per genotype. b) Immunohistochemical (IHC) images of hippocampus from Wt and Ifnb–/– mice 

with antibodies against TNF-α. Scale bar, 100 μm. c) IF images of 9-month-old Wt and Ifnb−/− 

hippocampus sections showing Iba1 (green) and TNF-α (red). d-f) IF images of Ifnb–/– mice brains 

showing d) CD11b (green) and TNF-α (red), e) MHC-II (green) and CD11b (red), or f) TNF-α (green) 

and GFAP (red). g) IF images in 9-month-old Wt and Ifnb−/− hippocampus sections showing GFAP 

(green) and MHC-II (red). c-g) Nuclei visualized with DAPI (blue) and scale bars, 20 μm. h) Total 

DAPI+ cells as percentage of Wt in Ifnb−/− sagittal brain sections, n=3 per genotype. *p<0.05 by 

Mann-Whitney U test. i) Percentages of Iba1+ cells out of total DAPI+ cells and Iba1+TNF-α+ cells 

out of total Iba1+ microglia, in Ifnb−/− dentate gyrus area of hippocampus normalized to Wt control, 

n=3-5 per genotype. h-i) **p <0.01 by t-test. j) IHC and quantification of Mac-3+ microglia (black 

arrows) per mm2 cortex of 12-month-old Wt and Ifnb–/– mice. Scale bars, 100 µm and 10 µm in insert. 

Graph represents mean ±SEM; n=4-7 per genotype. ****p<0.0001 by student’s t-test. k) Percentages 

of GFAP+ out of total DAPI+ cells and GFAP+MHC-II+ double-positive out of total GFAP+ astrocytes 

in dentate gyrus area of hippocampus, n=3-5 per genotype. *p<0.05 and ***p <0.001 by t-test. l-m) 

IF images comparing Iba1 (green) and TNF-α (red) in l) hippocampal or m) SN sections from 12-

month-old Wt, Ifnb−/−, DKO, or Snca−/− mice. n-o) Graphs representing % DAPI+ cells compared to 

Wt and % Iba1+TNF-α+ double-positive out of total Iba1+ microglia in n) hippocampus or o) SN 

sections from 12-month-old Wt, Ifnb−/−, DKO, and Snca−/− mice, n=3 per genotype. *p<0.05, 

**p<0.01, and ***p<0.001 by one-way ANOVA and Tukey’s post hoc test; €p<0.05 by t-test. All 

data on graphs are mean ±SEM. 
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Fig. 6: Neuronal TNF-α/TNFR signaling dysregulated with loss of Ifnb. a) Images and b) 

quantification of TNF-α+ neurons (white arrows) out of total DAPI+ cells in 12-month-old Wt, Ifnb−/−, 

DKO, or Snca−/−SN. TNF-α (red), NeuN (green), TH (white), DAPI (blue). Scale bars, 20 μm. Graph 

represents mean ±SEM; n=3 per genotype (3 serial sections per animal). *p<0.05, **p<0.01, 

***p<0.001, and ****p<0.0001 by one-way ANOVA and Tukey’s post hoc test. c) qPCR of Tnfa 

expression relative to Gapdh in cerebellum tissue from 3-month-old Wt vs Ifnb–/– mice, n=3 

representing one of three independent experiments per genotype. d) IHC comparing TNF-α 

immunopositivity (red) in cerebellum from 6-month-old Wt and Ifnb−/− mice. Nuclei were visualized 

with hematoxylin (blue). Scale bars, 20 µm. e-f) IF images and close-ups of 6-month-old Ifnb−/− 

cerebellum showing TNF-α (green) localization around e) NeuN+ (red) or f) GFAP+ (red) cells in the 

granular layer. Scale bars, 20 µm. g) IF images of cerebellum from 6-month-old Wt, Ifnb−/−, DKO, 

or Snca−/−mice showing TNF-α (red) and TNFR1 (white) immunoreactivity in NF200+ (green) cells 

(white arrows) in the Purkinje layer. DAPI (blue). Scale bars, 20 μm.  

 

Fig. 7: Recombinant IFN-β treatment reduces TNF-α/TNFR1-induced apoptosis in Ifnb−/− 

primary neurons. a) Normalized Tnfa qPCR expression in Wt vs Ifnb−/− primary CGNs, n=3 per 

genotype. b) Wt vs Ifnb−/− CGN viability (count), n=5 per genotype. c) rTNF-α (10 ng/mL)-treated 

Wt CGNs, normalized to untreated (UT), n=5 per genotype. d) Ifnb−/− CGN counts, treated with 

neutralizing anti (α)-TNF-α antibody (10 µg/mL) or immunoglobulin (IgG) control, n=8 per 

condition. e) Normalized Tnfr1 qPCR expression in untreated versus rIFN-β-treated (24 h, 100 U/mL) 

Ifnb−/− CGNs, n=3 representing one of three biological replicates. a-e) *p<0.05, ***p<0.001, and 

****p<0.0001 by t-test. f-g) Normalized Tnfr1 and Casp3 qPCR expression in CGNs, n=3 

representing one of three independent experiments per genotype. *p<0.05, **p<0.01, ***p<0.001, 

and ****p<0.0001 by one-way ANOVA and Tukey’s post hoc test. h) IF-labeled Casp3+(green) 
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DAPI+(blue) neurons as %DAPI+ CGNs. Scale bar, 25 µm; n=4-7 per genotype. *p<0.05 and 

**p<0.01 by one-way ANOVA and Tukey’s post hoc test. i) Truncated (t)-BID/BID levels in CGNs, 

untreated or treated 24 h with rTNF-α (10 ng/mL), n=3-7 per condition. *p<0.05 by two-way 

ANOVA and Dunnett’s post hoc test. #p<0.05 by t-test.  j-k) IF-labeled Casp3+DAPI+ neurons as 

%DAPI+ CGNs, untreated or treated 24 h with rTNF-α (10 ng/mL) or rIFN-β (100 U/mL). Scale bar, 

25 µm; n=4-7 per genotype. l-m) IF-labeled Casp3+DAPI+ neurons as %DAPI+ CGNs, treated 24 h 

with neutralizing α-TNFR1, α-TNFR2, or both (5 µg/mL each) versus IgG-treated, n=3-7 per 

condition. j-m) *p<0.05, ***p<0.001, and ****p<0.0001 by two-way ANOVA and Tukey’s post hoc 

test. l) Relative c-FLIPS/c-FLIPL protein levels in CGNs treated 24 h with neutralizing α-TNFR1, α-

TNFR2, or both (5 µg/mL each) versus IgG-treated neurons. Data are on log10 scale, n=3 per 

condition. *p<0.05 by two-way ANOVA and Dunnett’s post hoc test. All data on graphs are mean 

±SEM. 

 

Fig. 8: Protein accumulation induced by Ifnb loss is prevented with rIFN-β treatment or TNFR1 

blockade. a) Representative immunoblots and quantifications of vinculin, pThr205-Tau, and Tau. 

Data are mean ±SEM, n=3-5 per genotype. *p<0.05 by one-way ANOVA and Dunnett’s post hoc 

test. Bands from untreated neurons are clipped from the same blot to show side by side. b) 

Representative IF images of CGNs isolated from Wt, Ifnb−/−, DKO, and Snca−/− pups, stained for 

Aβ1-16 (red), pThr205-Tau (green), and DAPI (blue). Scale bar = 5 µm. c-d) Relative average 

fluorescence intensity units (IU) per DAPI+ cell of c) pThr205-Tau or d) Aβ1-16 in CGNs from Wt, 

Ifnb−/−, DKO, or Snca−/− mice, n=3 per genotype. *p<0.05 and **p<0.01 by two-way ANOVA and 

Tukey’s post hoc test. e-f) Representative IF images and average pThr205-Tau or Aβ1-16 fluorescence 

IU per cell of Ifnb−/− CGNs treated for 24 h with either e) rIFN-β (100 U/mL) compared with untreated 

controls or f) α-TNFR1 (5 µg/mL) compared with IgG-treated controls. Scale bar = 5 µm, n=3 per 

condition. *p<0.05 by paired t-test. g-h) Representative IF images and average pThr205-Tau or Aβ1-
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16 fluorescence IU per cell of DKO CGNs treated for 24 h with either g) r-IFN-β (100 U/mL) 

compared with untreated controls or h) α-TNFR1 (5 µg/mL) compared with IgG-treated controls. 

Scale bar = 5 µm, n=3 per condition. *p<0.05 by paired t-test. All data on graphs are mean ±SEM. i-

j) Graphical summary of study. i) Endogenous IFN-β is essential for neuronal survival via regulation 

of TNF-α/TNFR1 signaling and c-FLIPS-mediated survival; however, j) loss of IFN-β induces 

intraneuronal α-synuclein+ LB-like inclusion formation, pTau neurites, Aβ plaques, and gliosis and 

PDD-like disease profile, all are developed even independent of α-syn in DKO mice. Lack of IFN-β 

triggers significant expression of neuron-specific TNF-α and its receptor, TNFR1, in areas of the 

brain relevant to PD. Dysregulation of neuronal-specific TNF-α/TNFR1 signaling in turn facilitates 

Casp3/t-BID-mediated neuronal cell death, which, along with abnormal protein accumulation, can be 

reversed upon restoring IFN-β signaling or antagonizing TNFR1 in neurons. Created with 

BioRender.com. 
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Table 1: PD pathology by brain region and selected investigations in this study 

Brain region(s) Sub region Relevance to PD/PDD Investigations in this study 

Basal ganglia 

Substantia nigra      
pars compacta 

Dopaminergic cell loss, 
gliosis  

Dopaminergic cell loss (TH+ cell counts); 
gliosis; TNF-α expression (IF) 

Substantia nigra      
pars reticulata 

Neurite retraction, 
gliosis  

Dopaminergic neurite retraction (TH 
labeling); gliosis; TNF-α expression (IF) 

Striatum Loss of dopaminergic 
terminals  TH density (IHC) 

Thalamus and 
Midbrain Whole regions LB inclusions  

LB-like inclusion detection and morphology 
(IHC+EM); α-syn+pTau accumulation 
(WB+IF), extracellular Aβ deposits and  
gliosis (IF+IHC) 

Cortex Sensorimotor cortex Aβ pathology in PDD  Extracellular Aβ deposits (IHC) 

Amygdala Basolateral complex α-syn and Aβ pathology 
in PDD  

Quantification of α-syn, Aβ aggregation, 
LB inclusion body detection (IHC) and 
morphology (EM) 

Hippocampus Dentate gyrus, CA1 
and CA3 Atrophied in PDD (11) Neurodegeneration (DAPI+ counts); gliosis; 

α-syn and Aβ aggregates (IF) 

Cerebellum 
Granule neuronal 
layer and Purkinje 
cells 

Atrophied in PD, 
tremor; TNFR1 
expression 

Gliosis; TNF-α and TNFR1 expression 
(qPCR, IF) 
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