
Patterns of TDP-43 Deposition in Brains with LRRK2 G2019S 
Mutations

Julian Agin-Liebes, MD1, Richard A. Hickman, MBChB2,3, Jean Paul Vonsattel, MD4, Phyllis 
L. Faust, MD, PhD4, Xena Flowers, BS4, Irina Utkina Sosunova, MD, PhD1, Joel Ntiri5, 
Richard Mayeux, MD1, Matthew Surface, BA1,6, Karen Marder, MD1, Stanley Fahn, MD1, 
Serge Przedborski, MD, PhD1,4,7, Roy N. Alcalay, MD, MS1,8,*

1.Department of Neurology, Columbia University Irving Medical Center, New York, USA

2.Department of Defense/Uniformed Services University Brain Tissue Repository, Uniformed 
Services University, Bethesda, MD, 20817, USA.

3.Department of Pathology, Memorial Sloan Kettering Cancer Center, 1275 York Avenue, New 
York, NY, 10065, USA

4.Department of Pathology & Cell Biology, Columbia University Irving Medical Center, New York 
Presbyterian Hospital, 630 W 168th Street, New York, NY, 10032, USA

5.Columbia College, 1130 Amsterdam Ave, New York, NY 10027, USA

6.The Michael J. Fox Foundation for Parkinson’s Research, New York, New York, USA

7.Department of Neuroscience Columbia University, 630 W 168th Street, New York, NY, 10032, 
USA

8.Tel Aviv Sourasky Medical Center, Tel Aviv, Israel

Abstract

*Corresponding author: Roy Alcalay, MD, MSc, Associate Professor of Neurology, Movement Disorders Division; Department of 
Neurology, Columbia University Medical Center, 710 West, 168th Street, Neurological Institute, 3rd floor, New York, NY 10032, 
Phone: 212-305-1303, Fax: 212-305-1304, rna2104@columbia.edu.
Author’s Roles
(1) Research Project: A. Conception, B. Organization, C. Design, D. Execution
(2) Statistical Analysis: A. Data collection, B. Image processing, C. Execution; D. Review and Critique
(3) Manuscript Preparation: A. Writing of the First Draft, B. Review and Critique
J.A.L.: 1B-D, 2A-D, 3A
R.A.H.:1A-D, 2D, 3B
J.P.V.: 2D, 3B
P.L.F.: 2B
X.F.: 2A-B
I.U.S.: 2A-B
J.N.:2A-B
R.M.: 3B
M.S.: 3A
K.M.: 3B
S.P.: 2D, 3B
S.F.: 3B
R.N.A.: 1A-D, 2D, 3B

Financial Disclosure/Conflict of Interest concerning the research related to the manuscript: None

HHS Public Access
Author manuscript
Mov Disord. Author manuscript; available in PMC 2024 August 01.

Published in final edited form as:
Mov Disord. 2023 August ; 38(8): 1541–1545. doi:10.1002/mds.29449.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



OBJECTIVE—To assess for TDP-43 deposits in brains with and without a LRRK2 G2019S 

mutation.

BACKGROUND—LRRK2 G2019S mutations have been associated with parkinsonism and a 

wide range of pathological findings. There are no systematic studies examining the frequency and 

extent of TDP-43 deposits in neuropathological samples from LRRK2 G2019S carriers.

METHODS—Twelve brains with LRRK2 G2019S mutations were available for study from the 

New York Brain Bank at Columbia University; 11 of those had samples available for TDP-43 

immunostaining. Clinical, demographic and pathological data are reported for 11 brains with a 

LRRK2 G2019S mutation and compared to 11 brains without GBA1 or LRRK2 G2019S mutation 

with a pathologic diagnosis of PD or DLBD. They were frequency matched by age, gender, 

parkinsonism age of onset and disease duration.

RESULTS—TDP-43 aggregates were present in 73% (n=8) of brains with a LRRK2 mutation 

and 18% (n=2) of brains without a LRRK2 mutation (p=0.03). In one brain with a LRRK2 
mutation, TDP-43 proteinopathy was the primary neuropathological change.

CONCLUSIONS—Extra-nuclear TDP-43 aggregates are observed with greater frequency in 

LRRK2 G2019S autopsies compared to PD cases without a LRRK2 G2019S mutation. The 

association between LRRK2 and TDP-43 should be further explored.

INTRODUCTION

The LRRK2 G2019S mutation is present in 1–4% of all Parkinson’s disease (PD) cases and 

is more common in selected populations, namely North African Berbers (37% in familial 

cases and 41% in sporadic cases) and Ashkenazi Jews (23% in familial cases and 13% in 

sporadic cases) (1–4). Penetrance estimates are variable ranging from 25%−100% (3–5). A 

key striking feature of LRRK2-associated PD is the variability of neuropathologic findings 

even from related individuals, especially with regards to the presence of Lewy bodies 

(LB). When examined for other neuropathologic findings, some LRRK2 cases without 

alpha-synuclein or phosphorylated tau deposition have been found to have transactivation-

response DNA binding protein of 43kDa (TDP-43) containing cytoplasmic inclusions (6–8).

TDP-43, which is a RNA/DNA binding intranuclear protein that regulates mRNA splicing, 

translation, transportation and degradation (9), is found mislocalized in the cytoplasm in the 

form of inclusions in many neurodegenerative diseases (10–15). TDP-43 was first found 

in ubiquitin positive inclusions in the central nervous system in cases of amyotrophic 

lateral sclerosis (ALS) and frontotemporal lobar dementia (FTLD) (9, 16). Subsequently, 

cytoplasmic TDP-43-positive inclusions were also found to be a key neuropathological 

features of the newly recognized neuropathological entity called limbic predominant age 

related TDP-43 encephalopathy neuropathological change (LATE-NC), which is frequently 

seen in Lewy body disorders (LBD) and Alzheimer’s disease (AD) (17).

The frequency of TDP-43-associated pathology in LRRK2 PD cases is unclear since most 

autopsy reports have not included TDP-43 immunostaining. In the literature, five cases with 

LRRK2 pathogenic variants are described as having TDP-43-positive cytoplasmic inclusions 

and neurites (7, 8, 18, 19).
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In this case series, we examined our collection of LRRK2 brains to better understand the 

frequency of TDP-43 pathology in cases with a LRRK2 G2019S mutation. We compared 

brains with a LRRK2 mutation to brains with a pathologic diagnosis of PD or diffuse Lewy 

body disease (DLBD) without LRRK2 or GBA1 mutations to see if TDP-43 pathology is 

unique to LRRK2 carriers.

METHODS

Materials and methods

All brains were processed using the standardized protocol as outlined previously (20). 

In brief, fresh brains were divided by a sagittal cut through the corpus callosum and 

brainstem; one half brain is processed for banking of fresh-frozen samples for research 

and the contralateral half is immersed in formalin and processed for neuropathologic 

evaluation. Determination of PD and Braak neuropathologic stage was performed according 

to published criteria (21–23).

Histochemical staining protocols

In addition to sections stained with Luxol-fast blue and counterstained with hematoxylin and 

eosin, sections from selected blocks were separately immunostained for alpha-synuclein and 

TDP-43 (supplementary table 1) using an automated immunostaining platform that utilizes 

a 3,3’-diaminobenzidine-based immunostaining method. Hematoxylin counterstains were 

performed.

TDP-43 immunohistochemical stains were performed on sections of the amygdala, 

hippocampal formation at the level of the lateral geniculate body and superior frontal cortex 

(Brodmann area 9) for determination of LATE-NC staging (24). Additionally, TDP-43 

immunohistochemical stains were performed on the midbrain.

Clinical information and case selection—All brains were screened as previously 

described for the LRRK2 G2019S and 10 GBA1 mutations and variants (25, 26). Of the 

twelve cases available with a LRRK2 G2019S mutation, eleven cases had samples available 

with TDP-43 staining. The cases without a LRRK2 or GBA1 mutation were selected if 

they had a pathologic diagnosis of PD or DLBD; cases were selected in a blinded fashion 

regarding TDP-43 pathology. Cases with and without a LRRK2 mutation were matched to 

the best of our ability by gender, age of onset and disease duration. Clinical information 

was obtained by chart review of medical records from Columbia University and outside 

records, if applicable. All cases were clinically diagnosed with PD by a movement disorders 

neurologist. Demographics were recorded for each patient reviewed.

Statistical analysis—To determine the significance of TDP-43 deposition in cases with 

and without a LRRK2 G2019S mutation, Fisher Exact analysis was performed using SPSS 

version 28.0.
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RESULTS

The demographics and clinical characteristics of all the cases reviewed are presented in 

Table 1. By design, there was no difference between the groups in age, gender and disease 

duration.

TDP-43 extra-nuclear deposits were present in 8 of 11 brains (73%) with a LRRK2 mutation 

and in 2 of 11 (18%) non-carrier PD brains (p=0.03, Fisher Exact). The deposits in the 

LRRK2 brains were seen in three different patterns:

1. TDP-43 dystrophic neurites (DN) in the amygdala were present in all positively 

stained brains (n = 8), and among them five exclusively in the amygdala (Figure 

1A).

2. Two brains had TDP-43 DN in the substantia nigra (SN) (Figure 1B).

3. One patient had FTLD Type C with neuronal loss and gliosis primarily in 

the frontal lobe and aberrant TDP-43 staining mainly in the prefrontal, motor 

and temporal cortices. Neuronal cytoplasmic inclusions (NCI) were seen in the 

frontal lobe, hippocampus and amygdala (Figure 1C).

For the non-carrier brains, one brain had NCI in the hippocampus and the amygdala. 

Another brain had DN in the frontal cortex, hippocampus and amygdala. None of the 

non-carrier brains had TDP-43 deposition in the midbrain.

A summary of the distribution of TDP-43, alpha-synuclein, tau and amyloid deposits for 

cases with a LRRK2 G2019S mutation are summarized in Supplementary Table 2 and 

non-carrier brains are summarized in Supplementary Table 3.

The patient with FTLD type C clinically had levodopa responsive parkinsonism. This patient 

had an 18-year clinical course with initial symptoms of slowness of movement and cognitive 

changes. She was clinically diagnosed with PD and had a significant response to levodopa 

with motor fluctuations addressed with a dopamine agonist. She had a rest tremor in her 

left leg, and ultimately developed motor fluctuations with sudden offs that manifested as 

anxiety, panic, urinary urgency, rigidity and pain. Clinical histories for the LRRK2 cases are 

summarized in the supplementary material section.

DISCUSSION

In this case series, TDP-43 pathology was assessed in 22 postmortem brains from patients 

with a clinical diagnosis of parkinsonism and we found that TDP-43 pathology is more 

common in brains with a LRRK2 mutation. TDP-43 deposits were more common in LRRK2 
G2019S brains (73% versus 18%, p= 0.03, Fisher Exact), and among the LRRK2 brains 

TDP-43 deposits were heterogenous. Specifically, one case had TDP-43 as the primary 

pathology (FTLD type C), all had DN in the amygdala and two cases had DN in the 

SN without any NCI. For the cases without a LRRK2 mutation, one case had DN in the 

amygdala and hippocampus and the other case had NCI in the frontal cortex.
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The phenotype of TDP-43 pathology in the SN in the absence of LB in LRRK2 PD may 

be parkinsonism. The two LRRK2 cases reported in the literature with these pathologic 

features, and case 2 from our series, had levodopa responsive parkinsonism with resting 

tremor, bradykinesia and rigidity (6, 19). These patients are clinically indistinguishable from 

idiopathic PD. None of our cases without a LRRK2 mutation had TDP-43 pathology in the 

SN. In the literature, one case without any genetic mutations and a clinical history of PD was 

reported to exclusively have TDP-43 proteinopathy and neuronal loss in the SN (27).

The frequency of TDP-43 pathology reported in PD is variable and is not routinely screened 

for on autopsy. 18% of our cases without a LRRK2 mutation had TDP-43 pathology. This is 

similar to what has been reported in autopsy studies where TDP-43 pathology was seen in 

7–24% of cases (14, 28). To our knowledge this is the first study to look at the frequency in 

cases with a LRRK2 mutation where a much higher percentage of cases (73%) had TDP-43 

aggregates. Only one additional case in the literature has been described of a patient with 

FTLD and a LRRK2 G2019S mutation(29). Clinically, the patient had postural and action 

tremors, but no signs of parkinsonism. It is unclear why these cases had more incident 

TDP-43 pathology, but LRRK2 mutations may play a role in TDP-43 aggregation.

In conclusion, this is the largest series to date investigating the association between 

LRRK2 mutations and TDP-43 aggregation. While all participants in the current series were 

clinically diagnosed with PD, it is estimated that most carriers of the G2019S mutation will 

never develop PD(3). The heterogeneity of the pathology in brains with LRRK2 mutations 

may raise the question of the causality of the mutation in the neurodegenerative process; 

however, the significant increase in frequency of TDP-43 aggregates in LRRK2 cases 

and the presence of tau in all our cases (regardless of LRRK2 mutation status) supports 

the causative role it may play specifically for TDP-43 aggregates. Although the other 

co-pathologies present in all our cases make it challenging to propose a causal role for 

TDP-43 pathology, it is tempting to postulate that TDP-43 might be pathogenic in our 

case with FTLD type C where it is the primary pathology. The small size of our cohort 

with limited clinical history prevents us from making conclusions regarding the clinical 

phenotype of TDP-43 proteinopathy. Our genetic data is limited to LRRK2 and GBA1 
and future work will look into other genetic markers such as TMEM106B and GRN for 

our FTLD case and APOE for the cases with AD pathology. In this case series, we were 

limited by having only non-phosphorylated TDP-43 analysis. Given that LRRK2 G2019S 

is associated with increased kinase activity(30) and given the many phosphorylation sites 

on TDP-43(31) future studies should compare the level of phosphorylation of TDP-43 

in LRRK2 G2019S brains to idiopathic PD. We also suspect that there may be seeding 

between TDP-43 and synuclein. Colocalization was observed in the autopsy series reported 

by Uemura and colleagues (17) and future studies would use double immunostaining to 

evaluate for this in LRRK2 brains. The presence of TDP-43 in LBD underscores the need to 

screen for it in postmortem brains of patients who have a history of parkinsonism, especially 

if they have a LRRK2 mutation. Further investigation is needed to better understand the 

potential biological link between LRRK2 mutations and TDP-43 aggregation.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1 Legend: 
Photomicrographs of immunohistochemical stains against non-phosphorylated TDP-43. A: 

Arrow pointing to dystrophic neurites in amygdala of case 8. Original magnification 400X; 

TDP-43. B: Arrows pointing to dystrophic neurites in substantia nigra of case 1. Original 

magnification 400X; TDP-43. C: Arrow pointing to a long, thick dystrophic neurite in the 

motor cortex of case 7 with a pathologic diagnosis of FTLD type C. Original magnification 

630X; TDP-43.
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Table 1:

Demographics

Cases with LRRK2 G2019S mutation PD cases without LRRK2 or GBA1 mutations

Number of cases (n) 11 11

Female gender % (n) 36% (4) 45% (5)

Parkinsonism age of onset (mean; years-of-age) 61 ± 11.2 56.9 ± 9.4

Mean disease duration (mean; years ± SD) 18.6 ± 7.5 20.8 ± 6.9

Age of death (mean; years of age ± SD) 79.3 ± 8.6 77.6 ± 8
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