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Abstract

 Objectives—Quantitative EEG features have been identified as surrogates and predictors of 

cognitive decline/dementia, a common feature of progressive Parkinson's disease. The biochemical 

correlates for altered quantitative EEG features are unknown. Our primary objective was to test the 

hypothesis that quantitative EEG measures correlate with cortical levels of phosphorylated α-

synuclein, a modified form of the synaptic protein α-synuclein, in Parkinson's disease cases, in 

contrast to other pathology-associated proteins. A secondary objective was to explore the same 

correlations among cellular fractions of these proteins.

 Methods—We used posterior cingulate cortex autopsy tissue from 44 Parkinson's disease 

subjects with various degrees of cognitive decline, who had undergone EEG. In this brain region, 

which is a major hub of the default mode network, biochemical measurements for levels of 

phosphorylated α-synuclein, unmodified α-synuclein, Aβ peptide, phosphorylated tau and key 

synaptic proteins were analyzed, and data correlated with spectral EEG measures.

 Results—Findings revealed significant correlations between background rhythm peak 

frequency and all bandpower values (highest in delta bandpower) with total phosphorylated α-

synuclein, but not any correlation with total α-synuclein, phosphorylated tau protein, Aβ peptide 

or synaptic proteins. Certain fractions of synaptosomal-associated protein 25 showed correlation 

with some quantitative EEG measures.
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 Conclusions—These data show association between increased phosphorylation of α-

synuclein and the abnormal EEG signatures of cognitive decline. Results suggest quantitative EEG 

may provide an in vivo approximation of phosphorylated α-synuclein in Parkinson's disease 

cortex. This adds to previous evidence that quantitative EEG measures can be considered valid 

biomarkers of Parkinson's disease cognitive decline.
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 Introduction

As new treatments for Parkinson's disease (PD) cognitive decline will hopefully improve PD 

cortical dysfunction, identifying physiologic biomarkers that reflect clinical change is 

paramount. Without these biomarkers, progress is stifled for improving therapies for this 

disabling problem associated with PD progression. Subcortical pathology, diffusely 

projecting neurotransmitter abnormalities, and intrinsic cortical changes have all been 

proposed to play important roles.1,2 At autopsy, PD with dementia (PD-D) is associated with 

higher Lewy type synucleinopathy (LTS) stage that reflects cortical involvement.2-7 LTS 

develops in diseased brains through the formation of structures primarily composed of 

aggregated and phosphorylated –α synuclein (p-α-syn). However, the degree to which 

electroencephalography (EEG), as a non-invasive measure of cortical electrophysiology, 

changes with cortical LTS biochemistry is unknown.

One method of studying physiological changes in PD patients is quantitative 

electroencephalography (QEEG). Physiologic changes in cortical activity have been 

established to correlate with PD cognitive decline.8-13 The resting EEG is simple to acquire, 

requires minimal patient cooperation, and is not dependent on verbal or motor responses 

which may be affected in PD. QEEG measures may be ideal biomarkers to complement 

neuropsychological testing with physiological corroboration for studying cognitive decline 

among patients with PD.8,11 Because EEG measures the electric dendritic potentials from 

populations of cortical pyramidal neurons in real time, correlation of QEEG spectral 

measures with the biochemistry of LTS could provide insight on PD cognitive decline. 

Recently, the formation of increased amounts of p-α-syn in PD cortex has been studied by 

our laboratory and others.14,15 Studies reveal that fibrillary or oligomeric α-synuclein can 

alter cell membrane permeability and hence electrical properties of neurons, so the potential 

for abnormal deposition of α-synuclein to alter EEG measures in PD exists.16-18

In this study, we tested the hypothesis that QEEG spectral measures correlate with cortical 

p-α-syn levels in PD. For contrast, we also measured levels of the Alzheimer's disease (AD) 

pathology-associated proteins (phosphorylated tau and amyloid beta (Aβ) peptide and the 

synaptic proteins synaptophysin and Synaptosomal-Associated Protein 25 (SNAP-25). We 

chose posterior cingulate cortex as the brain region for analysis as cingulate cortex is often 

affected in PD subjects with cognitive decline. The posterior cingulate cortex has been 

proposed to have a central role in supporting internally-directed cognition and the focus of 
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attention.19 These aspects of cognition can be compromised in PD.1 In PD-D, this area 

shows atrophy on MRI.20 Moreover, the posterior cingulate cortex is a key hub (i.e. highly 

interconnected area) for the default mode network, which has been reported using non-

invasive methods to show alterations in both PD and AD.21

 Subjects and Methods

 Standard Protocol Approvals, Registrations, and Patient Consents

The Banner Sun Health Research Institute (BSHRI) and Mayo Clinic Institutional review 

boards approved all procedures; written informed consent was obtained from each study 

subject.

 Subjects

The PD cohort was studied as part of the Arizona Study of Aging and Neurodegenerative 

Disorders (AZSAND), a program overseen at BSHRI. AZSAND is part of a Brain and Body 

Donation Program (BBDP) that performs annual, prospective, standardized, longitudinal 

assessments until death. These include movement, neuropsychological, and general medical 

history and physical examination assessments.22 For PD subjects, motor scales, and 

medications are recorded, and PD medication is converted to levodopa equivalents as per a 

previous report.8 All PD subjects also undergo pre-mortem biennial digital EEG recording. 

Upon death, subjects are autopsied in a rapid autopsy program.23 Neuropathological 

methods employed to diagnose and classify brains used a standardized series of brain 

regions for diagnosing neurodegenerative disorders including LTS and AD. LTS 

pathological diagnosis includes staining tissue sections with Hemotoxylin and Eosin dyes 

for Lewy Bodies, as well as immunohistochemically for p-α-syn.23 After neuropathological 

findings are available, the designation of PD diagnosis and cognitive state is made in 

clinical-pathological consensus conference with movement disorder, cognitive neurologists 

and neuropsychologists.24 This consensus conference, as per previous publications from the 

AZSAND program, uses pre-mortem data that include a full neuropsychological battery 

reflecting various cognitive domains: attention, frontal/executive, memory, visuospatial, and 

language.8,24 Conference participants were blinded to the QEEG results. Likewise, the 

investigator who analyzed the raw EEG recordings to yield QEEG measures (JNC) was 

blinded to the conference results. In addition, the mini-mental status exam (MMSE) is used 

as a measure of global cognitive performance. Only cases with neuropathological diagnosis 

of PD were used in this study. Clinical PD diagnostic criteria were as per previous reports 

and Movement Disorder Society guidelines were used for PD-MCI and PD-D.8,25,26 The 

cohort data were obtained from our database by searching the most recent EEG recorded 

before death, along with the other data and consensus determinations associated in that 

assessment epoch. The use of the most recent EEG before death was consistent with the 

objective to investigate the QEEG as surrogate for biochemical abnormalities at autopsy.

We excluded a total of 10 cases that had one or more criterion of: a) EEG examinations that 

were greater than 2.5 years before death, b) excessive muscle artifact in the EEG, c) deep 

brain stimulation, and d) barbiturate, benzodiazepine, neuroleptic, acetylcholinesterase 
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inhibitors, or anti-seizure medication on day of EEG that might influence the EEG. Forty-

four cases met all criteria, consisting of 14 PD and 30 PD-D.

 EEG recording

Recordings during relaxed wakefulness were obtained from PD patients in the “on” state, 

seated in a recliner with eyes closed as previously described.8 Briefly, Ag/AgCl EEG 

electrodes were placed on the scalp using twenty standard 10-20 EEG electrode positions. 

Recordings were referenced to the Fz electrode, with a right mastoid electrode serving as 

ground. Electrode impedances were closely monitored and kept below 5 kohms. Data were 

acquired using the Neuroscan Synamps2 system (Compumedics, Charlotte, NC, USA) at a 

sampling rate of 1000 Hz and a bandpass of 1–200 Hz. An EEG technician and 

neurophysiologist (JNC) were present during the entire recording session to observe the 

behavioral state of the patient and to monitor on-line for signal quality. Patients were asked 

every minute if they were awake, and drowsiness was further excluded by monitoring for 

background changes and slow eye movements of drowsiness during the course of the 

recording. When muscle, eye movement/blink, or other artifacts were identified, the patient 

was coached until an artifact-free signal was obtained. The final recorded sample consisted 

of an awake and artifact-free period of approximately 150-180 seconds.

 EEG data processing

The EEG data were processed off-line using Neuroscan EDIT software (Compumedics, 

Charlotte, NC, USA). Consecutive, non-overlapping, 4096-point epochs were created from 

the continuous data, allowing for a frequency resolution of 0.244 Hz. Each epoch was 

visually inspected for artifacts; rejection due to artifacts was uncommon due to the 

monitoring of the online acquisition. The number of epochs accepted for further processing 

ranged from 30-40. The epochs were passed through a 10% cosine window, processed with a 

fast Fourier transform (FFT), and averaged to produce an averaged FFT power spectrum for 

each electrode. EEG was analyzed for frequency domain QEEG measures of background 

rhythm frequency (BRF); and global relative power in delta, theta, alpha, and beta bands. 

The BRF was defined as dominant frequency peak in the power spectra of the posterior 

parietal and occipital electrodes (e.g.s. P3, P4, Oz) as determined by visual inspection of the 

FFT average. Frequency bands were designated as follows: delta =2.5–3.9 Hz; theta =4–7.9 

Hz; alpha=8–12.9 Hz; beta=13–30 Hz. The global (over multiple electrodes) relative (%) 

EEG bandpower for each of the four frequency bands was calculated (using all electrodes 

except Fp1, Fp2, A1, and A2) as a percentage of total EEG power between 2.5 and 30 Hz 

from the FFT average.

 Brain tissue homogenization and protein extraction

Frozen cortical brain tissue samples from posterior cingulate cortex were provided by the 

AZSAND BBDP. The extraction and fractionation of the grey matter of posterior cingulate 

cortices followed our previously published procedures, including fractionation methods for 

total (unfractionated), cytosol, membrane and insoluble fractions (Figure 1).14,15 The reason 

to explore measuring α-synuclein and p-α-syn in different fractions is that normal α-

synuclein is in cytosol fractions, but as it becomes more aggregated, it becomes enriched 

first in membrane and then insoluble fractions.14,15
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 Western blotting procedure

The western blot procedures were as previously employed.14,15 Details of antibodies used in 

this study are available upon request. A previously characterized rabbit polyclonal antibody 

raised against p-α-syn (phosphorylated at serine 129) was used for immunodetection of p-α-

syn.3,14,15,27 Total α-synuclein was measured by western blot procedures using a non-

phosphorylation-dependent antibody that detects an epitope between amino acid 121-125 of 

human α-synuclein (Syn 211, Life Technologies). The intensity of p-α-syn and total α-

synuclein bands at 16 kD (monomeric) were quantified. Other proteins analyzed include Aβ 

peptide, phosphorylated tau, and synaptic proteins (SNAP-25 and synaptophysin). The level 

of β-actin in each sample (detected with Clone AC-15, Sigma, 1:10,000) was used for 

normalization purposes. The intensity of the immunoreactive bands for all antibodies were 

produced by reaction of blots with chemiluminescent substrate were measured using a direct 

imaging CCD camera system (Fluorochem Q, Protein Simple, San Jose, CA) and 

AlphaView Software. This system has a dynamic range of 4 logs to ensure linearity of dose-

response. This was confirmed by using multiple exposures of each analysis.

 Analysis and Statistics

The associations between total levels of p-α-syn protein, other proteins of interest and 

QEEG values, MMSE, Hoehn and Yahr (H&Y) stage, and the UPDRS Part I Thought 

Disorder score were assessed by using Pearson correlation coefficient. We used H&Y stage 

to investigate the relationship of these protein measurements to motor function in our PD 

subjects. To study thought disorder, including hallucinations, we also correlated the protein 

measurements with the UPDRS Part I Thought Disorder score: 0=None; 1=Vivid Dreaming; 

2=“Benign” hallucinations with insight retained; 3=Occasional to frequent hallucinations or 

delusions, without insight, could interfere with daily activities; 4=Persistent hallucinations, 

delusions, or florid psychosis, not able to care for self. The Bonferroni correction was used 

to account for the 48 comparisons in the primary analysis, defining significance at P<.001.

The same Pearson correlation method was used to secondarily explore the relationships 

between the protein levels of interest and cellular compartments.

 Results

 Study Subjects

Demographic and clinical data for the 44 PD cases are shown (Table 1). 30 subjects had PD-

D, 6 had PD-MCI, and 8 were cognitively normal. Thus, a spectrum of cognitive 

performance was represented. The percentage of demented subjects and relatively low mean 

MMSE scores are both consistent with the known accumulative PD-D prevalence of 

60-80%.2 Likewise, the UPDRS “off” motor score and H&Y stage reflect the advanced PD 

state of autopsied cases.

 Biochemical Analyses

The findings of this study are demonstrated in the relationship between QEEG measures 

(BRF and bandpower for delta, theta, alpha, and beta), MMSE scores, H&Y stage, Thought 

disorder score, and the levels of proteins quantified in unfractionated (total) brain 

Caviness et al. Page 5

Mov Disord. Author manuscript; available in PMC 2017 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



homogenates (Table 2). The primary analysis shows that total levels of p-α-syn has 

significant correlation with BRF, delta and alpha bandpower, but the highest correlation is 

with delta bandpower at 0.64. Total p-α-syn measures reflect the sum of p-α-syn in the total 

brain homogenate. There are negative correlations of p-α-syn fractions with BRF and faster 

frequency band alpha, whereas positive correlations were associated with slow frequency 

band delta. P-α-syn total levels showed a significant correlation with MMSE of -.51, but no 

significant correlation with the H&Y motor staging of or the Thought disorder score (Table 

2). In contrast, the total levels of unmodified α-syn showed no correlation with QEEG 

measures. We also measured Aβ peptide and p-tau in the same samples; these proteins are 

associated with AD-pathology. Total Aβ peptide and p-Tau levels did not correlate with 

QEEG measures. The synaptic proteins synaptophysin and SNAP25 (total) did not correlate 

with QEEG measures.

In the exploratory analysis for the secondary objective, there are significant correlations of 

QEEG measures with p-α-syn fractions but not with unmodified α-syn fractions (Table 3). 

The biochemical levels of p-α-syn measured in different types of cellular fractions correlate 

significantly with all five QEEG measures except cytosolic p-α-syn, which only correlated 

with BRF, alpha, and delta measures. Membrane-associated and insoluble forms of p-α-syn 

measure α-synuclein in a more aggregated and abnormal conformation than the normal 

protein. Among different types of protein extracts, membrane-associated p-α-syn levels 

showed highest correlation with all QEEG measures (0.67). The overall pattern of positive 

and negative correlations for p-α-syn fractions is identical to those for unfractionated p-α-

syn (Tables 2 and 3). MMSE scores correlated negatively with membrane-associated and 

cytosolic p-α-syn levels, but not with p-α-syn in the insoluble fraction, which contains the 

most highly aggregated (detergent-insoluble) (i.e. Lewy body and neurite) types of α-

synuclein. Aβ peptide and p-tau fraction levels did not show any correlation with QEEG 

measures (Table 3). Among synaptic proteins measured, pre-synaptic protein SNAP-25 in 

membrane fraction had significant negative correlations with theta bandpower (r=-0.35), 

whereas membrane-associated (r=0.40) and cytosolic SNAP-25 (r=0.31) both correlated 

with beta bandpower (Table 3). Membrane-associated SNAP-25 also positively correlated 

with MMSE scores (r=0.32).

A representative image of western blot immunoreactive bands from total and different 

fractions of human brain extracts from six subjects is shown along with the QEEG measure 

delta bandpower (Figure 2). This demonstrates visually how well QEEG measure correlates 

with the intensity of the p-α-syn gel band (Figure 2).

 Discussion

This study examined which biochemical protein species known to be important in PD-D are 

correlated with the QEEG measures in PD cingulate cortex, which we and other have shown 

to be surrogate and predictive biomarkers of PD cognitive decline.8,11,28 We discovered that 

EEG spectral physiology measures from PD subjects correlated strongly with total levels of 

p-α-syn in posterior cingulate cortex, but not with measures of total unmodified α-synuclein. 

Specifically, p-α-syn levels positively correlated with increases in delta bandpower, and 

negatively correlated with decreases in BRF and alpha bandpower, which together are the 
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QEEG signature changes in PD cognitive decline.11 Interestingly, the strongest correlation 

was with delta bandpower, which was recently found to be highly associated with PD-D 

incidence.8 Specificity of our results is suggested by the observation that p-α-syn and the 

other proteins of interest did not show significant correlation with motor staging or with 

thought disorder/hallucination scores. In our exploratory analysis of how p-α-syn portioned 

with cellular compartments, all p-α-syn cortical tissue fractions showed strong correlation 

with QEEG measures, so it is not yet clear which p-α-syn compartment(s) are the primary 

driver of the association. These results support a significant connection between cortical 

electrophysiology (EEG), biochemistry (p-α-syn level), and neuropsychological 

performance (MMSE) more than with the motor H&Y scores. Indeed, results suggest QEEG 

may provide an in vivo approximation of phosphorylated α-synuclein in Parkinson's disease 

cortex. This adds to previous evidence that QEEG measures can be considered valid 

biomarkers of PD cognitive decline.

Since the initial identification of p-α-syn as the major component of Lewy bodies and 

associated pathology, mechanisms as to how α-synuclein, both unmodified and modified, 

could affect neurons in PD have been suggested.29-31 Recent studies have implicated 

aggregated α-synuclein as an inducer of endoplasmic reticulum stress and mitochondrial 

dysfunction.32-34 Model systems have shown that formation of p-α-syn enhances 

neurotoxicity in nigral neurons.35 Enhanced toxicity mediated by p-α-syn was also observed 

in a Drosophila PD model.36,37 Moreover, p-α-syn accumulation start in cortical areas 

before histologic evidence of Lewy bodies and Lewy neurites.14 Increasing attention has 

been given to α-synuclein's ability to disrupt neuronal membrane structure and alter 

neuronal electrophysiology in PD.17 It is somewhat controversial as to whether or not α-

synuclein produces increased permeability by forming membrane pores or by distortion of 

the lipid bilayer.16,18,38 In either case, if phosphorylation of α-synuclein facilitates an 

abnormal interaction with neuronal, synaptic, and/or dendritic membranes, then the resulting 

altered electrophysiology may explain its correlation with QEEG abnormalities. Thus, the 

early presence of p-α-syn in synucleinopathy, along with its strong correlation with EEG 

brainwave abnormalities that track with PD cognitive decline, suggests that p-α-syn may be 

involved in the mechanism of PD-D. However, this hypothesis requires further investigation.

In our study, neither Aβ peptide nor phosphorylated tau had significant correlation with any 

QEEG spectral measure. These were surprising results, since 68% of the PD cases had 

dementia, and AD pathology is thought to contribute to PD-D in at least some cases.2 It is 

possible that, at least for the posterior cingulate cortex, the biochemistry of AD pathology is 

dissociated from the production of EEG rhythm abnormalities when compared to p-α-syn. 

This is consistent with another study from our laboratory that found higher levels of α-

synuclein with the presence of PD motor cortex hyperexcitability, while AD pathology 

biochemistry markers were equal between the groups.35 Studies show that PD cortical 

dysfunction and dementia correlate with greater cortical LTS histopathology.3,4,39 The 

current results from this study go further to show that the building blocks of LTS (i.e. p-α-

syn) correlates more strongly with physiologic cortical dysfunction, as shown by QEEG, 

than do AD pathology biochemistry markers. Our cases had a relatively small proportion of 

apoE4 allele cases so this may have affected the influence of AD pathology biochemistry 

markers. It has been suggested that AD and LTS biochemical abnormal proteins can interact 
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in significant manners to accelerate pathology in biochemistry and pathology in samples 

from PD and dementia with Lewy bodies 6. Thus, it is still possible that AD pathology 

biochemistry influences PD cortical dysfunction through such interaction with LTS, but 

further study is needed to clarify the mechanism.

We found correlation between the abundant synaptic protein SNAP-25 and beta (positive) 

and theta (negative) bandpower, whereas synaptophysin had no significant correlation. These 

correlations were present mostly for the membrane fraction and not for the total value. The 

significant correlations are consistent with the notion that decreases in SNAP-25 correlates 

with dysfunctional changes in EEG activity. α-synuclein is a chaperone protein of the 

soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex at 

the synapse.40 A certain degree of α-synuclein association with membranes is needed to 

form functional SNARE complexes.41 SNAP-25 is a primary component of the presynaptic 

SNARE complex. An abnormal distribution of SNARE proteins have been shown in 

presynaptic terminals in human PD cases.42 The hypothesis that increased association of 

phosphorylated α-synuclein with synaptic SNARE might cause synaptic dysfunction, which 

in turn leads to abnormal EEG activity remains to be proven. The interaction found here of 

p-α-syn with SNAP-25 is only based on the correlative analysis. Co-localization of these 

proteins in tissue sections needs to be investigated biochemically and will be part of a future 

study. Given that the synapse is the substrate by which neurons communicate, and that EEG 

records electrical activity from connected neuron populations, it will be useful to further 

study the role that synaptic associated synucleinopathy plays in PD cortical dysfunction.

It is of interest that the cortical area examined here, the posterior cingulate cortex is a key 

hub location of the default node network.43 Other major locations of the default mode 

network are the medial frontal, lateral parietal, and medial temporal cortical areas. This 

network is so named because these hubs are active during relative resting state and de-

activate during cognitive tasks. The default mode network has been shown to have 

alterations in both AD and PD in functional imaging studies.21 Default mode network 

abnormalities appear to be associated with cognitive performance in non-demented PD.44 

However, activity within the default mode network via functional MRI was recently 

demonstrated to be higher in PD with hallucinations than without hallucinations between PD 

groups of equal cognitive performance.45,46 In the Franciotti et al. study, which was highly 

controlled, the authors provide evidence that the presence of hallucinations need to be 

considered when studying the default mode network in PD cognitive dysfunction.46 Our 

study used different methodology, which prevents a valid comparison of results. In our 

present investigation, the severity of thought disorder/hallucinations did not correlate with 

the biochemical measurements. Global network disruption has been correlated with PD 

cognitive decline using magnetoencephalography.13 More research is needed to determine 

whether certain cortical areas are more critical than others for causing widespread cortical 

EEG abnormalities in PD. Our study only examined tissue from the posterior cingulate 

cortex, so we do not know whether other locations would have the same or different results. 

However, if specific cortical areas such as the posterior cingulate cortex drive widespread 

cortical dysfunction in PD, then this raises the possibility that targeting key network 

locations in PD-D may become a focus for experimental therapeutics.47
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Figure 1. Fractionation methods for total (unfractionated), membrane, cytosol, and insoluble 
fractions
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Figure 2. Representative immunoreactive western blot band images compiled from different 
fractions of human brain extracts
Six subject examples of gel bands corresponding to p-α-syn, unmodified α-syn, and β-actin. 

The QEEG measure delta bandpower is given at the top for each subject, showing visual 

correlation with the intensity of the p-α-syn gel band.
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Table 1
Demographics of PD Subjects used in Study

Variable Mean ± SD

Cases (n) 44

PMI (h) 3.8 (2.6)

Age at death (y) 81.1 (6.8)

% Female 32%

EEG to death interval (y) 1.15 (0.58)

Levodopa equivalents (mg) 732 (390)

Hoehn and Yahr stage 3.4 (1.1)

UPDRS part III (off state) 39 (16)

MMSE 23.6 (4.8)

% demented 68%

apoE (% E4 alleles) 13.9%
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