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Introduction: Alzheimer’s disease (AD) and epilepsy are reciprocally related.

Among sporadic AD patients, clinical seizures occur in 10–22% and subclinical

epileptiform abnormalities occur in 22–54%. Cognitive deficits, especially

short-term memory impairments, occur in most epilepsy patients. Common

neurophysiological and molecular mechanisms occur in AD and epilepsy. The

choroid plexus undergoes pathological changes in aging, AD, and epilepsy,

including decreased CSF turnover, amyloid beta (Aβ), and tau accumulation due

to impaired clearance and disrupted CSF amino acid homeostasis. This pathology

may contribute to synaptic dysfunction in AD and epilepsy.

Methods: We evaluated control (n = 8), severe AD (n = 8; A3, B3, C3

neuropathology), and epilepsy autopsy cases (n = 12) using laser capture

microdissection (LCM) followed by label-free quantitative mass spectrometry

on the choroid plexus adjacent to the hippocampus at the lateral geniculate

nucleus level.

Results: Proteomics identified 2,459 proteins in the choroid plexus. At a 5% false

discovery rate (FDR), 616 proteins were di�erentially expressed in AD vs. control, 1

protein in epilepsy vs. control, and 438 proteins in AD vs. epilepsy. There was more

variability in the epilepsy group across syndromes. The top 20 signaling pathways

associated with di�erentially expressed proteins in AD vs. control included cell

metabolism pathways; activated fatty acid beta-oxidation (p = 2.00 x 10−7, z =

3.00), and inhibited glycolysis (p = 1.00 x 10−12, z = −3.46). For AD vs. epilepsy,

the altered pathways included cell metabolism pathways, activated complement

system (p = 5.62 x 10−5, z = 2.00), and pathogen-induced cytokine storm (p =

2.19 x 10−2, z = 3.61). Of the 617 altered proteins in AD and epilepsy vs. controls,

497 (81%) were positively correlated (p < 0.0001, R2 = 0.27).

Discussion: We found altered signaling pathways in the choroid plexus of

severe AD cases and many correlated changes in the protein expression of

cell metabolism pathways in AD and epilepsy cases. The shared molecular

mechanisms should be investigated further to distinguish primary pathogenic

changes from the secondary ones. These mechanisms could inform novel
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FIGURE 3

Cell-type enrichment and signaling pathways associated with proteomics di�erences. (A) Cell-type annotation analysis of di�erentially expressed

proteins in AD vs. control by Fisher’s exact test indicates a trend in enrichment (p = 0.051) for glial proteins. (B, C) For AD vs. control, the 616

di�erentially expressed proteins are significantly associated with 9 activated pathways (red) and 11 inhibited pathways (blue; p-value of overlap <

0.05, z-score ≥ |2|). (D) Cell-type enrichment analysis for di�erentially expressed proteins in AD vs. epilepsy indicates enrichment for endothelial cell

proteins (p = 0.031). (E, F) For AD vs. epilepsy, the 438 di�erentially expressed proteins are significantly associated with 11 activated pathways and 6

inhibited pathways. The dotted lines indicate p = 0.05.

proteins, but those that were significant were all decreased and

associated with this pathway. Previous studies have shown that

proteasome proteins tend to be increased in AD when compared

to controls in other brain regions when searched in our NeuroPro

database (82). Follow-up studies should evaluate this finding in

choroid plexus to determine whether these decreased proteins are

associated with the dysfunction of protein clearance, altered in

specific cell types, or present in another insoluble fraction for

example. Additionally, 14-3-3-mediated signaling was inhibited

with decreased 14-3-3 proteins (YWHAB, YWHAE, YWHAG,

YWHAQ, and YWHAZ). The proteins in this pathway are also

associated with multiple cellular functions, and in AD, they

colocalize with neurofibrillary tau tangles and are increased in CSF,

with correlations to clinical variables (94, 95). Evidence suggests

that 14-3-3 proteins are decreased in the frontal cortex tissue,

as well as in some studies from our NeuroPro database in most

brain regions and in a limited choroid plexus proteomics study

(55, 82, 96).

Proteomics analyses in human AD choroid plexus have been

limited to less sensitive approaches (55), and transcriptomic studies

have been limited to two RNA microarray analyses (97, 98).

In the first RNA microarray study, choroid plexus epithelial

cells were microdissected from AD and controls with differences

related to increased oxidative stress and protein ubiquitin pathways

and decreased glutathione-mediated detoxification and urea cycle

pathways (99). In the second RNA microarray study, bulk AD

choroid plexus were compared to controls with differences related

to upregulated metabolic and immune-related pathways and

downregulated methionine degradation and protein translation

(98). We identified trends in these signaling pathways (p-value

of overlap < 0.05, z-score n.s.), including mTOR signaling (98),

methionine degradation pathways (98), unfolded protein response

(99), protein ubiquitination pathway, (99) urea cycle, (99) and

glutathione-mediated detoxification (99). In contrast to previous

studies, NRF2 oxidative stress (99) and aldosterone signaling in

epithelial cells (99) trended down.

Other altered proteins in aging or AD choroid plexus were

identified by non-proteomic studies (33, 35, 100), including

basement membrane thickening, decreased clusterin, TTR,

LRP2, IGF1, and gelsolin, and increased LRP1 and PGP.

We identified 17 proteins associated with the basement

membrane (GO cellular component GO:0005604) that were

all increased and may be consistent with basement membrane

thickening. Clusterin (CLU, also known as APOJ; P10909),

an extracellular chaperone that traffics multiple proteins

including Aβ in addition to other functions (100), was

increased by 2.3-fold (p = 1.42 x 10−4). LRP1 was detected

but not different. LRP2, TTR, PGP, gelsolin, and IGF1 were

not detected.

We expected some similarities of proteins when comparing

the choroid plexus to other studies evaluating CSF and blood

vessel protein expression levels, as the choroid plexus produces
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FIGURE 4

Proteins in AD vs. control associated with the top altered pathway, glycolysis inhibition. The glycolysis signaling pathway was the most significantly

altered and was the most a�ected by the fold change of proteins in AD vs. control (p = 1.00 x 10−12, z = −3.46). (A–L) The proteins are depicted by

order of decreasing significance. Those proteins that are significant at 5% FDR are indicated for all pairwise comparisons, with the p-values as

indicated. ***p < 0.001, **p < 0.01. Error bars indicate SEM.

CSF and also contains blood vessels. CSF proteomics analyses

had identified altered metabolism proteins in AD vs. controls,

some differing from the brain tissue (56, 101). Increased glycolysis

proteins were identified in CSF, including a top candidate aldolase

fructose-bisphosphate A (ALDOA) (101). Whereas, we identified a

significant 3.1-fold decrease (p = 1.78 x 10−5) in ALDOA in the

choroid plexus of AD. In a proteomics analysis of Aβ accumulation

in blood vessels of cases with cerebral amyloid angiopathy (CAA)

in the occipital/parietal lobes, one of the top altered proteins was

high-temperature requirement serine peptidase 1 (HTRA1) which

is suggested to remove misfolded or mislocalized peptides in an

ATP-independent manner (102). From our NeuroPro database,

this protein is also increased in a number of other studies in AD

from various brain regions (82). Similarly, we identified a 2.8-fold

increase in HTRA1 (p= 1.11 x 10−3).

Epilepsy vs. control

In the epilepsy vs. control comparison, only one protein

(FUCA2) was elevated with many trending proteins in this

heterogeneous disease group. In the 216 proteins trending in

epilepsy, FUCA1 was also increased and has a similar function

to FUCA2 adding fucose to glycoproteins and can be associated

with cell migration as suggested from elevation in various tumor

types (103). From the pathways associated with trending proteins,
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FIGURE 5

Protein candidate TMEM106B histological localization and quantification. Representative images from the (A) control, (B) AD, and (C) epilepsy groups

of TMEM106B (red) localized in the basal membrane and epithelial marker AQP1 (green) in the apical membrane of epithelial cells of the choroid

plexus adjacent to the hippocampus at the level of LGN. (D) TMEM106B quantification by LFQ-MS in control (n = 8), AD (n = 8), and epilepsy cases (n

= 12). As determined by Student’s two-tailed t-test with permutation correction at a 5% FDR, for AD vs. epilepsy, there was an 18.9-fold increase (p =

3.22 x 10−6, FDR <5%), for AD vs. control, there was a 3.5-fold increase (p = 0.037, FDR >5%), and for epilepsy vs. control, there was a 5.5-fold

decrease (p = 0.0048, FDR >5%). (E) Immunohistochemistry from five cases/group shows using semiquantitative analysis that TMEM106B expression

follows a similar trend observed in LFQ-MS, AD vs. epilepsy (3.9-fold increase, p = 0.095), AD vs. control (5.0-fold increase, p = 0.095), and epilepsy

vs. control (1.3-fold increase, p = 0.84) by the Mann–Whitney U-test. Scale bar 100 um. Error bars indicate SEM.

FIGURE 6

Proteomic di�erences in the choroid plexus of AD and epilepsy cases positively correlate. (A) Of the 617 altered proteins in AD and epilepsy cases

when compared to controls, 497/617 (81%) changed in the same direction (purple) and 120/617 (19%) in the opposite direction (yellow) with an

overall positive correlation (p < 0.0001, R2 = 0.27). Several of the proteins with the highest fold change are annotated by the gene name. The top 10

signaling pathways associated with the proteins in each quadrant from the correlation show those pathways (B) down in AD and up in epilepsy, (C)

up in both AD and epilepsy, (D) down in both AD and epilepsy, and (E) up in AD and down in epilepsy.
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there were similarities to those observed in AD when compared

to controls that included fatty beta-oxidation and 14-3-3 signaling.

There have been no related proteomics or transcriptomics studies

in human epilepsy choroid plexus for comparison. It will be of

interest in future studies to evaluate larger homogeneous cohorts

to identify whether there are additional protein differences, as well

as comparison to other AD groups with more mild pathology and

AD cases with an epilepsy diagnosis.

AD vs. epilepsy

In the AD vs. epilepsy comparison, most of the protein

differences were also found when comparing AD to controls, and so

many of the same signaling pathways were identified. Additionally,

there was the activation of inflammatory-related pathways such

as complement system and pathogen-induced cytokine storm

that were associated with a number of complement and collagen

proteins. Although there were many differences, the changes in AD

also correlated with trends in epilepsy when compared to controls.

TMEM106B was a top protein candidate that was elevated

in AD when compared to the epilepsy group. TMEM106B is a

type II transmembrane protein that localizes to late endosomes

and lysosomes in many cell types, including in both neurons

and oligodendrocytes (104). Previous studies have shown that

TMEM106B can fibrilize in a similar way as Aβ in AD and that

TMEM106B filaments may form in an age-dependent manner

(105–107). There was a similar trend for expression levels on LFQ-

MS and histology, with differences related to the detection method

(i.e., sensitivity and normalization).

The correlation of AD and epilepsy to controls from those

proteins significant in at least one pairwise comparison identified

a positive correlation, with the majority of proteins changing in

the same direction. With these similar trends, as expected, many

of the same signaling pathways were identified and were associated

with a shift in cellular energy production. Among the top correlated

proteins with the highest fold changes, there was increased

ATP6V0A4 and decreased APOB. ATP6V0A4 is a vacuolar ATPase

(108) and can be involved in several signaling pathways, including

those associated with endocytosis. The top pathway associated

with ATP6V0A4 (increased by 4.2-fold in AD and by 2.6-fold

in epilepsy compared to controls) from the increased proteins in

the correlation was the iron homeostasis signaling pathway (p =

3.80 x 10−4). APOB is an apolipoprotein that transports lipids in

plasma and CSF (109) and is also involved in several signaling

pathways including endocytosis. APOB is increased in AD CSF and

plasma. (109) It is unclear whether these cases have lower APOB

levels relative to the many controls with atherosclerosis (110) that

were observed on neuropathology and whether these levels reflect

those in the adjacent brain tissue or CSF. Some of the top protein

differences between AD and epilepsy with the highest fold change

from the correlation included increased MFGE8 (milk fat globule

EGF and Factor V/VIII domain containing) by 2.5-fold in AD

and decreased by 2.2-fold in epilepsy. An increase in AD may be

expected as MFGE8 vascular deposition increases with age and it

can interact with Aβ (111). As noted above, it will be of interest

to evaluate these protein differences further in larger homogeneous

epilepsy cohorts, as well as across the AD and epilepsy spectrums

of disease. Furthermore, future mechanistic studies will be essential

to elucidate the implications of these protein differences, i.e., how

the altered signaling pathways directly or indirectly impact CSF

production, turnover, and content.

Limitations

Our study had limitations, including a small sample size. Our

technique is less sensitive in detecting large membrane proteins,

insoluble proteins, and low-abundance proteins (i.e., TTR, AQP1,

and APP were not detected). Among the AD and epilepsy disease

groups, heterogeneous clinical variables warrant further evaluation

in future studies with larger samples, as do genetic risk factors (e.g.,

APOE, MTOR, APP, and PSEN1). Differences we identified in bulk

choroid plexus should be explored with regard to specific cell types.

Conclusion

We identified a shift in cell energy metabolism in the choroid

plexus of AD patients with severe neuropathology and similar

trends in epilepsy patients. Follow-up studies should evaluate the

spectrum of AD and epilepsy, including those cases with dual

diagnoses to identify potential molecular drivers of epilepsy and

AD. This could empower novel and targeted therapies.
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