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Abstract.

Background: Parkinson’s disease (PD) is a prevalent neurodegenerative disease that is pathologically described as a six-stage
a-synucleinopathy. In stage 4, a-synuclein reaches the hippocampus, inducing cognitive deficits, from which it progresses
to the isocortex, leading to dementia. Among hippocampal fields, cornu ammonis 2 is particularly affected by this «-
synucleinopathy and critical for cognitive decline. Volumetric studies using magnetic resonance imaging have produced
controversial results, with only some reporting volume loss, whereas stereological data obtained using nonspecific markers
do not reveal volume changes, neural or glial loss. Proteomic analysis has not been carried out in the hippocampus of patients
with PD.

Objective: This study aims to explain hippocampal changes in patients with PD at the cellular and proteomic levels.
Methods: a-Synuclein inclusions, volume and neural (NeuN), microglial (Iba-1) and astroglial (GFAP) populations were
stereologically analyzed. SWATH-MS quantitative proteomic analysis was also conducted.

Results: Area fraction fractionator probe revealed a higher area fraction a-synucleinopathy in cornu ammonis 2. No volume
change, neurodegeneration, microgliosis or astrogliosis was detected. Proteomic analysis identified 1,634 proteins, of which
83 were particularly useful for defining differences among PD and non-PD groups. Among them, upregulated (PHYIP,
CTND2, AHSA1 and SNTA1) and downregulated (TM163, REEP2 and CSKI1) proteins were related to synaptic structures
in the diseased hippocampus.

Conclusion: The distribution of a-synuclein in the hippocampus is not associated with volumetric, neural or glial changes.
Proteomic analysis, however, reveals a series of changes in proteins associated with synaptic structures, suggesting that
hippocampal changes occur at the synapse level during PD.
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neurites [3]. According to the prion-like hypothesis,
a-syn spreads through neuronal connections and glia
[4-6]. This spread may explain the involvement of
a-syn in different connected brain areas in a pre-
dictable six-stage sequence [7], which to some extent
relates to clinical symptoms [8-10]. A long prodro-
mal period during stages 1 and 2 characterized by
nonmotor manifestations has been reported [11, 12].
Motor symptoms (tremor, bradykinesia and rigidity),
which are used for clinical diagnosis, result from sub-
stantia nigra damage in stage 3. In stage 4, Lewy
pathology reaches the hippocampus (HP), leading to
cognitive impairment, which spreads into the cortex
and eventually leads to dementia in late stages 5-6
[13].

In patients with PD, cognitive dysfunction affects
multiple domains, but episodic memory impair-
ment is among the most remarkable manifestations
reported [14]. To date, researchers have focused on
the HP because the medial temporal lobe has been
identified as crucial for encoding and memory con-
solidation [15]. Considering the HP as a unique
structure, however, does not facilitate the elucidation
of the different mechanisms of cognitive performance
[16]. Indeed, the HP comprises different subfields
(cornu ammonis, CA1-3, and the dentate gyrus, DG)
[17]. Moreover, the HP (proper) is connected with
other parahippocampal structures, such as the subicu-
lum and the entorhinal cortex (EC). Cortical inputs to
the EC are relayed through the perforant path to the
DG and to the CA1, CA3 and subiculum. Intrahip-
pocampally, the DG projects onto CA3 via mossy
fibers, these neurons project onto CA1 via Schaffer
collaterals, which in turn project to the subiculum.
CA1 and the subiculum project back to the EC, which
is interconnected to the isocortex [18]. This well-
established network includes a number of hubs, but
not CA2, which is paradoxically early and preferen-
tially involved in Lewy pathology [7, 19]. New data
on the CA2 connectome may provide insights into
this issue [20-22].

Previous stereological analyses showed that the
accumulation of Lewy pathology in CA2 [23-25],
particularly Lewy neurites [7, 19], correlates with the
severity of cognitive impairment in patients with PD
[26, 27]. The relationship between CA2, a-syn and
cognitive dysfunction constitutes a cornerstone in the
field that is far from being resolved [21]. However, no
studies have analyzed the area fraction, namely, the
area occupied by a-syn, in the hippocampal fields.
The present study constitutes the first evaluation
using this stereological approach.

Several magnetic resonance imaging (MRI) stud-
ies have indicated correlations between hippocampal
atrophy and the degree of mild cognitive impair-
ment with dementia [28-31]. Few studies, however,
have considered the different hippocampal subfields.
Although some studies have correlated CA2-CA3
atrophy with the level of dementia and suggest that
CA2 is a distinctive subfield for neurodegeneration
in individuals with PD, as it is the starting point
for cognitive decline [32-34], these findings remain
inconclusive due to the difficulty of clearly discrimi-
nating the CA?2 subfield in imaging studies [35].

Several stereological studies have verified atro-
phy and neurodegeneration in different areas in the
postmortem brain of patients with PD [36, 37].
Two reports analyzing volumetric changes and neu-
ronal and glial populations in different hippocampal
subfields in Giemsa-stained [38] and cresyl violet-
stained [39] sections concluded that no differences
existed between PD and non-Parkinson’s disease
(NPD) groups [38]. Recently, proteomic approaches
have shown how a-syn accumulation affects protein
homeostasis, leading to cell death, but these analyses
have not been carried out in the HP [40]. The present
study, therefore, aims to analyze a-synucleinopathy,
volumetry, neurodegeneration (neuronal nuclear pro-
tein, NeuN) and gliosis (ionized calcium-binding
adapter molecule 1, Iba-1; glial fibrillary acidic pro-
tein, GFAP) among hippocampal fields and to provide
the first proteomic overview of the HP by identifying
proteins as putative biomarkers of PD.

MATERIALS AND METHODS
Human brain tissue

Samples (N=40) from patients with PD (n=20)
and NPD (n=20) were used in the present study
(Table 1 and Supplementary Figure 1). Samples,
clinical data and neuropathological diagnoses were
provided by Institut d’Investigacions Biomediques
August Pi i Sunyer (IDIBAPS), Biobanco en Red de
la Region de Murcia (BIOBANC-MUR), Biobanco
de Tejidos de la Fundacion CIEN (BTCIEN) and
Biobanco del Principado de Asturias, integrated in
the Spanish National Biobanks Network, and they
were processed according to standard operating pro-
cedures with appropriate approval of the Ethical and
Scientific Committees. Fixed samples were used for
Nissl staining and immunohistochemistry was per-
formed with antibodies against NeuN, Iba-1 and



Table 1
Demographic, clinicopathological features and assay of the subjects with PD and NPD
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Case PDx Assay Braak Rg BH A Sex PMD W  D-PD OF Cause of death
o-syn
stage

1# PD* 1Hj» 5 R L 77 M 0500 1320 4 Fd Cardiorespiratory arrest

2 PD IHi, 6 R L 65 M n.a. 1305 9 Fd n.a.

3# PD*  IH; 6 R L 77 M 12:00 1050 6 Fd  Pulmonary thromboembolism

44 PD* IH; 4 R R 77 M 12:00 1310 7 Fd Multiorgan failure

S# PD* 1IH;, IF 5 R L 78 M 0515 1210 na. FF  Respiratory infection
(Bronchoaspiration)

6# PD* IH;» 6 I L 8 M 0500 1062 na. Fd  Bronchial aspiration pneumonia

7 PD 1IH;, IF 5 I L 79 F 06:00 1210 9 Fd Respiratory insufficiency

8 PD IH;. 6 1 L 90 F 03:50 812 lLe. Fd  Adenocarcinoma of the breast

9 PD IH; 4 1 L 79 F  05:00 1025 n.a Fd n.a.

10 PD IH; 4 I R 8 M 16:30 1360 n.a. Fd Cardiorespiratory arrest

11# PD* IHi» 5 C L 82 F  02:00 1300 22 Fd  Cardiorespiratory arrest

12# PD* IH; 6 C L 8 M 0500 na. 8 Fd n.a.

13 PD 1IH;, IF 5 C L 8 M 06:00 1231 n.a. Fd  Nosocomial pneumonia

14 PD TH; 5 C R 8 M 0720 1405 n.a. Fd  Acute cardiorespiratory insufficiency

15# PD* IHi, 6 C L 80 F  03:00 1200 5 Fd  Multiorgan failure

16 PD* PR 5 C L 75 F 0345 1095 na. F  Multiorgan failure

17 PD* PR 6 C L 72 M 06:00 1160 15 F  Advanced cognitive deterioration and
kidney failure

18 PD* PR 5 R L 62 13:30 1355 na. F  Cardiorespiratory arrest.
Enterocolitis and urinary infection

19 PD* PR 6 C L 79 M 0LI:50 1260 11 F  Multiorgan failure

20 PD* PR 5 C L 8 M 1515 1370 na F  Multiorgan failure

21# NPD IH; - R L 58 F 0500 944 - Fd Pneumonia

22 NPD IH; - R L 43 M 05:00 1412 - Fd  Septic shock secondary to pneumonia

23# NPD 1IH;, IF - R L 75 M 04:00 1250 - Fd Multiorgan failure

24# NPD IH, - R L 62 F 02:00 1050 - Fd Cardiorespiratory arrest

25# NPD IH; - R L 78 M 12:00 1400 - Fd  Respiratory insufficiency. Multiorgan
failure

26# NPD IH, - I L 81 F 0500 1100 - Fd  Multiorgan failure

27 NPD [IH; - I R 83 F 07:20 1320 - Fd Intestinal ischemia due to embolism
during IQ Rheumatic heart valve
disease

28 NPD IH; - 1 L 8 M 03:.00 1400 - Fd  Cardiac arrest

29 NPD IH; - I R 90 F 1220 1175 - Fd  Cerebral hemorrhage

30 NPD 1IH; IF - I R 8 M 07:25 1365 - Fd  Cardio-Renal Syndrome

31# NPD IH, - C L 8 M 04:00 1152 - Fd na.

32# NPD IH, - C L 8 M 0300 1285 - Fd na.

333 NPD 1IH;, IF - C L 78 M 04:.00 1100 - Fd Respiratory insufficiency

34 NPD [IH; - C L 62 F 02:00 1050 - Fd  Cardiorespiratory arrest

35 NPD IH; - C L 63 M 0200 1400 - Fd Cardiorespiratory arrest

36 NPD PR - R L 69 M 10:15 1110 - F  Pneumonia (background COPD)

37 NPD PR - C L 8 M 13:00 1630 - F  Cardiorespiratory insufficiency in the
context of gastroenteritis

38 NPD PR - R L 8 F 0720 1320 - F  Intestinal ischemia due to embolism
during IQ Rheumatic heart valve
disease

39 NPD PR - C R 37 F 09:00 1200 - F  Cardiorespiratory arrest

40 NPD PR - C R 57 M 12:00 1560 - F  Cardiorespiratory arrest

# Cases used in the stereological analysis not shown between the PD* and NPD group. PDx, pathological diagnosis; PD, Parkinson’s disease;
PD*, Parkinson’s disease with dementia (PDD); NPD, non-Parkinson’s disease; IH;, immunohistochemistry against NeuN, Iba-1 and GFAP;
IH,, immunohistochemistry against a-synuclein; IF, immunofluorescence against selected proteins of proteomic study; PR, proteomic; Rg,
anatomical region; R, rostral; I, intermediate; C, caudal; BH, brain hemisphere; L, left; R, right; A, age (years); M, male; F, female; PMD,
post-mortem delayed (hh:mm); W, autopsy brain weight (g); D-PD, PD duration (years); l.e,: long evolution; OF, Original Fixation; Fd,
formaldehyde; FF, frozen turned to formaldehyde; F, frozen; n.a., not available.
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GFAP (PD n=15 and NPD n=15) or a-syn (PD
n=9 and NPD n=2) (see IH; and [H2 in the Assay
column of Table 1, and Supplementary Figure 1).
Among the fixed samples from patients with PD,
n =8 individuals were neuropathologically diagnosed
with PD with dementia (PDD) (Table 1 and Sup-
plementary Figure 1). Frozen samples were used for
proteomic analyses (PD n=5 and NPD n=5) (see PR
in the Assay column of Table 1 and Supplementary
Figure 1). Immunofluorescence staining was carried
out to validate the proteomic results (PD n=3; NPD
n=3) (see IF in the Assay column of Table 1 and
Supplementary Figure 1). All experiments were per-
formed in accordance with the Ethics Committee of
Clinical Research at Ciudad Real University Hospital
(SAF2016-75768-R and PID2019-108659RB-100).

Tissue sections for histology

Tissues were postfixed in fresh 4% paraformalde-
hyde in phosphate-buffered saline to standardize the
sample conditions. For cryoprotection, tissues were
embedded in a solution of phosphate-buffered saline
containing 2% dimethyl sulfoxide (DMSO) and 10%
glycerol for 48 h and subsequently in a solution of
phosphate-buffered saline containing 2% DMSO and
20% glycerol for 48 h. The tissues were covered in
30% sucrose and cut into 50 wm coronal sections with
a freezing microtome. Thirteen serial sections were
obtained: one was stained with Nissl and the remain-
ing sections were used for immunohistochemistry or
immunofluorescence staining or were stored [41, 42].

Immunohistochemical and immunofluorescence
staining procedures

For immunohistochemical staining, epitopes were
unmasked by boiling the tissue in citrate buffer under
pressure for 2min. The tissue was then immersed
in formic acid for 3min and rinsed with 0.01 M
phosphate-buffered saline (PBS, pH 7.4). The activity
of endogenous peroxidases was quenched by adding
1% H70, and incubating the sections for 20 min.
The blocking buffer step was carried out depend-
ing on the markers assessed (Table 2). Sections were
incubated overnight at 4°C with primary antibod-
ies against NeuN, Iba-1 and GFAP or for 72h at
4°C with a primary a-syn antibody. Sections were
incubated with the secondary biotinylated antibody
for 2 h at room temperature (Table 2). Subsequently,
the avidin-biotin complex (ABC standard, Vector)

was applied to the sections, incubated for 90 min,
and then reacted with 0.025% 3,3’-diaminobenzidine
and 0.1% H;0O,. The sections were mounted onto
slides, counterstained with Nissl, and coverslipped
with DPX (BDH, Poole, UK).

For immunofluorescence staining, tissue anti-
genicity was unmasked as described above. Sections
were incubated overnight at 4°C with the primary
antibody and with a fluorescent secondary antibody
for 2 h at room temperature (Table 2). The sections
were counterstained with 0.01% 4’,6-diamidino-2-
phenylindole (DAPI) for 5 min, mounted, dried, and
coverslipped with PVA-DABCO (Sigma—Aldrich, St.
Louis, MO, USA).

Stereological quantification

Samples were divided into three groups according
to the rostrocaudal extent of the tissue blocks: ros-
tral (bregma 12.0-16.0 mm), intermediate (bregma
16.0-21.2mm) and caudal HP (bregma 21.2-
26.5 mm) (Fig. 1) [43]. Stereo Investigator software
(MBF Bioscience coupled to a Zeiss Axio Imager
M2 microscope) was used for stereological analy-
ses. Boundaries of the DG, CA3, CA2, CA1 and HP
were outlined (Plan-Neofluar 1x/0.025, Ref. 420300-
9900) (Fig. 1) [43-45].

Different probes were consecutively used for the
stereological analysis. The fraction of area occu-
pied by a-syn (area fraction) was analyzed using
the area fraction fractionator method (Plan Apoc-
hromat 20x/0.5, Ref. 420650-9901) (Supplementary
Table 1). This analysis estimates the percentage of
area occupied by a-syn. The software randomly
superimposes a two-dimensional frame with a point
grid on the study area. One marker is correlated
with points for one type of staining (a-syn), while
another marker is used for the remaining tissue (neu-
ropil). The number of points on a-syn is divided by
the total number of points to obtain the estimated
area [37]. Volume was estimated with Cavalieri’s
probe using Nissl staining (Plan-Neofluar 1x/0.025,
Ref. 420300-9900) (Supplementary Table 2). The
optical fractionator method was applied to ana-
lyze the density (estimated population using mean
section thickness/measured volume) of neurons
(NeulN), microglia (Iba-1) and astroglia (GFAP) (Plan
Apochromat, 63x/1.4, Oil lens, Ref. 420782-9900)
(Supplementary Tables 3-5). Z-stacks of NeuN, Iba- 1
and GFAP (15 pum thickness) staining were acquired
to analyze the infiltration of the corresponding anti-
bodies. The distance between z-stack images was



Primary and secondary antibodies used

Table 2

Antigen Company Catalog Host Dilution BB Incubation Secondary antibody
Number
NeuN Abcam (Cambridge, ab104225 Rabbit 1:500 PBS +0.4% 4°C overnight  1:200 Biotinylated horse anti-rabbit IgG (H+L). Vector
USA) polyclonal TX-100+10% laboratories (CA, USA).
NHS
Iba-1 Fujifilm WAKO 019-19741 Rabbit 1:2000 PBS +0.1% 4°C overnight  1:200 Biotinylated horse anti-rabbit IgG (H+L). Vector
(Neuss, Germany) polyclonal TX-100 laboratories (CA, USA)
GFAP Dako (Denmark) 70334 Rabbit 1:10000 PBS+0.1% 4°C overnight ~ 1:200 Biotinylated horse anti-rabbit IgG (H+L). Vector
polyclonal TX-100+10% laboratories (CA, USA).
NHS
a-Synuclein Novocastra NCL-L-ASYN  Mouse 1:20 - 4°C 72 hours 1:200 Biotinylated horse anti-mouse IgG (H+L).
(Newcastle, UK) monoclonal Vector laboratories (CA, USA).
TMEM163 Thermo Fisher PA5107039 Rabbit 1:100 TBS+0.1% 4°C overnight ~ 1:200 Alexa Fluor® 488 donkey anti-rabbit. Invitrogen
Scientifi polyclonal TX-100+5% (Massachusetts, USA).
(Massachusetts, NHS
USA)
Caskin-1 Thermo Fisher PA563228 Rabbit 1:100 TBS+0.1% 4°C overnight ~ 1:200 Alexa Fluor® 488 donkey anti-rabbit. Invitrogen
Scientific polyclonal TX-100+5% (Massachusetts, USA).
(Massachusetts, NHS
USA)
REEP2 Thermo Fisher PA556867 Rabbit 1:100 TBS +0.1% 4°C overnight ~ 1:200 Alexa Fluor® 488 donkey anti-rabbit. Invitrogen
Scientific polyclonal TX-100+5% (Massachusetts, USA).
(Massachusetts, NHS
USA)
PHYHIPL Santa Cruz (Santa sc-514256 Mouse 1:100 TBS +0.1% 4°C overnight ~ 1:200 Alexa Fluor® 568 donkey anti-mouse. Invitrogen
Cruz, California) monoclonal TX-100+ 5% (Massachusetts, USA).
NHS
AHA-1 Santa Cruz (Santa sc-166610 Mouse 1:100 TBS +0.1% 4°C overnight  1:200 Alexa Fluor® 568 donkey anti-mouse. Invitrogen
Cruz, California) monoclonal TX-100+ 5% (Massachusetts, USA).
NHS
a-1-Syntrophin ~ Santa Cruz (Santa sc-166634 Mouse 1:100 TBS+0.1% 4°C overnight  1:200 Alexa Fluor® 568 donkey anti-mouse. Invitrogen
Cruz, California) monoclonal TX-100+ 5% (Massachusetts, USA).
NHS
§2-Catenin Santa Cruz (Santa sc-81793 Mouse 1:100 TBS+0.1% 4°C overnight ~ 1:200 Alexa Fluor® 568 donkey anti-mouse. Invitrogen
Cruz, California) monoclonal TX-100 +5% (Massachusetts, USA).
NHS
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A

Bregma 12.0-13.3 mm

C

G

B Bregma 13.3-14.6 mm

D

Fig. 1. Mosaic reconstruction of coronal Nissl-stained sections of the human hippocampus. The numbers above show the level of bregma
(mm). (A-B) Rostral (12.0-16.0 mm), (C-E) intermediate (16.0-21.2 mm) and (F-H) caudal (21.2-26.5 mm) hippocampus sections were
examined. Dentate gyrus (DG), cornu ammonis (CA), subiculum (S), presubiculum (PrS), parasubiculum (PaS), entorhinal cortex (EC),
perirhinal cortex (PRC), fusiform gyrus (FuG), collateral sulcus (cos). Scale bar 5000 pm.

1 pm (Fig. 2 and Supplementary Figures 2—4). The
optical fractionator is an unbiased probe that is not
influenced by the size, shape, spatial orientation or
spatial distribution of the cells under study. The
counting frame is composed of red and green lines.

Cells were counted if their soma was within the count-
ing frame or if they touched the green line without
touching the red line. A height dissector was obtained
from a previous analysis of several measurements of
the thickness of each section, selecting the shorter
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Fig. 2. Coronal sections of z-stack of the human hippocampus immunohistochemically stained for NeuN (A), Iba-1 (B) and GFAP (C) were
acquired to analyze the infiltration of respective antibodies.

section. This value was maintained throughout the the section thickness available for counting. The num-
quantification. Guard zones prevent possible tissue ber of cells counted in the study area was divided by
artifacts on the top and bottom surfaces and reduce the estimated volume of the region [37].
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Sample preparation for the proteomic analysis

Frozen tissue was cut into coronal sections with a
cryostat and divided into 12 mg samples, which were
homogenized with a pellet pestle (Sigma-Aldrich,
7317314, St. Louis, MO, USA) and sonicated in 0.4
ml of radioimmunoprecipitation assay (RIPA) buffer
(50 mM Tris-HCl pH 7.4, 150 mM NacCl, 0.1% Triton
X-100, 0.1% SDS, and 0.5% Na-deoxycholate) con-
taining a protease inhibitor cocktail (Sigma-Aldrich,
St. Louis, MO, USA) on ice. The homogenates were
agitated for 2 h at 4°C. The samples were centrifuged
at 12.000 x g for S5min at 4°C, and the supernatant
was collected.

The protein content was quantified using Brad-
ford’s colorimetric method, with minor modifica-
tions. Briefly, 200 pl of the reagent (Sigma-Aldrich
Bicinchoninic Acid Kit for Protein Determination
1002738548, St. Louis, MO, USA) were added to
50 ul of diluted samples. In parallel, a calibration
curve was established using bovine serum albu-
min (BSA), with concentrations ranging from 0
to 1 pg/pnl. Absorbance was measured at 562 nm
(iMark™ Microplate Absorbance Reader, Bio-Rad,
Hercules, California, USA) and used to interpolate
unknown values.

SWATH-MS quantitative proteomics analysis

Protein extracts were obtained from tissue samples,
and proteins were precipitated with TCA/acetone
to remove contaminants and resuspended in 0.2%
RapiGest SF (Waters, Milford, MA, USA). The total
protein concentration was measured with a Qubit
fluorimetric protein assay (Thermo Fisher Scien-
tific, Waltham, MA, USA), and 40 ng of protein
from each sample were subjected to trypsin digestion
and massive protein relative quantitation following
a sequential window acquisition of all theoretical
spectra-mass spectrometry (SWATH-MS) approach,
as described in a previous study [46]. Briefly, the
protocol and proteomic analysis were provided and
carried out at Instituto Maimonides de Investigacion
Biomédica de Coérdoba IMIBIC Proteomic Facility.

Creation of the spectral library

The peptide solutions were analyzed using a
shotgun data-dependent acquisition approach with
nano-LC-MS/MS to build the MS/MS spectral
libraries. Pooled vials were prepared consisting of
equal mixtures of the original samples to obtain

a good representation of the peptides and proteins
present in all 30 samples. One microgram of the
pooled samples (2 .l was injected into an Ekspert
nLC415 nano-LC system (Eksigent, Dublin, CA,
USA) equipped with an Acclaim PepMap C18 col-
umn (75 pm x 25 cm, 3 pm, 100 A) (Thermo Fisher
Scientific) at a flow rate of 300 nl/min. Water and
ACN, both containing 0.1% formic acid, were used
as solvents A and B, respectively. The gradient run
consisted of 5% to 25% B for 90 min, 10 min at 90%
B and 15 min at 5% B for column equilibration.

As the peptides eluted, they were directly injected
into a Triple TOF 5600 + hybrid quadrupole-TOF
mass spectrometer (Sciex, Redwood City, CA, USA)
operated with a ‘top 65’ data-dependent acquisition
system in positive ion mode. A NanoSpray III ESI
source (Sciex) was used for the interface between
nLC and MS, with an application voltage of 2,600
V. The acquisition mode consisted of a 250 ms sur-
vey MS scan from 350 to 1,250 m/z followed by an
MS/MS scan from 230 to 1,700 m/z (60 ms acqui-
sition time, rolling collision energy) of the top 65
precursor ions from the survey scan for a total cycle
time of 4.2s. The fragmented precursors were then
added to a dynamic exclusion list for 15 s; any singly
charged ions were excluded from the MS/MS analy-
sis. Additionally, each pooled sample was also run on
a gas-phase fractionation basis to increase the num-
ber of peptides and proteins identified: six runs with
the same LC and MS parameters as described above,
but using a ‘top 50’ method consisting of a 250 ms
survey MS scan in the m/z ranges 349 to 450, 449
to 550, 549 to 650, 649 to 750, 749 to 900, or 899 to
1200 (one range for each run), followed by an MS/MS
scan from 230 to 1,700 m/z (90 ms acquisition time,
rolling collision energy) of the top 50 precursor ions
from the survey scan.

Peptides and proteins were identified using Pro-
tein Pilot software (version 5.0.1, Sciex) with a
human Swiss-Prot concatenated target-reverse decoy
database (downloaded in July 2019) containing
20,416 target protein sequences, specifying iodoac-
etamide as Cys alkylation. The false discovery rate
(FDR) was set to 0.01 for both peptides and proteins.
The MS/MS spectra of the identified peptides were
then used to generate the spectral library for SWATH
peak extraction using the add-in for PeakView Soft-
ware (version 2.1, Sciex) MS/MSALL with SWATH
Acquisition MicroApp (version 2.0, Sciex). Peptides
with a confidence score greater than 99% (as obtained
from the Protein Pilot database search) were included
in the spectral library.
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Relative quantification by SWATH acquisition

Individual samples were analyzed using a data-
independent acquisition method. Each sample (2 wl)
was analyzed using the LC-MS equipment and LC
gradient described above for building the spectral
library but instead using the SWATH-MS acquisition
method. Samples were run in random order, and a
quality control run containing digestion of the pro-
tein (3-galactosidase was run after each sample for
mass calibration, quality control and column clean-
ing. The SWATH acquisition method consisted of
repeating a cycle that consisted of the acquisition of
50 TOF MS/MS scans (230 to 1,500 m/z, high sen-
sitivity mode, 90 ms acquisition time) of overlapping
sequential precursor isolation windows of variable
width (1 m/z overlap) covering the 350 to 1,200 m/z
mass range with a previous TOF MS scan (350 to
1,200 m/z, 50 ms acquisition time) for each cycle.
The total cycle time was 4.6 s. For each sample set,
the width of the 50 variable windows was optimized
according to the ion density observed in the data-
dependent acquisition runs using a SWATH variable
window calculator worksheet from Sciex.

Data analysis

Targeted data extraction of the fragment ion
chromatogram traces from the SWATH runs was per-
formed by PeakView (version2.1) using MS/MSALL
with SWATH Acquisition MicroApp (version 2.0).
This application processed the data using the spec-
tral library created from the shotgun data. Up to ten
peptides per protein and seven fragments per pep-
tide were selected based on signal intensity; any
shared and modified peptides were excluded from
processing. Six-minute windows and 50 ppm widths
were used to extract the ion chromatograms; SWATH
quantitation was attempted for all proteins in the ion
library that were identified by ProteinPilot with an
FDR < 1%. The retention times of the peptides that
were selected for each protein were realigned in each
run according to 18 endogenous peptides from the
protein pyruvate kinase and eluted along the whole-
time axis. The extracted ion chromatograms were
then generated for each selected fragment ion; the
peak areas for the peptides were obtained by sum-
ming the peak areas from the corresponding fragment
ions. PeakView computed an FDR and a score for
each assigned peptide according to the chromato-
graphic and spectral components; only peptides with
an FDR<1% were used for protein quantitation.

Protein quantitation was calculated by adding the
peak areas of the corresponding peptides. Mark-
erView (version 1.2.1, Sciex) was used for signal
normalization.

Bioinformatics

MetaboAnalyst was used to conduct principal
component analysis (PCA) and generate heat maps
and volcano plots. Ingenuity Pathway Analysis was
used to investigate the potential implication of the
observed changes in metabolic pathways and protein
interaction networks using the proteins identified to
be altered in patients with PD with a p<0.05 (143
proteins). Information regarding the up- or downreg-
ulation of the proteins in patients with PD was also
considered in the study. The algorithm used to calcu-
late the Z-scores and p-values of overlap provided
by Ingenuity Pathway Analysis software has been
described previously [47].

Validation of proteomic results

After a careful analysis of the identified proteins
in the proteomic study and considering the informa-
tion obtained with the bioinformatics approaches and
the functions of the proteins reported in the litera-
ture, PHYIP (or PHYHIPL), CTND2 (or §-catenin),
AHSAI1 (or AHA-1), SNTA1 (or a-1-syntrophin),
TM163 (or TMEM163), REEP2 and CSKI1 (or
caskin-1) were further investigated using immunoflu-
orescence staining (described above) (see IF in the
Assay column of Table 1 and Table 2).

Statistical analysis

For stereological data, GraphPad Prism® v.6 (San
Diego, CA, USA) was used for statistical analy-
ses. Shapiro-Wilk tests (n<30) were performed to
analyze the normality of the sample (p>0.05). The
Rout test was used to identify any outliers. Statis-
tical comparisons were performed using one-way
ANOVA followed by Tukey’s post hoc test to esti-
mate the significance of the area fraction occupied by
a-syn. Unpaired two-tailed #-tests or Mann-Whitney
U tests were employed to estimate significant dif-
ferences in volume and NeuN, Iba-1 and GFAP
densities between HP regions. All data are presented
as the means =+ standard deviations (SD). Differences
were regarded as statistically significant at *p <0.05,
**p<0.01 and ***p<0.0001. For the proteomic
analysis, protein abundance was normalized by log
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transformation, and an unpaired two-tailed #-test was
used to estimate differential abundance. Two statis-
tical criteria were used to select the proteins. First,
differentially expressed proteins were selected by
p <0.05; afterwards, a fold change < 0.66 (downreg-
ulated) or > 1.5 (upregulated) was applied to the final
validation.

RESULTS
Age

Age was compared among groups using an
unpaired two-tailed #-test or Mann-Whitney test. For
the stereological analysis, the cohort was divided into
three sampling groups (rostral, intermediate and cau-
dal HP) according to the rostrocaudal axis of the HP
(Table 1). Ages of patients with PD and NPD in rostral
(PD 74.80 £ 2.458; NPD 63.20 £ 6.304), intermedi-
ate (PD 81.60+2.112; NPD 84.80 % 1.53), caudal
(PD 81+£0.4472; NPD 74.80 £ 5.267) and total HP
(PD 77.07 £2.092; NPD 76.33 & 3.218) cases were
not significantly different. No statistically significant
differences were reported in the cases selected for
the stereological study between the PDD and NPD
groups (see “*” in the Case column of Table 1) (data
not shown). Additionally, the ages of the patients with
PD and NPD whose samples were examined using
proteomic analyses were not different (PD 77 = 3.907
years; NPD 67 & 7.193 years). However, one of the
patients with NPD whose sample was used in the pro-
teomic analysis was 37 years old, which represents a
limitation for the study since a young age is associated
with no or minimal age-related pathologies.

a-Synuclein area fraction

The area fraction of hippocampal subfields occu-
pied by a-syn was stereologically analyzed in a
representative sample of the PD cohort (see /[H2 in
the Assay column of Table 1), and the area fraction
occupied by a-syn was compared between subfields
with one-way ANOVA followed by Tukey’s post hoc
test. The a-syn area fraction was significantly higher
in CA2 than in DG and CA1l (F (3, 29)=3.859;
p=0.0194) (Fig. 3 and Supplementary Table 1).

Volume
Total hippocampal and subfield volumes were ana-

lyzed using Cavalieri’s method (N=15PD and N =15
NPD, n =5 in rostral, intermediate and caudal levels

in each group) (Table 1 and Fig. 1). No differences in
total or partial volumes were observed along the ros-
trocaudal axis (Fig. 4 and Supplementary Tables 2 and
6). A volumetric analysis between the PDD (n=28)
and NPD (n=38) groups stratified by age and HP
regions did not show significant changes in the total
or partial hippocampal volume (see “#” in the Case
column Table 1) (data not shown).

Estimation of neurons, microglia and astroglia

An optical fractionator was used to count NeuN-
(Fig. 5A, B), Iba-1- (Fig. 5G, H) and GFAP-positive
(Fig. 5M, N) cells (see IH; in the Assay column
of Table 1 and Supplementary Figure 1). No dif-
ferences in total or partial cell population densities
were observed along rostrocaudal levels in the differ-
ent hippocampal fields (Fig. 5C-F, I-L, O-R, Fig. 2,
Supplementary Tables 3-5 and 6, and Supplementary
Figures 2—4). The analysis of the stereological data
from the patients with PDD (n=8) and NPD (n=28)
matched by age and HP region did not show signif-
icant changes in the studied cell populations of the
total HP and its subfields (see “#” in the Case column
of Table 1) (data not shown).

Proteomic analysis

SWATH-MS quantification identified 1,634 pro-
teins (see PR in the Assay column of Table 1 and
Supplementary Data 1). After normalization by log
transformation and filtering by p <0.05, 142 proteins
were obtained, which separately identified PD and
NPD groups according to PCA (Fig. 6A) and in a heat
map (Fig. 6B and Supplementary Data 2). A restric-
tive 1.5-fold change and p <0.05 were also used to
ensure confidence in the selection of 83 differentially
expressed proteins (Supplementary Data 3). Changes
in expression were detected for 76 upregulated and 7
downregulated proteins, as illustrated in the volcano
plot shown in Fig. 6C.

Additionally, Ingenuity Pathway Analysis soft-
ware was used to accurately determine the impli-
cations of the observed changes at the protein level
between PD and NPD samples, taking into account
the intensity and direction of change in the expression
of each protein. This analysis was especially rele-
vant to the finding that overall expression analysis of
the proteomic data identified motor dysfunction and
movement disorder as unique diseases predicted to be
negatively affected (Fig. 7A). Specifically, in move-
ment disorder disease, 32 proteins found altered in
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Fig. 3. Mosaic reconstruction (I) and picture of the DG, CA3, CA2 and CA1 of the human hippocampus with PD (A, C, E, G respectively)
and without PD (B, D, F, G respectively) immunohistochemistry stained for a-synuclein. The mean &= SD of the area fraction occupied by
a-synuclein in the different regions of the hippocampus in the total hippocampus of PD cases (J). Scale bars 90 um (A, C, E, G), 250 pm
(B, D, F, H) and 2000 pm (I).

PD samples were predicted to be associated signifi- VPS35 and XRCC6) (p<7.13E-8) (Fig. 7A). As
cantly to the existence of potential motor dysfunction shown in the present study, 31 proteins also partic-
or movement disorders (AHCY, AKI1, ARLS3, ipated in one interaction network strongly related
ATL1, CANX, CASKIN1, CKB, COMT, CRYM, to neurological diseases (Fig. 7B). Several of the
CSNK2A1, CTNNB1, DBNL, DNM1, DYNCI1HI1, proteins observed in this network were further investi-
EEF1A1, EIF3K, GLS, HNRNPDL, HNRNPU, gated in the present article (see * in Fig. 7B) including
HSPB1, MAP2K4, PIN1, PTGES3, PTK2B, PURA, caskin-1 (CASKIN1) as the most important downreg-

SUCLA2, TUBA4A, TUBAS, TUBB3, TUBB4B, ulated protein in the network.
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Fig. 4. The mean = SD of the total volume of the hippocampus and hippocampal regions of the rostral (A), intermediate (B), caudal (C) and

total (D) hippocampus in PD and NPD cases.

Structural characterization of proteomic changes

Among structural proteins with higher fold
changes, either up- or downregulated, some related
to the synaptic complex were selected to characterize
hippocampal changes in individuals with PD com-
pared to subjects with NPD. Proteins were selected
according to the restrictive fold change and p <0.05.
Focusing on the PD group compared to the NPD
group, the upregulated proteins were §2-catenin,
o-1-syntrophin, activator of 90-kDa heat shock
protein ATPase homolog (AHA-1) and phytanoyl-
CoA hydroxylase-interacting protein (PHYHIPL);
the downregulated proteins were caskin-1, recep-
tor expression-enhancing protein 2 (REEP2) and
transmembrane protein 163 (TMEM163). The upreg-
ulation or downregulation of these proteins was
validated by immunofluorescence staining (see /F in
the Assay column of Table 1 and Fig. 8); however,
the antibodies against AHA-1 and TMEM 163 yielded
inconclusive results.

DISCUSSION

The results of the present study indicate that synu-
cleinopathy occupies a larger area fraction in CA2.
The stereological analysis did not reveal changes in
volume, neurodegeneration or gliosis, although pro-
teomic approaches did detect substantial alterations
in the HP that were previously unreported in patients
with PD.

a-Synuclein distribution among hippocampal fields

According to the description provided by Braak
and colleagues, CA2 was particularly affected by
this a-synucleinopathy [7]. Previous reports have
shown the highest levels of a-syn in this hippocam-
pal subfield (density or total number of Lewy bodies
and neurites) [19, 25], which increase in patients
with PDD [26, 27, 48] (Table 7a in Supplementary
Table 7). Other studies have used qualitative (biased)
and quantitative approaches and only examined CA2
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Fig. 6. A) PCA plot, using principal components 1 and 2, shows that the NPD cases (green dots) and PD cases (red triangles) are distributed
in two well-separated groups based on significantly altered proteins in PD (p < 0.05). B) Heat map of proteins with levels varying significantly
(p <0.05) across PD and NPD cases and used for sample clustering. C) Volcano plot showing 7 downregulated and 76 upregulated proteins
(pink points) with fold change > 1.5 (or <0.66) and p <0.05.

or CA2/CA3 combined, without comparing the levels stereological analysis of a-syn in the DG and CA1-3
to DG, CA1 and CA3 [23, 24]. Similar reports com- using the area fraction fractionator. According to the
pared different neurodegenerative diseases or other literature, our results indicate a greater effect of a-syn
brain areas, such as the substantia nigra [24] or on CA2 followed by CA3 and, to amuch lesser extent,
periamygdaloid cortex [49]. To date, however, the by DG and CA1 (Fig. 3). In addition, synucleinopathy
fraction of area occupied by a-syn inclusions in the mainly occurs in the form of Lewy neurites in CA2,
hippocampal subfields had not been studied. There- whereas Lewy bodies are more frequent or larger in

fore, the present data constitute the first unbiased the DG, CA1 and CA3 and the EC [19, 27, 50].
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Fig. 7. Ingenuity Pathway Analysis of the proteins differentially expressed between PD and NPD samples. All the proteins with a p <0.05
were included in the study. A) The overall changes observed at proteomic scale correlates specifically with potential motor dysfunction and/or
movement and movement disorders, according to Ingenuity Pathway Analysis (p <7.13E-8). B) Ingenuity Pathway Analysis identified one
significant associated network of proteins that include neurological disorder. The network agglutinates a total of 31 proteins. *proteins
investigated further in the current article. Green, proteins decreased in PD; Red, proteins increased in PD.

As proposed by the prion-like hypothesis, a-syn
spreads through neuronal connections and glia [4-6].
Therefore, the CA2 connectome might help to explain
its greater involvement by a-syn. The EC is the main
input, and output relies on the transfer of cortical
information to the HP. Classically, the EC has been
described as projecting through the perforant path to
the DG and to CA1, CA3 and the subiculum. The
DG projects to CA3 through mossy fibers, which in
turn projects to CA1 via Shaffer collaterals. Finally,
CA1 and the subiculum close the circuit by project-
ing to the EC [18]. Classically, CA2 was considered
out of this loop. Recently, it has been reported that
both the EC, DG and CA3 send direct projections to

CA2 which, together with the fact that the spread
of synuclein is initially retrograde, could explain
the preferential synucleinopathy of CA2 [20, 21].
After affecting CA2, synuclein could travel retro-
grade affecting CA3 and DG. Later, the pathology
could affect CA1 thanks to antegrade transport from
the affected areas [50]. Furthermore, the subcortical
connections of CA2 could explain its greater initial
involvement. Murine studies have identified subcorti-
cal afferences to CA2 from regions affected in stages
prior to HP pathology such as the raphe nucleus (stage
2), the basal nucleus of the amygdala, the supra-
mamillary nucleus, the septal nuclei and the nucleus
of the band Broca’s diagonal (stage 3) [51].
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and PD (B), REEP2 (GREEN) and PHYHIPL (RED) in NPD (C) and PD (D) and a-syntrophin (RED) in NPD (E) and NPD (F). Arrow
heads and arrows point green and red markers, respectively. Scale bar 20 wm (A-F). The mean &= SD of selected proteins comparing NPD
and PD (G).
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Changes in hippocampal structure

According to previous studies, a-syn plays a
fundamental role in the brain changes associ-
ated with PD, including neurodegeneration and
gliosis [3, 52]. Accordingly, differential changes
among hippocampal fields, particularly in CA2, were
expected. To the best of our knowledge, only two pre-
vious stereological studies have analyzed the number
of neurons [39] or neurons and glial cells [38] among
hippocampal subfields in patients with PD. Using cre-
syl violet and Giemsa staining, researchers concluded
that the numbers of neurons and glial cells did not
change significantly [38, 39]. In the present study,
specific neuronal, microglial, and astroglial markers
were analyzed, producing similar results (Fig. 5). The
presence of a-syn is greater in patients with PDD,
which is presumed to induce cell death [27]. The
present report is the first to analyze the neuronal,
microglial and astroglial densities in hippocampal
subfields in patients with PDD. Nevertheless, among
our patients with PDD and NPD, no cell death was
observed in the studied cell populations (see “#” in
the Case column of Table 1) (data not shown). As -
syn fibrils permeabilize the plasma membrane, they
may allow calcium to enter the cell and induce death.
However, consistent with our results, preformed o-
syn fibrils infused into CA2/CA3 are not sufficient to
cause cell death [53]. Researchers have proposed that
this resistance of CA2 neurons to toxic substances
such as a-syn is due to an increased capacity of these
cells to buffer calcium [54].

Although no changes in the numbers of various
cell populations have been reported, a-syn may cause
changes in cell structure, leading to volume loss.
Previous MRI studies of HP volumetric changes in
patients with PD have produced controversial results.
Most of them have reported a decrease or no changes
in the HP volume in patients with PD, whereas only
a few indicate an increase in volume (see Table 7b in
Supplementary Table 7 for a detailed literature review
on this topic). Since CA?2 is particularly affected by
a-syn, many studies have focused on its use as a
biomarker. However, imaging studies attempting to
discriminate volumetric changes among hippocam-
pal subfields have been inconclusive [32, 35] (see
also Table 7c in Supplementary Table 7), probably
due to the difficulty in delimiting hippocampal sub-
fields based on MRI images. According to our results,
stereological approaches using postmortem material
neither reported partial nor total volume changes [38]

(Fig. 4 and Supplementary Tables 2 and 6). CA2 is
also interesting since it has been identified as a criti-
cal structure for social memory, and this structure is
impaired in patients with PD [21]. In fact, CA2 has
been shown to be critical for PDD development. Most
MRI studies indicate a loss of HP volume in patients
with PDD (Table 7b in Supplementary Table 7), and
some reports focus on CA2 [34] (Table 7c in Supple-
mentary Table 7). Among our subjects, individuals
with PDD did not show total or partial volumetric
differences compared to the NPD group (see “#” in
the Case column of Table 1) (data not shown).

Hippocampal proteome

As expected, an overall analysis of the results
obtained using proteomic approaches revealed a net-
work of proteins that participate in neurological
diseases, but a deeper analysis of the results enabled
the identification of specific proteins, such as caskin-
1 or a-1-syntrophin, constituting new markers of this
neurodegenerative disease. Furthermore, this anal-
ysis also revealed important changes in proteins
directly related to motor dysfunction, a known symp-
tom of PD. The proteomic analysis appears to be a
challenging strategy for identifying subtle patholog-
ical changes, but it has not been performed in the HP
[40, 55, 56].

Previous studies support the hypothesis that the
pathophysiology of PD begins with the accumula-
tion of a-syn microaggregates in presynapses [57].
This accumulation of a-syn leads to a reduction
in presynaptic spines, and due to their associa-
tion with postsynaptic spines, these spines are also
altered. Alterations of the synapse affect the release
of neurotransmitters, which might explain the clin-
ical alterations in patients with PD, even in the
absence of cell death. Although the sample was lim-
ited (PD n=35, NPD n=35) and included the youngest
patient with NPD (37 years old), our proteomic study
identified downregulated (caskin-1, TMEM163 and
REEP2) and upregulated (§2-catenin, AHA-1, PHY-
HIPL and o-1-syntrophin) proteins in patients with
PD that play an important role in the synapse (Figs. 7
and 8).

Caskin-1 is a neuronal scaffold protein that is pri-
marily expressed in presynapses. Caskin-1-knockout
mice present a decreased density and altered mor-
phology of pre- and postsynaptic dendrites in
hippocampal neurons, learning and spatial mem-
ory impairments and alterations in LTP. Decreased
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caskin-1 levels at the presynapse may also exert a
negative effect on the postsynapse [58]. An attempt
by é2-catenin to avoid postsynaptic damage might
explain why this postsynaptic protein is upregulated
in individuals with PD. Indeed, §2-catenin plays a
role in synaptic forward junctions, and it has been
to induce morphological changes in the branch-
ing and/or prolongation of postsynaptic dendrites
based on measurements of synaptic activity [59].
Overexpression of §2-catenin has also been reported
to improve memory [60]. TMEM163, or synaptic
vesicle 31, is part of several cellular compartments,
including synaptic-like microvesicles, which overlap
with zinc enrichment in presynaptic vesicles [61].
This protein is responsible for the uptake of cyto-
plasmic zinc into the vesicle interior. A lack of
TMEM163 expression has been related to PD, as
possibly explained by an accumulation of cytoplas-
mic zinc that deteriorates the proteasome-ubiquitin
system, causing greater a-syn aggregation [61, 62].
AHA-1 is a chaperone that has often been linked to
tau folding in Alzheimer’s disease. Overexpression
of AHA-1 in patients with PD also contributes to the
addition of a-syn inclusions in individuals with PD
[63].

REEP2 is a tubular ER structural protein that is
overexpressed after DNA damage, facilitating the for-
mation of tubular ER. Tubular ER extensions allow
contact and signal transduction with the mitochon-
dria [64]. In our study, REEP2 was downregulated,
which may indicate a cellular protection mechanism
(Fig. 8). a-Syn oligomers and fibrils induce the for-
mation of pores in neurons; therefore, calcium enters
cells and might be stored in the ER [65]. Loss of
REEP2 might prevent calcium from entering the
mitochondria, inducing apoptosis, which may explain
why the HP did not show neuronal or glial degen-
eration. On the other hand, the lack of connection
to the ER may leave mitochondria without a supply
of calcium necessary for its proper metabolic func-
tion. The PHYHIPL mitochondrial protein, which
has been shown to protect against ischemic damage,
may be required to ameliorate potential mitochon-
drial deficits [66].

Finally, a-1-syntrophin has been studied due to
its relationship with aquaporin-4, which is present in
the feet of astrocytes. A decrease in a-1-syntrophin
expression reduces the expression of aquaporin-4.
However, in our study, the levels of both proteins were
increased, which may constitute a protective mecha-
nism against the toxic effect of a-syn on the synapse
(Fig. 8). Lower expression of aquaporin-4 leads to

lower reuptake of potassium by the feet of astrocytes,
which delays neuronal reactivation [67-69].

CONCLUSIONS

To the best of our knowledge, this report is the first
to describe the hippocampal proteome in patients
with PD, and the findings facilitate the implemen-
tation of a number of new research approaches.
Synucleinopathy in the HP might not be sufficient
to induce cell death, but it might alter the proteome
at the synaptic level by downregulating caskinl and
upregulating §2-catenin. Downregulation of REEP2
and upregulation of PHYHIPL and «-1-syntrophin
might be a protective mechanism to ameliorate the
toxicity of a-syn and, therefore, these proteins may
constitute potential biomarkers of early damage
in the HP during PD development. In conclusion,
hippocampal synaptic dysfunction, is likely to play a
role in cognitive decline in PD, but according to the
present results, it is unlikely to be a prominent factor.
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