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Abstract
Prion protein (PrP) deposits in the form of diffuse and cored plaques occur in most gray matter areas of the brain of individu-
als affected by Gerstmann–Sträussler–Scheinker disease (GSS) associated with the F198S mutation in PRNP; however, the 
PrP deposits in the retina have not been characterized. Furthermore, a comparative analysis of PrP deposits occurring in the 
brain and in the retina in GSS has not been carried out. We hypothesize that the PrP aggregation and seeding properties in 
the brain and retina differ. The aim of this study was to analyze PrP from brains and retinas of individuals affected by GSS, 
all carriers of the PRNP F198S mutation from the same pedigree. Postmortem tissues from these patients were analyzed 
using neuropathologic and biochemical methods including Real-Time Quaking Induced Conversion assay. PrP deposits in 
the retina were found only in the outer plexiform layer, did not have tinctorial property of amyloid and were immunopositive 
using nine antibodies recognizing epitopes throughout the PrP sequence. Biochemical analysis showed that PrP_F198S in 
the retina is partially detergent-insoluble, is assembled in large-size aggregates, and has seeding property. In addition, the 
glycosylation of full-length PrP in the retina was more complex than that of control PrP. Furthermore, the homogenates of 
retina did not contain the 8 kDa PrP internal fragments (PrPIF) as brain homogenates do; however, a PrPIF was experimentally 
generated using proteinase K. In conclusion, we report for the first time the neuropathologic and biochemical properties of 
PrP in the retina of individuals carrying PRNP F198S and compare them with those in the brain of the same individuals. The 
fact that in GSS F198S, PrPIF is constitutive only in the brain points to the need of identifying whether there is a difference 
in proteolytic mechanisms between retina and brain.
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Introduction

Gerstmann–Sträussler–Scheinker disease (GSS) is an adult-
onset dominantly inherited prion protein (PrP) amyloido-
sis caused by mutations in PRNP [12, 14–16, 27, 28, 54]. 
The PRNP missense mutation TTC to TCC at codon 198 
results in the substitution of serine for phenylalanine at 
residue 198 (F198S) of PrP and causes a GSS variant (GSS 
F198S), that has been extensively studied in mutation car-
riers from a large kindred [7–9, 11, 13, 15, 16, 21, 22, 28, 
30, 47, 48, 51, 63, 69, 70]. The polymorphism methionine/
valine at residue 129 modifies the disease phenotype; more 
specifically, patients homozygous for valine at residue 129 
have clinical signs more than 10 years earlier than heterozy-
gous patients [9]. GSS F198S has a high penetrance and 
is clinically characterized by behavioral changes, cognitive 
impairment, cerebellar ataxia, parkinsonism, and pyramidal 
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signs. Neuro-ophthalmologic studies revealed the presence 
of abnormal eye movements that are related to the basal 
ganglia and cerebellar involvement [11, 69]. The clinical 
course may last from two to 15 years with symptoms starting 
between the fourth and eighth decade of life [16].

The neuropathologic phenotype of GSS F198S is char-
acterized by the coexistence of aggregates of two misfolded 
proteins that, in histologic and immunohistochemical prepa-
rations, have a distinct morphology as observed by bright-
field and fluorescence microscopy; the first is the extracel-
lular unicentric and/or multicentric PrP deposit (plaque) 
and the second is the intraneuronal neurofibrillary tangle 
resulting from the aggregation of 3R/4R tau [13, 17, 21, 
22]. PrP deposits and intracytoplasmic tau inclusions are 
both present in the cerebral cortex and subcortical nuclei; 
however, PrP deposits are present in the cerebellar cortex, 
but tau inclusions are not. PrP deposits are in the form of 
plaques with a single or multiple amyloid cores that are 
fluorescent using thioflavin S; the cores are surrounded by 
nonfluorescent diffuse material. By immunohistochemistry, 
PrP antibodies immunolabel both cores and the surrounding 
diffuse material.

Protein sequencing demonstrated that the core of the PrP 
plaques is made of PrP’s N- and C-terminally truncated frag-
ments [48, 60, 61, 72]. Immunoblot analysis of proteinase 
K (PK)-digested homogenates of brain tissue has shown 
that PrP migrates as three prominent bands of ~ 28, ~ 18 and 
8 kDa. The latter band corresponds to a monomeric PrP 
internal fragment (PrPIF) cleaved at the N- and C-terminals, 
while the other two bands correspond to multimers of the 
internal fragment. PrPIF sequence spans from residues 74–78 
to 142–152 and the 18 and 28 kDa bands represent cova-
lently linked multimers of distinct sizes that result from the 
polymerization of the 8 kDa fragment [7, 60]. Studies of PrP 
in GSS F198S using cryogenic electron microscopy (cryo-
EM) have shown the structure of filaments of PrP amyloid. 
The filaments are composed of dimeric, trimeric and tetra-
meric left-handed protofilaments with their protomers shar-
ing a common protein spiral fold that consists of 62 amino 
acids and spans from glycine 80 to phenylalanine 141 [22].

It has been stated that several major neurodegenera-
tive disorders have manifestations in the retina, suggest-
ing that the eye is a ‘window’ into the brain [35]. PrPC is 
an essential component for visual processing and studies 
using PrP knockout mice have shown that the absence 
of PrPC is associated with alterations of retinal functions 
[59]. Visual disturbances may be the initial manifestation 
of Creutzfeldt–Jakob disease (CJD) and some reports indi-
cate that retinal alterations are seen in electroretinograms 
(ERGs) of affected patients [29, 50]. Whether in sporadic 
CJD, PrPSC is associated with the changes observed using 
ERG requires further investigation. Additionally, informa-
tion on the ERG changes associated with mutant PrP and on 

the neuropathology of the retina in genetically determined 
PrP amyloidosis is lacking [20, 23, 25, 45, 52, 62, 65].

Single-cell RNA data from the Human Protein Atlas 
shows PRNP RNA expression in retinal bipolar cells, which 
are present in both the OPL and IPL [1]. In sporadic, heredi-
tary, iatrogenic, and variant CJD, both inner and outer plexi-
form layers contain PrP aggregates regardless of the type of 
PrPSC inclusions in the brain [24, 25, 62].

In the course of our studies, we postulated that the patho-
genetic mechanisms of PrP aggregation in GSS F198S may 
differ between brain and retina. Thus, our studies on the 
extent and distribution, biochemical properties, and seeding 
propensity of pathologic PrP in GSS F198S were carried out 
to determine: 1) whether PrP aggregates in the retina are 
amyloid and 2) whether the location of these aggregates in 
the retina is similar to that in another form of GSS (i.e., GSS 
A117V) and/or to that previously observed in CJD.

Materials and methods

The current study of GSS F198S comparing the molecular 
neuropathologies of brain and retina represents the continu-
ation of work carried out during the preceding four decades 
using brain tissue of patients from the same pedigree [13, 47, 
60, 61]. All research was carried out in accordance with the 
Institutional Review Board guidelines at Indiana University 
School of Medicine, the Declaration of Helsinki [67] and the 
Additional Protocol on the Convention of Human Rights and 
Biomedicine Concerning Biomedical Research [10].

Subjects: GSS and controls

For this study, we have studied the retina and brain obtained 
postmortem from eight GSS F198S mutation carriers. A 
review of clinical records indicates that following a clinical 
diagnosis made by a neurologist, the course of the disease 
lasted between two and 13 years (Supplemental Anamnestic 
Data). The patients A, B, C, D, E, F, G, and H died at 58, 
48, 44, 49, 53, 73, 63, and 60 years of age, respectively. 
Brains from these individuals, three males (subjects A, B, 
E) and five females (subjects C, D, F, G, H), and retinas 
from seven of these individuals (subjects A–G) were stud-
ied neuropathologically. Biochemistry of PrP was carried 
out on subjects D and E. To extend knowledge on the neu-
ropathology of retina in dominantly inherited PrP amyloido-
sis, we included results obtained from the retina of a single 
case (subject I) of GSS A117V. This female patient died at 
45 years of age following a clinical course that lasted 5 years 
(Supplemental Anamnestic Data). For negative controls, 
brain and retina tissue were obtained from two patients: 
a 78-year-old male with Alzheimer disease (AD), and a 
67-year-old male with Dementia with Lewy Bodies (DLB). 
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As a positive control, the brain and retina were obtained 
from a 68-year-old male with sporadic CJD (sCJD) (MM/1).

Molecular genetic analysis

DNA was isolated from fresh postmortem brain tissue of 
each of the nine GSS subjects using previously described 
methods [40]. The resulting DNA sequences were compared 
to the published PRNP sequence [34].

Neuropathologic study of GSS F198S and GSS A117V

Autopsies of the nine GSS subjects were carried out five (A), 
four (B), eight (C), eleven (D), thirteen (E), eighteen (F), 
five (G), nine (H), and six (I) hours after death. The autop-
sies of the three control subjects were carried out five hours 
after death. Subjects A, C, D, E, F, H, and I had complete 
autopsies; the eyes were obtained from subjects A, C, D, E, 
F, and I. For subjects B and G, only the brain, spinal cord, 
and eyes were obtained. The weights of the fresh brains were 
as follows: 1360 g (A), 1218 g (B), 1122 g (C), 1226 g (D), 
1452 g (E), unknown (F), 1304 g (G), 970 g (H), and 960 g 
(I). The weights of the fresh brains of the control with DLB 
was 1420 g, of the AD and sCJD are unknown. Brains were 
hemisected using the method previously described [51]. Fol-
lowing fixation in a 10% formalin solution, the left cerebral 
and cerebellar hemispheres as well as the left half of the 
brainstem were sliced and tissue samples selected as previ-
ously reported [36].

For subjects A, B, and C, both eyes were divided into 
four quadrants (temporal, superior, nasal, inferior) and fixed 
in formalin. For subjects D, E and I, one eye was fixed in 
formalin and the other was frozen and stored at –70o C. 
For subject F, only one eye, fixed in 4% paraformaldehyde 
in phosphate-buffered saline (PBS), was available for this 
study. From control subjects, one eye was fixed in forma-
lin and the other was frozen. Samples from each subject 
were dehydrated in graded alcohols, cleared in xylene, and 
embedded in paraffin.

Brain and eye tissue were cut into eight-micron-thick 
sections; coronal hemispheric sections were cut into ten-
micron-thick sections; sections of each quadrant of the eyes 
were cut into five-micron-thick sections. Histological stain-
ing was carried out using hematoxylin and eosin (H&E), and 
luxol fast blue (LFB); to detect amyloid plaques of PrP and 
amyloid-β (Aβ) as well as tau neurofibrillary tangles, thiofla-
vin S was used. In addition, fluorescence imaging of protein 
aggregates was carried out using the following two lumi-
nescent conjugated oligothiophenes (LCOs) ligands: pen-
tamer-formyl thiophene acetic acid (pFTAA), and the pen-
tameric thiophene HS-84 [2, 5, 33, 41, 49, 57, 58]. For PrP 
immunohistochemical studies, the sections were pretreated 
with 88% formic acid for 15 min at room temperature [31]. 

Immunohistochemical studies were carried out using nine 
anti-PrP antibodies that recognize the N- and C-termini as 
well as the mid-region. Supplemental Fig. 1 shows schemati-
cally the epitope region of PrP, which is recognized by each 
one of the nine antibodies. Commercially available antibod-
ies 12F10 (monoclonal, PrP 142–160 Caymen, 1:800), 1E4 
(monoclonal, PrP 97–106, Cell Sciences, 1:500), and 3F4 
(monoclonal, PrP 109–112, Dr. R. Kascsak, 1:800 and Bio-
legend, 1:500) as well as the following antibodies generated 
in house: PrP 23–40, PrP 58–71, PrP 90–102, PrP 95–108, 
PrP 151–165, PrP 220–231 (polyclonal, Dr. P. Piccardo/ 
Dr. B. Ghetti, 1:100) were used for the immunohistochem-
istry of brain and retina [46]. Other antibodies were also 
used to label tau protein (monoclonal, AT8, Thermo Fisher; 
1:200), Aβ protein (monoclonal, 21F12, Elan Pharmaceuti-
cals; 1:1000, 4G8 monoclonal, BioLegend, 1:1000, NAB228 
monoclonal, Invitrogen, 1:200), glial fibrillary acidic protein 
(polyclonal, Dako; 1:100), α-synuclein Asy119-137 (poly-
clonal, Dr. P. Piccardo/ Dr. B. Ghetti; 1:300), and Calbindin 
Dk28 (polyclonal, Swant, 1:3000), a calcium-binding anti-
body. Synaptophysin (polyclonal, Dako; 1:100) was also 
used to show, by immunohistochemistry, the outer (OPL) 
and inner plexiform layers (IPL) of the retina[42, 68].

Tissue sections were pretreated as needed for appropriate 
antigen retrieval and then were incubated overnight at room 
temperature for either single or double immunohistochemi-
cal labeling. For single labeling, using either a monoclonal 
or a polyclonal antibody, the ImmPRESS HRP anti-rabbit 
or anti-mouse IgG (Vector Labs, Burlingame, CA) antibody 
was used where appropriate, with the brown chromogen 
3, 3’-diaminobenzidine for visualization. For labeling the 
retinas, Chromogen ImmPACT Vector Red alkaline phos-
phatase substrate (Vector Labs) was also used. For double 
labeling with the two antibodies Calbindin and 12F10, two 
chromogens were used in order to yield two colors: Cal-
bindin labeling was prepared using the HRP/DAB modi-
fied-to-black chromogen; then, after rinsing, antibody 12F10 
was applied and incubated overnight. Subsequently, labeling 
with 12F10 was obtained by the use of Vector ImmPRESS 
AP alkaline phosphatase anti-mouse IgG (Vector Labs), with 
the chromogen ImmPACT Vector Red alkaline phosphatase 
substrate (Vector Labs).

Immunofluorescence to determine the colocalization 
of PrP with retinal markers

Superior calotte and nasal calotte retinas were fixed in 
formalin, embedded in paraffin, and then sectioned. Tis-
sue sections were deparaffinized and antigen retrieval was 
performed in a BioCare De-cloaker chamber in 0.01 M 
Citrate buffer at pH 6.0 for 20 min at 120℃/20 psi. Sec-
tions were blocked in 0.1 M Glycine in 0.01 M PBS for 
30 min at room temperature followed by 1 h in normal 
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donkey serum blocking/dilution solution (2% donkey 
serum, 1% BSA, 0.1% Triton X-100, 0.05% Tween 20 in 
0.01 M PBS). Primary antibodies were applied overnight 
at 4℃. Slides were incubated in Alexafluor 488 goat anti-
rabbit and Alexafluor 568 goat anti-mouse secondary anti-
bodies (ThermoFisher, 1:1000) and DAPI (5 μg/mL) for 
1 h at room temperature and then coverslipped with Pro-
Long Gold Antifade Mountant (Invitrogen). Commercially 
available antibodies were used to label C-terminal binding 
protein 2/ribeye protein of the ribbon synapse (polyclonal, 
Ctbp2, Invitrogen, 1:100), Protein kinase C (rabbit poly-
clonal, PKCα, Invitrogen 1:100) a rod bipolar cell anti-
body, Iba-1 (rabbit polyclonal, Biocare Medical, 1:200) a 
microglia antibody, and 3F4 (mouse monoclonal, 1:100).

Confocal microscopy

Samples were imaged using a Nikon Ti2 microscope and 
NIS element software 6.02.03 (Nikon). A Plan Fluorite 
40x/0.75 lens and High Power Apochromat Total Inter-
nal Reflection Fluorescence 100x/1.49 oil immersion lens 
were used, with an immersion oil at a refractive index of 
1.518. Image analysis was done using ImageJ (NIH).

Quantitative analysis of PrP aggregates

Slides of frontal cortex, cerebellar cortex, and retina from 
two cases (Cases D and E) were used for quantitative anal-
ysis. Using the Huron TissueScope LE120 (Huron Digital 
Pathology, St. Jacobs, ON, Canada), digital images were 
created from slides stained with thioflavin S and immu-
nolabeled with PrP antibody 3F4. Measurements were 
obtained using the Huron Viewer software. The maximum 
resolution of the TissueScope LE120 is 0.3 um per pixel, 
which was used for this study. For each case, PrP burden 
was assessed by measuring an area of PrP immunopositiv-
ity within a defined tissue area of the frontal cortex and of 
the molecular layer of the cerebellar cortex and calculating 
the area.

Using immunohistochemical preparations with the 3F4 
antibody, the diameter, circumference, and surface area were 
measured for 60 plaques from the frontal cortex and the 
molecular layer of the cerebellar cortex, as well as 60 beads 
from the retina. Additionally, using thioflavin S preparations, 
diameter, circumference, and surface area were measured for 
60 plaque cores in the frontal cortex and the molecular layer 
of the cerebellar cortex. Using the HuronViewer software, 
the diameters of plaques, cores, and beads were obtained 
using the ruler tool. The Aperio ImageScope (Leica Biosys-
tems, Deer Park, IL, USA) was used to obtain the surface 
area and circumference of each PrP aggregate.

Biochemical analysis and sample preparation

Fresh tissues of frontal cortex and retina were dissolved in 
nine volumes of lysis buffer (100 mM NaCl, 10 mM EDTA, 
0.5% Nonidet P-40, 0.5% sodium deoxycholate, 10 mM Tris 
pH 7.4) and clarified by centrifugation at 1,000 g for 10 min. 
The supernatant was stored at -80° C, whereas the pellet was 
discarded. Detergent-soluble and -insoluble fractions were 
obtained by two cycles of centrifugation at 100,000 g for 
90 min, as previously described [38]. For N-deglycosyla-
tion, samples were treated with N-glycosidase F (PNGase 
F) according to the manifacturer’s instructions (Boehringer, 
Mannheim) for 8 h at 37° C.

Sedimentation velocity in sucrose gradient

Starting from the same amount of tissue, 100 µl of 20% fron-
tal cortex and retina homogenates were incubated with an 
equal volume of 2% Sarkosyl for 30 min on ice. Samples 
were loaded atop a 10–60% step sucrose gradient (300 µl 
each of 10%, 15%, 20%, 25% 30%, and 60% sucrose) and 
centrifuged at 200,000 g for 1 h at 4° C as described. 11 
fractions were collected from the top of the tube for western 
blot analysis of PrP [38].

Proteinase K resistance assay

Protease resistance was assayed by incubating brain and ret-
ina samples with 50 and 20 µg/ml of proteinase-K (Roche 
Applied Science), respectively, for 30 min at 37° C. To study 
the kinetics of protease resistance, brain and retina samples 
were treated with 20 µg/mL of PK, for 5, 10, 20, and 40 min 
and at each time point, the proteolytic digestion was blocked 
by the addition of 3 mM phenylmethylsulfonylfluoride.

SDS‑ and 2D‑PAGE analyses

For SDS-PAGE, 10% brain and retina tissue lysates were dis-
solved in the sample buffer (3% SDS, 3% β-mercaptoethanol, 
2 mM EDTA, 10% glycerol, 62.5 mM Tris, pH 6.8) and 
boiled for 5 min. 10 ml of each sample was loaded onto 
12% SDS-PAGE gels. Proteins were transferred onto poly-
vinylidene difluoride membrane for 2 h at 60 V and mem-
branes were blocked with 1% nonfat dry milk in TBST 
(10 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.5) for 1 h 
at 37° C. Membranes were incubated with anti-PrP mono-
clonal antibody 3F4 (1:10,000) or 6H4 (epitope 144–152) 
(Prionics) (1:5,000) overnight at 4° C. Blots were developed 
with an enhanced chemiluminescence system and PrP was 
visualized on autoradiography film. The two antibodies were 
selected because 3F4 recognizes the 8 kDa internal frag-
ment and 6H4 does not [38]. The films were scanned with a 
high resolution Epson scanner and captured as 16-bit TIFF 
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files. Densitometric quantification of the protein bands was 
performed using Un-Scan-It software (Silk Scientific, USA) 
and calculated as previously described [71].

For isoelectric focusing (IEF), pre-cast gels with a lin-
ear pH range of 3–10 were used (Biorad). Before IEF, the 
equivalent of 2 mg of wet tissue was resuspended in 125 µl 
of buffer (6 M urea, 2 M thiourea, 5% β-mercaptoethanol, 
2% Nonidet P-40, and 2% ampholyte) and sonicated for 
2 min. Dry gels were reswollen in this solution for 15 h. 
IEF was carried out at 20° C for 4 h with raising voltage 
(500–8000 V), in a cooled horizontal electrophoresis unit 
(IPGphor, Pharmacia). For the second dimension, the IPG 
strips were equilibrated for 20 min in 50 mmol/L Tris–HCl, 
6 M Urea, 10% glycerol, 2% SDS and a trace of bromophe-
nol blue and loaded on SDS-PAGE. Immunoblotting was 
performed as described above and PrP was revealed with 
3F4 (1∶10.000).

Recombinant PrP protein preparation

Recombinant prion protein sensitive (rPrPSen) substrates 
including recombinant full-length hamster prion protein 
(rPrPSen 23–231), truncated hamster prion protein (rPrPSen 
90–231) and bank vole prion protein (rPrPSen 90–231 
V109M) were prepared, and purified as previously described 
[3, 43, 44].

Real‑time quaking‑induced conversion (RT‑QuIC) 
assays

RT-QuIC reactions were carried out in subjects D and E as 
previously described [3]. Reaction mix was composed of 
10 mM phosphate buffer (pH 7.4), 300 mM NaCl, 0.1 mg/
ml hamster or bank vole rPrPSen, 10 μM thioflavin T (ThT), 
1  mM ethylenediaminetetraacetic acid tetrasodium salt 
(EDTA), and 0.001% SDS. Aliquots of the reaction mix (98 
μL) were loaded into each well of a black 96-well plate with 
a clear bottom (Nunc) and seeded with 2 μL of retinal and 

brain homogenates at dilutions of 10–2, 10–4, and 10–6. The 
plate was then sealed with a plate sealer film (Nalgene Nunc 
International) and incubated at 55° C in a BMG FLUOstar 
Omega plate reader with cycles of 1 min shaking (700 rpm 
double orbital) and 1 min rest. ThT fluorescence measure-
ments (450 ± 10 nm excitation and 480 ± 10 nm emission; 
bottom read) were taken every 45 min. Each sample was 
run in quadruplicate. A response of more than 3 standard 
deviations (3SD) above the mean of the negative controls 
in two or more of the replicates was considered positive. A 
Spearman-Kärber analysis was used to estimate a seeding 
dose or dilution at which 50% of the wells became ThT-
positive (SD50) as previously described [66].

Results

Histopathologic and immunohistochemical studies 
of the retina

Upon dissection, the eyes of subjects A, C, D, E, F, G, and I 
were macroscopically unremarkable, while those of subject 
B showed focal thickening and gray/white discoloration of 
the retina around the optic nerve head. Subject B had ocular 
histopathologic changes consistent with a clinical history 
of uncontrolled diabetes mellitus, including thickening of 
arteriolar walls and basement membranes. In subjects A, 
C, D, E, and F, retinopathy was not observed. None of the 
subjects had inflammatory infiltrates or loss of any cellular 
layers in the retina.

Ramon J. Cajal’s original drawing shows the organization 
of the architecture of the normal human retina as seen in a 
Golgi preparation and it is used in parallel with pictures of 
the immunohistochemical preparation of retina labeled by 
antibodies to synaptophysin and of a thioflavin S prepara-
tion (Fig. 1a–c). In GSS F198S subjects, OPL and IPL were 
decorated by the synaptophysin antibodies; non-fluorescent 

Fig. 1   Human retina stained with three different techniques. Drawing 
by Santiago Ramón y Cajal in 1892 of a human retina from a Golgi 
preparation illustrating, vertically from the bottom, the retinal layers: 
optic fiber, ganglion cell, inner plexiform, inner nuclear, outer plexi-

form, outer nuclear (a); the inner and outer plexiform layers immu-
nolabeled using synaptophysin (b); a thioflavin S preparation shows 
non-fluorescent bead-like deposits in the retina of an individual 
affected by GSS F198S. Bars: 100 μm (b-c). Subject: D (b-c)
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bead-like structures are seen in the OPL in the thioflavin S 
preparation (Fig. 1b–c).

The immunohistochemical studies using antibody 3F4 
showed that the bead-like deposits seen in thioflavin S prepa-
rations in OPL were immunopositive for PrP in the retina 
of seven GSS F198S subjects (subjects A–G). The beads in 
subjects D and E, immunolabeled with 3F4, had an average 
diameter of 7.75 µm (± 1.93 μm, range = 3.80—17.50 μm), 
an average circumference of 30.55  µm (± 6.49  μm, 
range = 18.42—62.48 μm), and an average surface of 52.04 
µm2 (± 23.40 μm2, range = 19.22—180.68 μm). In subject 
D, the bead-like deposits in the OPL were decorated by 
PrP antibodies directed to nine different epitopes (23–40, 
58–71, 90–102, 95–108, 97–106, 109–112, 142–160, 
151–165, 220–231) spanning the entire PrP sequence 
(Fig. 2a–i). PrP immunopositivity was not seen in the cor-
nea, sclera, lens, iris, ciliary body, choroid, or optic nerve. 

Immunohistochemical studies using 12F10 in the GSS 
A117V case revealed the presence of immunopositive bead-
like deposits in the OPL. PrP immunoreactivity was negative 
in the AD and DLB control retinas. In the retina of GSS 
A117V, fluorescence was not detected in thioflavin S and 
LCO preparations (Fig. 3a–h). Antibodies to tau, amyloid β 
(Aβ), α-synuclein, and TDP-43 did not decorate any layer 
of the retina (data not shown).

To further elucidate the localization of the bead-like 
PrP deposits, retinal sections from two symptomatic 
individuals (Subjects D, E) were immunostained with 
PrP and retinal cell markers (Fig. 4a–g and Supplemen-
tal Fig. 2a–e). PrP and retinal cell marker non-specific 
staining was observed in the retinal pigmented epithelium 
(RPE) (Fig. 4a–b). Co-immunostaining of PrP and Ctbp2, 
a ribbon synapse marker, indicated PrP localized to the 
OPL and concentrated in the synapse in the area where the 

Fig. 2   Immunohistochemistry of PrP inclusions in the retina of an 
individuals with GSS F198S. PrP immunopositive bead-like depos-
its are located in the outer plexiform layer (OPL) and labeled with 
anti-PrP antibodies: PrP 23–41 (a), PrP 58–71 (b), PrP 90–102 (c), 

PrP 95–108 (d), 1E4 (PrP 97–106) (e), 3F4 (PrP 109–112) (f), 12F10 
(PrP 142–160) (g), PrP 151–165 (h), PrP 220–231 (i). Bars: 50 μm 
(a-i). Subject: D (a-i)
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dendrites of horizontal and bipolar cells invaginate pho-
toreceptor cells (Fig. 4c–d and Supplemental Fig. 3a–b). 
Co-immunostaining of PrP and PKCα, a rod bipolar cell 
marker, also showed that the PrP colocalized with the den-
drites of the rod bipolar cells (Fig. 4e–f and Supplemental 
Fig. 2c–d). Co-immunostaining of PrP and the microglia 
marker Iba1 was inconsistent with gliosis and microglial 
cell activation, with no co-localization observed between 
PrP and microglia (Fig. 4g and Supplemental Fig. 2e).

Histopathologic and immunohistochemical studies 
of the brain

In GSS F198S mutation carriers, coronal histological prepa-
rations of the cerebral hemispheres, stained with LFB-H&E, 
reveal a pallor of the white matter of the centrum semiovale 
due to the loss of myelinated fibers (Supplemental Fig. 3a). 
The neuropathology in the cerebral cortex and subcor-
tical nuclei is dominated by the presence of PrP and tau 

Fig. 3   Retina and Brain from individuals with GSS F198S and GSS 
A117V. PrP-immunopositive bead-like deposits are located in the 
OPL and labeled anti-PrP antibody 3F4 (PrP 109–112) in a patient 
with GSS F198S (a). In thioflavin S preparation, PrP deposits are 
not fluorescent in a patient with GSS F198S (b). In sections labeled 
with pFTAA, PrP deposits are not fluorescent in a patient with GSS 
F198S (c). In sections labeled with HS-84, PrP deposits are not fluo-
rescent in a patient with GSS F198S (d). PrP-immunopositive bead-
like deposits are located in the OPL and labeled anti-PrP antibody 
12F10 (PrP 142–160) in a patient with GSS A117V (e). In thioflavin 
S preparation, PrP deposits are not fluorescent in a patient with GSS 
A117V (f). In sections labeled with pFTAA, PrP deposits are not flu-
orescent in a patient with GSS A117V (g). In sections labeled with 
HS-84, PrP deposits are not fluorescent in a patient with GSS A117V 

(h). Aβ-immunopositive deposits labeled with NAB228 are seen sur-
rounding cores of PrP plaques in the cerebellar cortex of a patient 
with GSS F198S (i). Thioflavin S preparation shows a large fluores-
cent aggregate, but does not distinguish the nature of the fluorescent 
aggregate in the cerebellar cortex of a patient with GSS F198S (j). 
pFTAA and HS-84 preparation reveal fluorescence surrounding the 
PrP plaques in the cerebellar cortex of a patient with GSS F198S 
(k-l). PrP-immunopositive plaque labeled by anti-PrP antibody 3F4 
(109–112) in the frontal cortex of a patient with GSS A117V (m). 
Thioflavin S preparation shows a large fluorescent multicentric plaque 
in the frontal cortex of a patient with GSS A117V (n). pFTAA and 
HS-84 show fluorescent multicentric plaques in the frontal cortex of 
a patient with GSS A117V (o-p). Bars: 25 μm (a-h, j-p); 50 μm (i). 
Subject: D (a-d, i-l), I (e–h, m-p)
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Fig. 4   PrP co-localizes with 
ribbon synapse marker and 
with rod bipolar cell marker. 
Nasal calotte retina (a-f) stained 
with secondary antibody only 
(no primary) (a-b), and 3F4 
co-stained with ribbon synapse 
marker Ctbp2 (c-d) or rod 
bipolar cell marker PKCα (e–f). 
Non-specific staining of PrP, 
Ctbp2, and PKCα observed 
in retinal pigment epithelium 
(RPE), indicated by white 
arrowhead (a-b). Bead-like PrP 
deposits (red) localized in outer 
plexiform layer (OPL) close 
to the ribbon synapses (green) 
(c-d). Magnification of boxed 
area in panel c (d). Co-staining 
of PrP and rod-bipolar cells 
(e–f). Magnification of boxed 
area in panel e (f). White arrows 
indicate PrP colocalization with 
rod bipolar dendrites (f). Co-
staining for PrP and microglia 
(g). In all panels nuclei were 
stained with DAPI. Bars: 
100 μm (a-c, e, g), 10 μm (d,f). 
Subjects: D (a-g)
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immunopositivity (Supplemental Fig. 3b–c); however, it is 
noteworthy that the lateral geniculate nucleus (LGN) was 
free of tau and PrP deposits (Supplemental Fig. 4a–c). A 
sagittal section of the cerebellar vermis reveals the presence 
of numerous thioflavin S fluorescent deposits (Supplemen-
tal Fig. 5a). Parasagittal sections reveal a diffuse cortical 
atrophy and severe PrP immunopositivity of the cerebellar 
cortex (Supplemental Fig. 5b–c).

In cerebral cortex and subcortical nuclei, atrophy, nerve 
cell loss, and gliosis are present with different degrees of 
severity. PrP immunopositive deposits include unicentric 
and multicentric plaques as well as diffuse deposits. The 
unicentric and multicentric plaques are composed by a core 
and surrounding diffuse deposits. The cores and the diffuse 
deposits have different tinctorial properties; in fact, the cores 
are fluorescent in thioflavin S preparations while the dif-
fuse deposits are not fluorescent (Fig. 5a–b, d–e, g–h, j–m). 
PrP and tau pathologies are most prominent in the deep lay-
ers of the cerebral cortices (Fig. 5a–f). PrP amyloid cores, 
when surrounded by tau immunopositive neurites (Fig. 5f), 
are reminiscent of the neuritic plaque seen in AD. While 
the core of the plaques was immunolabeled by antibodies 
with epitopes between residues 80–150, that correspond 
to the sequence of the 8 kDa fragment, the periphery of 
PrP plaques were decorated only by PrP antibodies directed 
to the N- and C-termini (Fig. 5j–m). The cerebellum was 
severely affected by the presence of numerous amyloid 
plaques made of PrP immunopositive deposits (Fig. 5g–I 
and Supplemental Fig. 5a, c). A consistent finding was the 
absence of any tau immunopositivity in the cerebellar cor-
tex and in the cerebellar nuclei. Aβ-immunopositive plaques 
are not present; however, Aβ immunopositivity was seen 
surrounding PrP cores as previously reported [4]. Double 
immunohistochemistry for Calbindin and PrP showed that 
within the cerebellar cortex the loss of Purkinje cells and 
their dendrites corresponded to areas of the molecular layer 
in which amyloid plaques were most numerous (Fig. 5i). In 
the cerebellum of GSS F198S, LCOs HS-84 and pFTAA 
revealed fluorescence of aggregates surrounding plaque 
cores. This finding is consistent to that observed using 
immunohistochemistry for Aβ (Fig. 3i, m). The cores of the 
plaques were fluorescent with thioflavin S and visible, but 
not fluorescent, with the two LCOs (Fig. 3j–l, n–p). Sections 
from the spinal cord reveal occasional PrP deposits in the 
dorsal horns and a moderate loss of myelinated axons in the 
lateral corticospinal tracts (data not shown).

The burden represented by immunopositivity of PrP 
in the molecular layer of the cerebellar cortex and fron-
tal cortex was found to average 35.5% and 16.9% of the 
tissue area, respectively. In the frontal cortex, plaques 
had an average diameter of 148.46  µm (± 49.82  μm, 
range = 75.8—412.4  μm), an average circumference of 
421.96 µm (± 122.30 μm, range = 125.3—896.75 μm), and 

an average area of 10,423.56 µm2 (± 585.55 μm2, 3,649.23 
– 385,358.41 μm). In the molecular layer of the cerebellar 
cortex, the plaques had an average diameter of 175.02 µm 
(± 56.11  μm, range = 87.6—399.4  μm), an average cir-
cumference of 523.37 µm (± 182.39 μm, range = 197.27 
– 1,210.1 μm), and an average surface area of 17,258.99 
µm2 (± 14,206.90 μm2 range = 2,414.3 – 92,905.25 μm).

We also compared the core of the amyloid plaques in 
the frontal cortex with those of the molecular layer of the 
cerebellar cortex. In the frontal cortex, cores had an average 
diameter of 22.51 µm (± 7.13 μm, range—11.3—43.0 μm), 
an average circumference of 87.48  µm (± 24.72  μm, 
range = 47.56—170.69 μm), and an average area of 477.48 
µm2 (± 279.64 μm2, range = 125.91 – 1,758.7 μm). In the 
molecular layer of the cerebellar cortex, the cores had an 
average diameter of 32.13 µm (± 9.35 μm, range = 14.4—
58.4  μm), an average circumference of 112.23  µm 
(± 30.34 μm, range = 63.76—201.78 μm), and an average 
surface area of 785.09 µm2 (± 423.13 μm2, range = 237.78 
– 2,429.8 μm).

Biochemical characterization of detergent‑soluble 
and insoluble PrP in the brain and the retina

To characterize the properties of PrP in brain and retina, 
we first analyzed the glycosylation pattern of PrP in the 
detergent-soluble (S2) and detergent-insoluble (P3) frac-
tions. PrP immunoblot analysis of the detergent-soluble S2 
fraction with 3F4 showed three major PrP bands migrating at 
35, 30, and 27 kDa, representing the di-glycosylated, mono-
glycosylated, and unglycosylated full-length PrP isoforms, 
respectively. In the retina, the PrP banding pattern was char-
acterized by indistinct bands between 35 and 30 kDa and by 
a broad band migrating at 25 kDa which was not observed in 
brain (Fig. 6a–b). By contrast, in the detergent-insoluble P3 
fractions, the PrP glycosylation pattern was similar in both 
brain and retina except for two bands of 20 and 8 kDa that 
were only observed in the brain following over-exposure of 
the blots (Fig. 6c arrows, d). Following PNGase F treatment, 
PrP was reduced to a single major band of 27 kDa in the 
S2 and P3 fractions in both brain and retina (Supplemental 
Fig. 6a–d).

Immunoblot analysis of the same brain and retina sam-
ples with the anti-PrP 6H4 antibody was carried out in 
order to better define the contribution of PrP peptides 
containing the C-terminus. In brain, the S2 fraction 
showed a band at 35 kDa (i.e., full-length glycosylated 
PrP), and three other bands at 27, 22 and 18 kDa that 
were not detected by the 3F4 antibody. These bands rep-
resent the glycosylated isoforms of PrP C-terminal frag-
ments and were not observed in the P3 fraction (Fig. 6d). 
Following PNGase F treatment, three PrP bands of 27, 
20, and 18 kDa corresponding to full-length PrP and the 
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Fig. 5   PrP and tau pathology in the cerebral and cerebellar cortices 
from affected individuals with GSS F198S. Neocortex (a-f, j-m) 
stained with thioflavin S (a,d,j) and immunolabeled with 3F4 (b,e), 
AT8 (c,f), PrP 23–40 (k), PrP 90–108 (l), and PrP 220–231 (m). Cer-
ebellar cortex (g-i) stained with thioflavin S (g-h) and double immu-
nolabeled with 3F4 (red) and calbindin (brown) (i). In the neocortex, 
fluorescent plaques are seen (a) and many of them have multiple 
cores; the amyloid plaques are PrP-immunopositive (b) and at higher 
magnification (e) the core and the diffuse material can be seen; tau-
immunopositivity of nerve cell bodies and neurites is most prominent 

in deep cortical layers (c,f). In the cerebellum, fluorescent plaques are 
seen at different magnifications (g-h) and immunopositive PrP plaque 
cores are visible within the calbindin immunopositive dendrites of the 
Purkinje cells (i). In the neocortex, different views of plaques are seen 
(j-m): a fluorescent plaque core (j), a plaque labeled by an antibody 
to the PrP amino terminus (k), labeled by an antibody to the PrP mid-
region (l) and labeled by antibody to the PrP carboxy terminus (m). 
Bars: 200 μm (a-c), 50 μm (d-f, i), 1 mm (g), 100 μm (h), 20 μm (j-
m). Subjects: A (b-c,e–f,i), C (a,d,h), E (g, j-m)
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“C1” and “C2” C-terminal fragments [6], were detected. 
These bands were more prominent in the S2 fraction when 
compared to the P3 fraction (Supplemental Fig. 6a–d). In 
the retina, the PrP banding pattern detected by 6H4 in 
both the S2 and P3 fractions was similar to that observed 
by 3F4 (Fig. 6e). Following deglycosylation, PrP in the 
retina resolved in the P3 fraction as a faint band of 27 kDa 
(full-length PrP) and an 18 kDa band (C1 fragment), while 
in S2 a 20 kDa band was also observed (Supplemental 
Fig. 6a–d).

Unglycosylated full-length PrP migrates as a 27 kDa band 
in both brain and retina, with the N-terminally truncated 
fragments C1 and C2 also having the same migration pat-
tern in both tissues. However, PrP glycosylation in the retina 
was distinct from that of the brain in blots labeled with 6H4 
(Fig. 6d–e), with an additional band of 25 kDa detected spe-
cifically in the retina (Fig. 6b, e arrow and f). To evaluate the 
potential influence of the F198S PrP mutation on retinal PrP 
glycosylation, we compared retinal S2 and P3 fractions from 
F198S homogenates with retinal homogenates from control 

Fig. 6   Immunoblot analyses with 3F4 and 6H4 of detergent-soluble 
(S2) and detergent-insoluble fractions (P3) and sucrose gradient sepa-
ration of retinal and frontal cortex preparations. In brain homogen-
ate three major PrP bands of 35, 30 and 27  kDa representing the 
di-, mono-, and unglycosylated PrP (a). Two faster migrating bands 
at 8 and 20 kDa were found in P3 in overexposed blots (c, arrows). 
Retina sample preparations showed PrP indistinct bands between 
35 and 30 kDa and a broad band of 25 kDa (S2, arrow) while in P3 
the 35 and 30  kDa bands were highly represented (b). Immunoblot 
with 6H4 of brain homogenate, showed in S2 four major bands of 
35, 27, 20 and 18  kDa (d) and by two bands of 35 and 27  kDa in 
P3. In S2, retina homogenate separated as several bands between 35 
and 25 kDa while in P3 indistinct bands were seen between 27 and 
35 kDa (e). Immunoblot analysis of S2 and P3 from F198S and total 

retina homogenate from control (f). In control retina, PrP separated as 
two broad bands of 30 and 25 kDa (arrow); unlike F198S preparation, 
the highly glycosylated PrP bands of around 35 kDa are almost absent 
(f, arrowhead); (g, h) in sucrose gradient preparation of frontal cor-
tex, PrP was mainly found on top (1–5) and bottom fractions. In frac-
tions 8–10, large-size aggregates of PrP migrate in the range of 25 to 
35 kDa (g); in the retina PrP is detected in the first two (1–2) and bot-
tom fractions (8–10). Following film over exposition, the 8 kDa frag-
ment was seen only in the brain at the bottom fraction but not in the 
retina (data not shown). At the bottom of the immunoblots is reported 
the relative percentage of total PrP in each lane (considering fraction 
1 as 100% with highest amount of PrP in both brain and retina). To 
provide a direct comparison between brain and the retina, total PrP 
optical density at lane 1 is identical in both brain and retina



	 Acta Neuropathologica (2026) 152:25   25   Page 12 of 21

tissue. In the control sample, PrP was characterized by two 
major smears of ~ 32–27 kDa and 25 kDa with higher bands 
migrating at 35 kDa not detectable (Fig. 6f arrowhead). 
Thus, our data show that PrP in F198S retina is composed 
of full-length, detergent-insoluble glycosylated PrP with a 
glycosylation pattern distinct from that of control retina.

The distribution of PrPIF, the 8 kDa fragment which spans 
PrP residues ~ 78–152, and its multimers which migrate at 
higher molecular weights, was determined in S2 and P3 
brain and retina fractions by comparing the relative per-
centage of total PrP detected by 3F4 versus PrP detected by 
the 6H4 antibody, which does not recognize PrPIF. In brain 
immunoblotted with 3F4, 40% of PrP was in the S2 fraction 
and 60% in the P3 fraction, while in the retina 35% was in S2 
and 65% in P3 (Fig. 6a–b). In brain fractions immunoblot-
ted with 6H4, the relative amount of PrP in S2 and P3 was 
drastically different, with 98% in the S2 fraction and only 
2% in the P3 fraction. By contrast, in retina immunoblot-
ted with 6H4, PrP was distributed similarly to that detected 
by 3F4, with 49% in the S2 and 51% in the P3 fractions. 
Indeed, these results indicate that detergent-insoluble PrP 
is composed of pathological PrP fragments in brain versus 
retina, with detergent-insoluble PrPIF produced in the brain, 
but not the retina.

Sucrose‑gradient fractionation of PrPSc aggregates 
in frontal cortex and retina

To determine the size of PrP aggregates in the brain and 
retina, homogenates were analyzed by sucrose gradient sedi-
mentation. Immunoblotting using 3F4 showed that brain PrP 
sedimented in all fractions, but was more concentrated in the 
top (fractions 1–5), containing the smallest PrP aggregates, 
and bottom (8–10) fractions, containing the largest PrP 
aggregates (Fig. 6g). The 8 kDa PrPIF band was detectable in 
the bottom fractions only after overexposure of the blot (data 
not shown). In retina, distribution of PrP was more limited, 
with PrP detectable only in the top (1–2) and bottom (8–10) 
fractions. In the retina, PrP separated in the top fractions 
as a smear of 30–35 kDa as well as a broad 25 kDa band, 
while in the bottom fractions PrP was represented by two 
bands of 35 and 30 kDa and no 25 kDa band was detectable 
(Fig. 6h). The distribution of PrP aggregates in brain and 
retina was determined by the relative percentage of total PrP 
in the individual fractions by densitometric analysis, with 
fraction 1 being considered the lane with the highest value. 
This qualitative and quantitative difference of PrP aggregates 
in brain and retina is demonstrated by the relative amount 
of total PrP in each lane (Fig. 6g–h). These findings show 
that in brain preparations, PrP aggregates are of different 
sizes and detected throughout the gradient, while in retina 
preparations, they are exclusively detected in the top and 
bottom fractions (Fig. 6g–h). Thus, the sucrose gradients 

provide a qualitative characterization of detergent-soluble 
and detergent-insoluble PrP in brain and retina. In particular, 
in retinal preparations the detergent-soluble 25 kDa band 
detected in S2 was only found in the top fractions of the 
gradient, while the detergent-insoluble 30 and 35 kDa bands 
were found only in the bottom fractions.

RT‑QuIC assay on brain tissues and retina samples

To further evaluate the properties of abnormal PrP in GSS 
F198S, we assayed PrP seeding activity using the RT-QuIC 
assay in fraction 1 obtained from sucrose gradient in brain 
and retinal samples from two subjects (D and E). Brain 
tissue from sCJD and AD cases were used as positive and 
negative controls, respectively. The retina from an individual 
whose diagnosis had been neuropathologically confirmed as 
DLB was also used as a negative control. RT-QuIC assays 
using either hamster rPrPSen 23–231 PrP at 42° C or hamster 
rPrPSen 90–231 at 55° C as reaction substrates did not show 
PrP seeding activity in either brain or retinal preparations 
(data not shown). Conversely, using recombinant PrP from 
bank voles (rPrPSen 90–231 V109M) at 55° C as a reaction 
substrate, a 10–4 dilution of brain homogenate was positive 
at 75 h, with PrP seeding activity detectable down to a 10–6 
dilution with a lag phase of 95 h (Fig. 7). In the retinal sam-
ples, PrP seeding reactivity was observed by 55 h in 10–2 
diluted samples and at 110 h for 10–4 dilutions. No seeding 
activity was observed in retina at the end-point dilution of 
10–6. Seeding activity was not observed in control brain and 
retina up to 140 h (Fig. 7). An end-point dilution RT-QuIC 
analysis of brain and retinal tissue samples indicated that 
the concentration of seeding doses resulting in 50% ThT-
positive replicate reactions (SD50) for these samples were 
7.25 log10 SD50 per milligram of brain tissue and 5.25 log10 
SD50 per microliter of retina samples. Thus, our results indi-
cate that F198S retinal samples contain less PrP seeding 
activity than brain.

Proteinase K‑resistant PrP in detergent‑soluble 
and insoluble fractions

We assessed the presence of protease resistant-PrP (PrPres) 
in S2 and P3 fractions in both brain and retina homogenates 
by exposing samples to 20 μg/mL of PK for 30 min at 37° 
C. Although in both brain and retina S2 PrPres was unde-
tectable, in P3 fractions, the amount of PrPres in brain tis-
sue was consistently higher when compared to the retina. In 
brain homogenates, PrP resolved as a smear, except for three 
bands of 25, 16 and 8 kDa which were recognized. In the 
retina, three faint bands of 30, 25 and 8 kDa were observed, 
with the last two migrating similarly to those found in brain 
tissue (Fig. 8 a).
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Kinetics of protease resistance of PrPc in brain 
and retina

To provide additional insights into the properties of retinal 
PrP, we analyzed the kinetics of PrP resistance to PK treat-
ment. Frontal cortex homogenate and retinal homogenate 
were PK-digested (20 μg/mL) for 5, 10, 20 and 40 min at 37° 
C and total PrP detected using the 3F4 antibody. In the fron-
tal cortex at time 0, PrP was represented by full-length PrP 
isoforms ranging from 25 to 35 kDa and by lower bands at 8 
and 16 kDa clearly visible in over-exposed blots (Fig. 8b–c). 
By prolonging PK digestion, a progressive decrease of PrP 
bands migrating at 35–25 kDa was observed in conjunctions 
with a gradual increase of the 8 kDa, but not the 16 kDa, 
band (Fig. 8c).

At time 0, total PrP in the retina detected by 3F4 was 
characterized by high molecular weight bands between 35 
and 27 kDa, as well as by a 25 kDa band. An 8 kDa band was 
not detectable (Fig. 8e). The kinetics of PK digestion were 
similar to that observed in brain tissue, with an 8 kDa band 
appearing after 5 min of PK treatment and progressively 

increasing over time accompanied by a progressive decrease 
of the bands migrating at 35–25 kDa. The 16 kDa band was 
barely detectable (Fig. 8e). Immunoblot analysis with 6H4 
of both brain and retina homogenates showed full-length PrP 
isoforms of 35–25 kDa which gradually decreased follow-
ing PK digestion (Fig. 8f). Overall, the data are consistent 
with the 8 kDa protease-resistant PrP being generated in the 
brain, but not the retina, of F198S GSS.

2D‑PAGE immunoblot characterization of F198S 
PK resistant‑PrP in frontal cortex and retina 
preparations

To definitively demonstrate the composition of proteinase 
K-resistant PrP in brain and retina, we used 2D-PAGE analy-
sis to separate PrP based on its molecular mass and isoelec-
tric point. Frontal cortex preparations showed that PrPres was 
represented by multiple spots with the same isoelectric point 
(pI) of ~ 9.0 but with molecular masses of 8 kDa and ~ 16 to 
35 kDa (Fig. 8h). Based on pI and molecular mass, the 8 kDa 
spot corresponded to the monomer of PrPIF (aa. ~ 80–150), 

Fig. 7   RT-QuIC analysis of brain and retina from patients with GSS 
F198S, using recPrPsen from bank vole 90–231 V109M as the sub-
strate of replication. In GSS F198S, PrP seeding activity is observed 
in brain tissue up to 10–6 dilutions. At a dilution of 10–4(dark blue 
line), the lag phase is 75 h whereas at a dilution of 10–6 (light blue 
line) is 90 h. Positive control brain tissue from a sporadic CJD case 
(sCJD), diluted to 10–4 (dark gray line), showed a lag phase of less 
than 10 h and reached the plateau after 10 h. In GSS F198S, retina 

samples were positive up to 10–4 dilutions; the lag phase was at 55 h 
at 10–2 (dark red line) and 110 h at 10–4 (red line) dilutions with the 
end-point dilution occurring at 10–6 (orange line). No seeding reac-
tions were observed after 140 h in 10–4 diluted brain tissue from an 
Alzheimer disease (BC) (light gray line) and in 10–2 diluted retina 
control tissue (RC) from a case of dementia with Lewy body (dotted 
light gray line). Subjects D and E
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while the higher molecular weight spots with the same pIs 
corresponded to PrPIF multimers which were not entirely 
dissolved into 8 kDa monomer, even in presence of high 
molar urea (Fig. 8h). In the 2D-PAGE retinal preparations, 
PrPres separated as a single and intense spot with a pI of 9.0 
and a molecular mass of 8 kDa corresponding to the mono-
mer of the PrPIF fragment (Fig. 8j). When compared to the 
SDS-PAGE preparation of retina where faint bands of 30, 25 
and 16 kDa were visible (Fig. 8i), it is likely that treatment 
with high molar urea in 2D-PAGE led to these retinal PrPres 
bands being dissociated into a single 8 kDa monomer. These 
findings indicate that highly denaturing conditions dissolve 
PrP fragments generated de novo by PK digestion of PrP in 
the retina, but not the brain.

Discussion

The current study has addressed the issue as to whether in 
the retina, a developmentally external component of the 
CNS, the genetically mutated PrP presents the same pathol-
ogy as that occurring in the brain. In many neurodegenera-
tive diseases, the neuropathologic phenotypes at the level of 
the retina are not well known, even though the retina is part 
of the CNS [35]. However, it is important to emphasize that 
in spite of its layered structure, the architectural organiza-
tion, synaptic connectivity, physiological and biochemical 

properties of the retina differ substantially from those of the 
brain. We hypothesized that different pathogenetic mecha-
nisms lead to different modalities of PrP aggregation in brain 
versus retina. We tested this hypothesis by carrying out stud-
ies directed toward determining the extent and distribution, 
the biochemical properties, and the seeding propensity of 
misfolded PrP from affected individuals that belong to a 
single pedigree.

We studied PRNP F198S symptomatic carriers and, 
for the first time, we describe the PrP pathologic changes 
affecting the retina and compare them with the pathologic 
changes occurring in the brain. The present work represents 
a foundation toward an understanding of the pathogenesis of 
a dominantly inherited neurodegenerative disease caused by 
a mutation in the PRNP gene and has provided novel insights 
into regional differences of PrP aggregation in the CNS. The 
present study provides results that support the following 
interpretations related to the morphological and biochemical 
features of PrP deposits in brain and retina: (a) in the retina 
of GSS F198S, PrP deposits do not have the tinctorial prop-
erties of amyloid unlike the cores of the plaques in the brain; 
(b) in the retina of GSS F198S and A117V, PrP aggregates 
are detected only in the OPL; (c) the utilization of two LCOs 
has confirmed that PrP deposits in the retina do not have the 
tinctorial properties of amyloid; (d) in LCO preparations 
of GSS F198S cerebellum, the cores of the plaques can be 
visualized, but they are not fluorescent, while in LCO prepa-
rations of GSS A117V neocortex, the cores of the plaques 
are fluorescent; (e) deposits are located within the region in 
which synaptic connections occur between photoreceptor 
cells and other retinal cells; (f) a PrP 8 kDa internal fragment 
is constitutive in the brain, but not in the retina; (g) ex vivo 
PK digestion generates de novo the 8 kDa internal fragment 
in retinal tissue; (h) PrP from retinal tissue is composed by 
full-length PrP, by C1 and C2, C-terminal fragments and 
by a C-terminal glycosylated fragment of 25 kDa that is 
not detected in the brain; (i) PrP in retinal tissue is com-
posed of PrP aggregates with different sizes as compared to 
those in brain tissue; and (j) PrP from retinal tissue has lower 
seeding activity than PrP from brain tissue. These results 
provide the basis for inquiring about the posttranslational 
modifications of misfolded PrP in GSS F198S and A117V 
in different parts of the CNS. Future studies, designed to 
understand the pathogenetic mechanisms leading to the for-
mation of PrP amyloid in the brain and those that prevent 
the formation of amyloid in the retina, will also need to take 
into consideration the distinct differences existing between 
the blood–brain barrier and the blood–retinal barrier, the 
regional differences in gene expression, as well as the dif-
ferences in the local cellular and molecular environments. 
The data obtained have a broad biological significance since 
the differences between retina and brain provide a valuable 
model toward the comparison in a single organism between 

Fig. 8   Immunoblot analysis of constitutive and PK generated 8 kDa 
internal fragment in brain and retina. Proteinase K-resistant PrP is 
shown in detergent-insoluble (P3) fractions but not in detergent-solu-
ble (S2) fractions. In P3 fractions, the amount of PrPres in brain tissue 
was consistently higher as compared to retina and PrP was resolved 
as a smear, except for three bands of 25, 16 and 8 kDa. In the retina, 
three faint bands of 30, 25 and 8 kDa were observed (a, arrow heads). 
Kinetics of PK-resistance of brain and retina preparations are shown 
in (b-f). Brain and retina samples were digested with 20 μg/ml of PK 
for 5, 10, 20, and 40 min at 37° C (b and c show gel at short exposure 
while panels d and e after long exposure). In frontal cortex, at time 
0, low molecular weight bands were observed; following protease 
digestion higher migrating bands progressively decreased but are still 
detectable at 40 min (b) while the 8 kDa band increases progressively 
(d). The OD% reported below correspond to the relative percentage 
of 8 kDa band, PrP considering 100% the highest value at 40 min. In 
retinal samples, at time 0, PrP is composed by several bands migrat-
ing at 25–35 kDa and no lower bands were seen after gel overexposi-
tion (c, e); after 10 min of PK digestion, higher bands are consistently 
decreased while the 8 kDa band incremented (c, e). Immunoblot with 
6H4, shows major PrP bands of 25–35 kDa in both retina and brain 
but not lower bands (f). Immunoblot with 3F4 of PK-treated frontal 
cortex and retina preparation following SDS- (g, i) and 2D-PAGE 
analysis (h, j). In frontal cortex, SDS-PAGE shows indistinct bands 
(g) while 2D-PrP pattern is characterized by series of spots with the 
same pI of ~ 9.0 and molecular mass of 8 kDa, corresponding to mon-
omer of the internal fragment, and of 20, 30 and 35 kDa multimers 
(h); in SDS-PAGE separation retina samples shows a major band of 
8 kDa (i); following 2D-PAGE, PrP appears as a single spot with pI 
of ~ 9.0 and of 8 kDa (j)

◂
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the conditions that contribute to the maintenance of a protein 
in the innate misfolded state and the conditions that contrib-
ute to the transition of a protein from an innate misfolded 
state toward an amyloid state in different areas of the CNS. 
The present results raise the question whether the physiology 
of the retina is altered as the presence of the PrP aggregates 
may interfere with the function of a synaptic transmission 
in a rich area like OPL. The diagnostic value of the results 
obtained needs to be assessed through systematic ERG and 
OCT studies in carriers of PRNP mutations.

In GSS F198S, PrP deposits in the retina do not have 
the tinctorial properties of amyloid unlike the cores 
of the PrP plaques in the brain

Using thioflavin S, PrP deposits in the retina are not fluo-
rescent, whereas those in the brain are fluorescent. For the 
detection of protein aggregates and in comparison with 
thioflavin S, we used LCOs to determine whether retinal 
deposits could be detected. HS-84 has been shown to bind 
to Aβ and tau deposits in postmortem human brain tissue of 
individuals affected by AD and Pick disease, respectively 
[55]. pFTAA has been shown to detect PrPSC aggregates in 
the brain of mice injected with the scrapie prion strain 22L 
[58]. In GSS F198S, the PrP deposits in the retina were not 
fluorescent using the two LCOs; however, using HS-84 and 
pFTAA, fluorescence was present surrounding the cores of 
plaques in the cerebellum. Immunohistochemistry showed 
that Aβ immunopositivity was present surrounding the cores 
of many plaques, suggesting that the fluorescence seen with 
the two LCOs is due to the presence of Aβ aggregates. In 
GSS A117V, the PrP deposits in the retina were not fluo-
rescent using the two LCOs; however, the plaques in the 
neocortex were fluorescent with the LCOs. Previous cryo-
EM studies have revealed the structure of PrP amyloid fila-
ments extracted from the cerebellum of patients affected by 
GSS F198S [22]. Future cryo-EM studies of retina in GSS 
F198S are needed to establish whether PrP filaments can 
be detected at all even if the retinal inclusions do not have 
the tinctorial properties of amyloid. A challenge will be the 
availability of retinal tissue from GSS F198S. In addition, it 
is also important to determine whether the fold of the fila-
ments from the Aβ that aggregates around the PrP cores in 
the cerebellum is novel. The novel finding of fluorescence of 
the neocortical plaques in GSS A117V using LCOs suggests 
that the fold of the filaments of the amyloid in these plaques 
differs from that reported in GSS F198S.

Immunohistochemical analysis using nine antibodies that 
recognize different epitopes along the sequence of PrP has 
shown that the bead-like deposits in the OPL are immu-
nopositive with each of them. In the brain, plaque cores 
and diffuse deposits were immunolabeled with various PrP 
antibodies; however, a major difference between retina and 

brain is that PrP antibodies directed to the N- and C-termini 
decorate the retinal beads, but do not decorate the cores of 
the PrP plaques. The latter are fluorescent with thioflavin S, 
while the retinal bead-like deposits are not. These findings 
suggest that the bead-like deposits are made of aggregates 
containing either full-length PrP or multiple peptides from 
across the entire PrP sequence. As part of understanding the 
pathogenesis of PrP deposits in the brain, further studies are 
needed to determine whether the diffuse PrP plaques and the 
PrP deposits that surround the core of the plaque are made 
of full-length PrP or large peptides containing both the N- or 
the C-terminus.

Morphological and tinctorial features of PrP deposits 
are different between the retina and the brain

We compared the size of the bead-like deposits in the ret-
ina with that of the cores of the plaques in the frontal and 
cerebellar cortices. Due to the variation of thickness of the 
retina in its different parts, the PrP burden was not calcu-
lated. In the retina, the area of a single PrP-immunopositive 
bead-like aggregate occupies a surface area corresponding 
to 0.5% of that of the entire PrP immunopositivity of a single 
plaque. When comparing a single PrP-immunopositive bead 
immunolabeled by 3F4, it is 11% of the area of a core of a 
plaque as seen in thioflavin S preparations from sections of 
the frontal cortex.

In the brain, the plaque core has the tinctorial properties 
of amyloid in thioflavin S preparations, while the diffuse 
deposits do not have them. This difference may be related to 
the presence of the 8 kDa PrP fragment in the plaque cores 
and the absence of them in the diffuse deposits. Whether 
the diffuse deposits may, over time, acquire the tinctorial 
properties of amyloid cannot be established; therefore, we 
refer to them as non-amyloid deposits rather than preamyloid 
[18]. Overall, in brain, the area of PrP immunopositivity 
(PrP burden) is larger in the molecular layer of the cerebellar 
cortex (35.5%) than in the frontal cortex (16.9%). The area 
of PrP immunopositivity of the individual plaque, including 
both the thioflavin S fluorescent core and the non-fluorescent 
peripheral component, is 65% larger in the molecular layer 
of the cerebellar cortex than in the frontal cortex. Similarly, 
the area of the thioflavin S fluorescent individual plaque 
core is on average 64% larger in the molecular layer of the 
cerebellar cortex than in the frontal cortex.

In GSS F198S and A117V, PrP aggregates in the  
retina are detected only in the OPL

PrPC is present throughout the mammalian visual system [1]. 
In the retina, PrP mRNA is expressed in the ganglion cell 
layer, inner nuclear layer, and outer nuclear layer [24]. PrPC 
is localized in OPL and IPL at presynaptic and postsynaptic 
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levels, as well as in the LGN [19, 24, 26, 37]. In human PrP 
proteinopathies, the retina has been studied by several inves-
tigators in cases of CJD. Reviewing data currently available, 
it is evident that the number of CJD cases studied to date is 
higher than those studied for GSS. The most significant stud-
ies of the retina in CJD have been carried out by Head et al., 
Takao et al., and Goodwill et al. [20, 24, 25, 62]. Thus, infor-
mation is available from the human retina in over 30 cases. 
Presence of PrP deposits has been documented in the outer 
and inner plexiform layers. The most numerous are cases 
of sporadic CJD type MM1; however, sporadic CJD MM2 
and MM1 + 2 have been also reported. Similar distribution 
has been also reported in iatrogenic (MM1) and in variant 
CJD. The information on genetically determined cases is 
limited to the PRNP with the V180I (MM1 and MM2) and 
M232R (MM1). By immunohistochemistry, deposits in the 
OPL appear to be consistently present, while in the IPL they 
are occasionally less evident. No deposits have been seen 
in other retinal layers. Our study of nine cases of GSS has 
consistently shown that only the OPL contains deposits of 
PrP. Birth sex, initial presenting signs and symptoms, age 
at onset, and length of clinical course do not appear to be 
associated with the presence of PrP deposits in the retina 
in the various types of CJD as well as in GSS F198S and 
A117V. There appears to be a consistent difference in the 
layer distribution of PrP aggregates between CJD and the 
two forms of GSS studied here. The significance of this dif-
ference requires further investigation. Perhaps it is prema-
ture to draw rigid conclusions, due to the limited number of 
cases described in the literature and those in cases of GSS. 
It is difficult to explain the difference in the presence in PrP 
deposits in CJD and GSS in view of the facts that PrPC in 
normal conditions is localized in both IPL and OPL and that 
in GSS the mutant protein would be present in both OPL and 
IPL. [20, 24, 25, 32, 53, 62, 65]. The absence of PrP immu-
nopositivity in the LGN remains to be understood.

We have shown that in GSS F198S, the localization 
of PrP deposits in the OPL corresponds to the region in 
which synaptic connections occur between photorecep-
tor cells and other retinal cells. Whether the deposits are 
intra- or extracellular remains to be determined, and it 
would be possible if eyes from an affected mutation carrier 
could be harvested with a very short postmortem interval 
and be processed for transmission electron microscopy. It 
is noteworthy that some PrP was found among the den-
drites of rod bipolar cells. It has been previously shown 
that the recombinant PrP with the PRNP F198S mutation 
causes PrP structural instability favoring its spontaneous 
aggregation [64]. Cryo-EM studies of PrP extracted from 
the cerebellar amyloid plaques have revealed the struc-
ture of the PrP filament core in PRNP F198S. Our results 
do not provide evidence for the existence of conditions 
leading to PrP filament formation in the OPL; however, 

future experiments would have to prove or disprove our 
hypothesis. If filaments were to be present, then it should 
be determined whether their structure would be similar to 
those in the brain.

PK digestion generates de novo a 8 kDa internal 
fragment in the retina

Our results show that following the treatment of the retinal 
preparation with PK, an 8 kDa fragment can be generated 
experimentally by PrP proteolysis. Thus, one might specu-
late that the proteolysis leading to the formation of the 
constitutive PrP 8 kDa fragment results from the actions 
of an unidentified PK-like proteolytic factor that is present 
in the brain, but not in the retina. Taken together, our study 
supports the hypothesis that the PrP conformation in each 
anatomical area has a propensity toward specific protein 
cleavages, which result in amyloid-forming peptides if 
proteolytic conditions are present. Diversity in the prop-
erties of the neuronal and glial environments in brain and 
retina as well as diversity in the activity of still unknown 
tissue factors necessary in PrP proteolysis should be con-
sidered. It remains to be determined whether different PrP 
aggregation mechanisms operate between brain and retina.

PrP 8 kDa internal fragment is constitutive in the 
brain, but not in the retina

Our results from immunohistochemistry do not provide 
evidence of the presence of amyloid within the bead-like 
deposits in the OPL. In the brain and the retina, the mor-
phologies and biochemical properties of the deposits are 
distinct. We show for the first time, using immunoblots 
following 2D-PAGE obtained from brain homogenates of 
F198S brains, that the PrP bands migrate as distinct spots 
from 8 to 35 kDa with the same pI. These spots correspond 
to PrPIF aggregates and their different molecular masses 
depend on the degree of aggregation of the multimeric 
forms, while in the retina, PrPIF is represented by a sin-
gle spot corresponding to an 8 kDa monomer. The model 
structure of the filament core extracted from the amyloid 
core of the PrP plaques and as shown by cryo-EM, reveals 
that the amino-acid sequence of the peptide that makes 
the core of the filaments corresponds to that of the 8 kDa 
internal fragment of PrP. The current results combined 
with structural data and previous results from the PrP 
sequence of amyloid cores of plaques support the view 
that the 8 kDa internal fragment identified in the brain of 
GSS F198S patients is constitutive and makes the amyloid 
of the core of the plaques.
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PrP in the retina is composed of full‑length PrP, by C1 
and C2, C‑terminal fragments and by a C‑terminal 
glycosylated fragment of 25 kDa that is not detected 
in the brain

In the retina, PrP was characterized by PrP peptides that 
included the C-terminus. Cytosolic preparations (S2) 
obtained from brain and retina contained full-length PrP as 
well as C2 and C1 fragments. The biochemical pattern of 
PrPC appears to be similar in the brain and retina; however, 
an important difference between the brain and retina was 
a PrP band of 25 kDa that was present only in S2 from the 
retina of controls and of individuals affected by GSS F198S.

The highly glycosylated PrP bands of 35–30 kDa were 
strong in GSS F198S and weak in controls supporting the 
view that enhanced PrP glycosylation is specific to GSS 
F198S. This is also consistent with results showing that 
PrP mutation induced a higher glycosylation in human 
neuroblastoma cells transfected with human F198S mutant 
PRNP [56, 64, 70]. The highly glycosylated PrP isoforms 
of 35–30 kDa and the 25 kDa band observed in sucrose gra-
dients preparations of the retina have distinct biochemical 
properties, with the 35–30 kDa PrP isoforms sedimenting as 
large-size aggregates and the 25 kDa was found only in the 
top fractions. Thus, abnormal PrP of the retina is made of 
full-length glycosylated PrP aggregates.

PrP in the retina is composed of PrP aggregates 
with different sizes compared to brain and has lower 
seeding activity than PrP in the brain

The PrP optical density measured on an immunoblot of frac-
tion 1 of the retina and the brain are similar, suggesting that 
the amount of total PrP is similar. Since the distribution of 
PrP aggregates is different between the retina and the brain, 
we conclude that there is higher seeding activity in the brain. 
The biochemical results are, of course, likely related to PrP 
deposits in the brain and retina being composed of amyloid 
PrP and non-amyloid PrP, respectively, in the two distinct 
tissues [39]. Using RT-QuIC analysis of two subjects (D and 
E), we measured the seeding activity of PrP. In the retina, it 
was detectable down to a 10–4 dilution but was not detect-
able at the end-point dilution of 10–6. In contrast, brain tissue 
diluted down to 10–6 showed seeding activity, indicating that 
retina has at least 2 log10 SD50 lower seeding activity when 
compared to brain tissue. This difference may be explained 
by the lower amount of aggregated and insoluble PrP in the 
retina.

Clinical considerations

Data obtained from the previous clinical studies of the nine 
GSS subjects focused on the progression of the motor and 

cognitive deficits. Even though patients might not have 
been aware of a visual deficit, it is not possible to determine 
whether any deficit was present at any time during the course 
of the disease since the neuro-ophthalmologic examination 
included the examination of ocular movement but did not 
include studies of visual acuity, visual fields, electroreti-
nograms, and optical coherence tomography. It should be 
noted that as the illness progresses, such studies would not 
have been possible due to the progression of the movement 
disorder and cognitive symptoms. The description of the 
ex vivo pathologic changes in the CNS of multiple individu-
als from the same pedigree provides a stimulus for a sys-
tematic in vivo investigation of the pathophysiology of the 
retina. The fact that this study reports data on the changes in 
the late stage of disease does not exclude the possibility that 
the OPL might be involved early in the course of the illness. 
An early presence of PrP deposits has been reported in CJD 
patients with two month duration of disease.

In conclusion, the multidisciplinary studies carried out 
on brain and retina of GSS F198S have revealed impor-
tant aspects of PrP aggregation in different areas of the 
CNS. Amyloid plaque formation is particularly high in the 
molecular layer of the cerebellar cortex where a large num-
ber of synapses occur between parallel fiber endings and 
spines of the Purkinje cells. The analysis of the retina has 
shown that a full-length highly glycosylated PrP, confined 
to the OPL, is not forming amyloid. This PrP is located 
in an area high in synapses related to the connection of 
photoreceptors with bipolar cells.
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