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Abstract
Background  Prion diseases are transmissible and fatal neurodegenerative diseases characterized by accumulation 
of misfolded prion protein isoform (PrPSc), astrocytosis, microgliosis, spongiosis, and neurodegeneration. Elevated 
levels of cell membrane associated PrPSc protein and inflammatory cytokines hint towards the activation of death 
receptor (DR) pathway/s in prion diseases. Activation of DRs regulate, either cell survival or apoptosis, autophagy 
and necroptosis based on the adaptors they interact. Very little is known about the DR pathways activation in prion 
disease. DR3 and DR5 that are expressed in normal mouse brain were never studied in prion disease, so also their 
ligands and any DR adaptors. This research gap is notable and investigated in the present study.

Methods  C57BL/6J mice were infected with Rocky Mountain Laboratory scrapie mouse prion strain. The progression 
of prion disease was examined by observing morphological and behavioural abnormalities. The levels of PrP isoforms 
and GFAP were measured as the marker of PrPSc accumulation and astrocytosis respectively using antibody-based 
techniques that detect proteins on blot and brain section. The levels of DRs, their glycosylation and ectodomain 
shedding, and associated factors warrant their examination at protein level, hence western blot analysis was 
employed in this study.

Results  Prion-infected mice developed motor deficits and neuropathology like PrPSc accumulation and astrocytosis 
similar to other prion diseases. Results from this research show higher expression of all DR ligands, TNFR1, Fas and 
p75NTR but decreased levels DR3 and DR5. The levels of DR adaptor proteins like TRADD and TRAF2 (primarily 
regulate pro-survival pathways) are reduced. FADD, which primarily regulate cell death, its level remains unchanged. 
RIPK1, which regulate pro-survival, apoptosis and necroptosis, its expression and proteolysis (inhibits necroptosis but 
activates apoptosis) are increased.

Conclusions  The findings from the present study provide evidence towards the involvement of DR3, DR5, DR6, TL1A, 
TRAIL, TRADD, TRAF2, FADD and RIPK1 for the first time in prion diseases. The knowledge obtained from this research 
discuss the possible impacts of these 16 differentially expressed DR factors on our understanding towards the 
multifaceted neuropathology of prion diseases and towards future explorations into potential targeted therapeutic 
interventions for prion disease specific neuropathology.
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Background
Prion diseases are a group of irreversible and transmis-
sible neurodegenerative diseases, which comprises 
scrapie in sheep and goat, bovine spongiform encepha-
lopathy (BSE) in cattle, and various human disorders 
like Creutzfeldt-Jacob disease (CJD) [1–4]. Noted by 
the absence of nucleic acid, these diseases defy conven-
tional pathogen paradigms by inducing the conforma-
tional transformation of normal cellular prion protein 
(PrPC) into a misfolded, infectious isoform (PrPSc) [2, 3, 
5]. Under physiological condition, this alteration leads 
to accumulation of PrPSc aggregates or amyloid plaques, 
driving spongiform degeneration and neuronal loss [4, 
6, 7]. This was elegantly proved by grafting neural tissue 
overexpressing PrPC into the brain of PrPC-deficient mice 
that are resistant to infection from prion. The results 
from this experiment have shown that, neuropathol-
ogy and infectivity related to PrPSc are restricted to PrPC 
expressing grafted tissue [8, 9]. Therefore, the expression 
of PrPC is pivotal for disease progression and underscores 
the threshold-dependent neurotoxicity of PrPSc.

The activation of microglial cells and astrocytes are 
other hallmark neuropathology of prion diseases [10]. 
Accumulation of PrPSc and activation of glial cells closely 
precede neuronal death in prion disease [4]. Normally, 
the activated microglia respond to neuronal damage and 
removes debris through phagocytosis. Chronic activa-
tion of these cells leads to the release of various cytotoxic 
molecules such as proinflammatory cytokines, reactive 
oxygen species, proteases and complementary proteins 
that are detrimental to healthy neurons in prion disease 
[10]. Nevertheless, the specific molecular and cellular 
pathways underlying the neuropathology of prion disease 
remain partially defined.

Three types of programmed cell deaths are discrimi-
nated: (1) apoptosis, (2) autophagy and (3) cytoplasmic 
cell death [11]. Reports on autophagy is limited and sug-
gest more towards impairment [12–16] than activation 
[17, 18] of autophagy in prion disease. A single study 
suggests the cell death through necroptosis than apop-
tosis of scrapie-infected SMB-S15 cell line to LPS-acti-
vated microglia supernatant and TNFα (tumor necrosis 
factor-α) stimulations. This study undermines the impor-
tance of other cytokines present in the supernatant of 
activated microglia, which also contain LPS making it not 
a logical model of prion disease [19]. Therefore, conflict-
ing data on autophagy and limited studies on cytoplasmic 
cell death leave critical gaps in our understanding, partic-
ularly regarding the dominant cell death pathway/s medi-
ating the neuropathological conditions of prion diseases.

The misfolding of PrPC is reported to produce neuro-
toxic stimuli, potentially through oligomerization of PrPC 
on the cell surface and interacting with unknown trans-
ducing partners [20, 21]. Moreover, PrPSc aggresome has 

been implicated in the activation of caspase-8 and cas-
pase-3, resulting in apoptosis. Collectively, the synthesis 
of proinflammatory cytokines by activated microglia, 
oligomerization of PrPC/Sc on cell surface and activation 
of caspase-8 defines the involvement of death recep-
tor pathways in the neuropathology of prion diseases. 
This complex and multifaceted nature of prion disease 
neuropathology recommends further studies, particu-
larly regarding the role of cell death pathways and their 
regulation.

Six major death receptors (DRs) have been defined 
in human: TNF receptor 1 (TNFR1/DR1), FS-7-asso-
ciated surface antigen (Fas/DR2/CD95), DR3, TNF-
related apoptosis-inducing ligand (TRAIL) receptor 1 
(TRAILR1/DR4), TRAILR2 (DR5) and DR6 [22, 23]. 
Among TRAILRs, rodents harbour only TRAILR2 in 
their genome [24]. These receptors are single-pass, 
type-1 transmembrane protein containing a conserved 
80-amino acids sequence, referred as death domain (DD) 
[22, 25]. Additionally, the nerve growth factor (NGF) 
receptor (NGFR/p75NTR) and ectodysplasin a receptor 
(EDAR) also contains a DD, thereby categorizing them 
within the DR cohort [22, 26]. Unlike other DRs, EDAR 
primarily diverts in the activation of pro-inflammatory 
and pro-survival, pathways [26].

Each DR is specific to its cognate ligand: TNFR1 binds 
TNFα, Fas associates with FasL, DR3 engages with TL1A, 
TRAILR1 and TRAILR2 interact with TRAIL, and 
p75NTR binds either NGF or PrPSc. However, the ligand 
for DR6 is not fully defined, hence remains uncertain 
[24]. The functions of DRs depend on their interaction 
with ligand and adaptor proteins. Receptors like TNFR1, 
DR3, DR6, and p75NTR, form complexes (known as 
complex I) with TRADD (TNFR1-associated death 
domain), RIPK1 (receptor-interacting protein kinase 1), 
and TRAF2 (TNFR-associated factor 2), orchestrating 
responses that range from inflammatory to pro-survival 
via NF-κB JNK and MEKK pathways. Failure to form 
complex I, results in the assembly of death-inducing 
stimulating complex (known as DISC or complex II), 
which involves the intracellular aggregation of either 
TRADD, RIPK1, FADD (Fas-associated death domain) 
and caspase-8/10 or RIPK1, FADD and caspase-8/10 
leading to apoptotic cell death [23, 27]. Conversely, 
receptor such as Fas, and TRAILRs, upon ligand bind-
ing, initiate programmed cell deaths by forming DISC 
(known as complex I). DISC in this case is a complex of 
intracellular DD of DRs, FADD and caspase-8 or-10 [28]. 
While apoptosis is the major signalling outcome of Fas 
and TRAILR activation, they can also activate cell sur-
vival pathways by recruiting TRADD-RIPK1-TRAF2 or 
RIPK1-TRAF2 complexes (known as complex II) [29]. 
The nuanced, pleiotropic functions of DRs, underscored 
by their redundancy and complex signaling pathways, 
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necessitate an in-depth study at polygenic level to fully 
elucidate their implications in the neuropathology of 
prion diseases.

The volume of research delineating the role of death 
receptors (DRs) in prion disease remains remarkably lim-
ited. Available reports often present an incomplete pic-
ture, failing to comprehensively address the intricacies of 
all primary DRs, their cognate ligands, adaptor proteins, 
and critical post-translational modifications such as gly-
cosylation and ectodomain shedding. Glycosylation of 
DRs is known to enhance their functional maturation and 
interaction with specific ligand resulting in its activation. 
Conversely, ectodomain shedding of mature DRs are 
known to inhibit their activation. Notably, literature on 
TNFR1 in prion disease is limited to a mere three reports 
and with just a single study on its soluble form [30–32]. 
Despite the pivotal role of inflammation and TNFα in 
these diseases, inconsistencies challenge the findings, 
leaving significant gaps in understanding [33–38].

Like TNFR1, the literature on Fas and FasL is scant in 
prion diseases and with inconsistency [32, 39–42]. Addi-
tionally, while overexpression of p75NTR is documented 
in certain prion disease models, the data remain conflict-
ing, adding to the complexity [43–45]. The situation is 
similar for its ligand, NGF, where mere three reports offer 
contradictory perspectives [44, 46, 47]. Research on other 
death DRs like DR3 and DR5, and their ligands such as 
TL1A and TRAIL respectively is even more barren, with 
no studies describing their roles in prion neuropathology. 
A similar landscape prevails for DR6.

Interestingly, not a single study so far has focused into 
the crucial role of TRADD, TRAF2, FADD, and RIPK1 in 
prion diseases. This research gap is notable, given the fact 
that the interaction of DRs with their ligand and adaptor 
proteins intricately regulate cellular fate, transitioning 
between survival and apoptosis. To address these lacu-
nae, a comprehensive analysis was performed using a 
C57BL/6J mouse model of prion disease, which exhibits 
disease-related neuropathology similar to human prion 
disease. This study meticulously examined the expression 
of six DRs with death domains (TNFR1, DR3, DR6, DR5, 
Fas, and p75NTR), scrutinizing their glycosylation, pro-
teolysis status, and their specific ligands (TNFα, TL1A, 
TRAIL, FasL, proNGF/NGF, and PrPSc) and adaptors 
(TRADD, TRAF2, FADD, and RIPK1).

The insights obtained from this research elucidate 
the possible impact of these 16 differentially expressed 
DR factors on our understanding towards the multifac-
eted neuropathological characteristics of prion diseases. 
Moreover, findings from this research may help in finding 
ways to restore DR3 and DR5 pathways, RIPK1, TRADD 
and TRAF2 expression as future research and possible 
clinical implications. Notably, deep brain stimulation 

of cortico-striatal pathway may restore motor deficit in 
prion patients that could be another clinical implication.

Methods
Ethics statement
All experiments conducted on animals are in accordance 
with guidelines approved by the committee for the pur-
pose of control and supervision of experiments on ani-
mals (CPCSEA) of National Brain Research Centre 
(NBRC), (Regd. No. 60/GO/ReBi-S/Re-L/01/CPCSEA). 
All animal procedures were reviewed and approved 
by Institutional Animal Ethics Committee (IAEC) of 
NBRC, (NBRC/IAEC/2019/159). In addition, usage of 
mouse prion was reviewed and approved by Institu-
tional Biosafety Committee (IBSC) of NBRC, (NBRC/
IBSC/2015/04 and NBRC/IBSC/2020/05).

Mice
C57BL/6J mice were used in this study, which express 
Prnpa/a-allele, similar to the prion inoculum derived 
from CD1 mice. These mice are fully penetrant for prion 
disease and manifest neuropathology similar to human 
and other prion diseases making it a suitable animal 
model to study prion disease. These mice were obtained 
from NBRC (Regd. No. 60/GO/ReBi-S/ReL/01/ CPC-
SEA). This mouse line is maintained as an inbreed line by 
NBRC animal facility. During the study, mice were kept 
at 22 ± 2OC, 60 ± 5% humidity, 12:12  h (hr) of light/dark 
cycle and given ad libitum of food and water.

Prion inoculum
The mouse scrapie prion used in this study is a 10% (wt/
vol) brain homogenate from clinically ill CD-1 mice [48, 
49] and was obtained as a kind gift from Prof. George 
A. Carlson, McLaughlin Research Institute, Great Falls, 
Montana, USA. This mouse prion isolate was derived ini-
tially from RML Chandler prion strain [50].

Antibodies
The following antibodies were used for western blot: 
anti-prion antibody (#MAB5424; Millipore; 1:2000); 
anti-FADD antibody (#04-1113; Millipore; 1:500); anti-
TRAF2 antibody (#ABC47; Millipore; 1:10000); anti-
GFAP antibody (#N1506; DAKO; 1:10000); anti-TNFR1 
antibody (#AF-425-PB; R&D; 1:500); anti-DR3 antibody 
(#MAB 943; R&D; 1:10000);anti-DR6 antibody (#AF144; 
R&D; 1:500); anti-TL1A antibody (#MAB7441; R&D; 
1:500); anti-TRAIL antibody (#AF1121; R&D; 1:500); 
anti-p75NTR (#8238S; Cell Signaling Technology (CST); 
1:1000); anti-TRADD antibody (#3694S; CST; 1:500); 
anti-TNFα antibody (#11948S; CST; 1:1000); anti-RIPK1 
antibody (#3693S; CST; 1:1000); anti-caspase-8 anti-
body (#4790S; CST; 1:1000); anti-caspase-3 antibody 
(#9611S; CST; 1:1000); anti-β-actin antibody (#4972S; 
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CST; 1:5000); anti-DR5 antibody (#SAB3500427; Sigma-
Aldrich Inc; 1:500); anti-Fas antibody (#AF5342; Sigma-
Aldrich Inc; 1:8000); anti-FasL antibody (#Ab15285; 
Abcam; (1:5000); anti-Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) antibody (#SC-32,233; Santa Cruz; 
1:10000); anti-NGF antibody (#MA5-32067; Thermo; 
1:2500); anti-Sortilin antibody (#MA5-31438; Thermo; 
1:2500); anti-TrkA antibody (#PA5-94959; Thermo; 
1:1250); anti-Neurofilament 160/200 antibody (N2912; 
Sigma-Aldrich Inc; 1:15000). The following antibody was 
used for immunofluorohistocemistry: anti-GFAP anti-
body (#N1506; DAKO; 1:3000). Secondary antibodies 
conjugated with horseradish peroxidase (HRP) were pur-
chased from Pierce or CST and Alexa-594 fluorophore 
was purchased from Molecular Probes, Invitrogen, USA.

Inoculation of mouse prion in C57BL/6J mice
Approximately, 21–30 days old, male C57BL/6J mice 
were used in the current study. By this age, mice express 
PrPC protein, the substrate for prion replication. The 
skulls of mice at this age are soft for easy injection. This 
prevents rupture of skull and subsequent infection from 
inoculation. Mice were divided into two groups. Mice in 
both groups were anaesthetized with ketamine (100 mg/
Kg body weight) and xylazine (10  mg/Kg body weight) 
prior to inoculation. Eight mice in prion group were 
inoculated intracerebrally with 20 µl of 1% mouse prion 
inoculum and six mice in control group were inoculated 
intracerebrally with 20  µl of 1X sterile phosphate buf-
fer saline (PBS) using separate Hamilton syringes with 
30-gauge needles [49]. All the procedures were per-
formed inside a bio-safety level-2 cabinet. Control and 
prion-infected mice were kept separately throughout the 
experiment. Mice were inspected once every week for the 
first month, two times per week for the second month 
and 3–4 times per week thereafter for morphological and 
behavioural abnormalities.

Harvest of brain
Brains were harvested immediately after cervical dislo-
cation of terminally sick prion-diseased mice and corre-
sponding control mice. Brains were dissected sagittally 
into left and right hemispheres. Both these brain hemi-
spheres were flash-frozen on an aluminium foil spread 
over ethanol-dry ice bath. Frozen brain hemispheres were 
transferred into cryo-tubes individually and stored at 
80OC. Right brain hemispheres were used for biochemi-
cal analysis whereas left-brain hemispheres were used 
for histological analysis. After each isolation, carcasses 
were wrapped along with blotting papers used in a bio-
safety bag, sealed and kept in a designated −80OC deep 
freezer. Finally, these are disposed-off by incineration as 
approved by Institutional Bio-safety Committee.

Preparation of brain lysates
Right brain hemispheres were quickly removed from 
−80OC and submerged into ice-chilled, 2.5  ml of lysis 
buffer (10 mM Tris pH 7.5, 150 mM NaCl, 0.5% Triton 
X-100, and 0.5% NaDOC). Brains were triturated suc-
cessively through smaller-gauge needles (18-20-22-25-27 
gauge). Each brain lysates were divided into two parts, 
First part was aliquoted, stored at -80OC and used for 
the detection of PrPSc and glycosylation of death recep-
tors. The second half was added with protease inhibitors 
cocktail and DNase-I to a final concentration of 1X and 
5U/ml respectively, and incubated for 15 min (mins) on 
ice. Lysates were then added with EDTA, SDS, NaF and 
NaVO3 to a final concentration of 2 mM, 0.1%, 5 mM and 
2 mM respectively. All these steps were performed on ice. 
The lysates were aliquoted and stored at -80OC. Protein 
concentration in the lysates was determined by the bicin-
choninic acid assay as recommended by the manufac-
turer (Pierce, USA).

Western blot
Detection of PrPSc and PrPC in brain lysates
To establish the prion disease in mice brains, presence of 
proteinase-K (PK) resistant PrPSc along with PrPC were 
determined as reported earlier [49]. Briefly, 300  µg of 
total proteins from each brain lysate were treated with 
PK for 1 h (hr) at 37OC. Reaction was terminated by add-
ing Pefabloc (Fluka, USA) followed by centrifugation at 
18,000 X g for 30  min at room temperature (RT). The 
pellets were suspended in 1X sample loading buffer fol-
lowed by denaturation for five mins at 97OC and elec-
trophoresed in 15% Tris-Glycine-SDS-polyacrylamide 
gels (SDS-PAGE). Proteins were transferred onto nitro-
cellulose membranes and immunoblotted with a mouse 
anti-PrP antibody. Visualisation of bands was performed 
using supersignal west pico chemiluminescent substrate 
(Pierce, USA). Blots were stripped and reprobed with 
anti-GAPDH antibody to normalize protein loading and 
transfer.

Detection of proteins other than PrP
Equal amounts of total proteins (∼ 30–45 µg) from each 
sample were resolved in SDS-PAGE as mentioned above 
and transferred onto nitrocellulose or PVDF (polyvinyli-
dene difluoride) membranes. After blocking, membranes 
were immunoblotted with appropriate primary antibod-
ies overnight (O/N) at 4OC. Application of appropri-
ate HRP-conjugated secondary antibodies, visualisation 
of immunoblots and normalization of protein loading 
and transfer were performed as described above. Time-
lapse images of chemiluminescent protein bands were 
captured using BioRad chemidoc + XRS with ImageLab 
system. Densitometric analysis of the protein bands 
was performed on unsaturated images using ImageLab 
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software (version 3.0) and fold-change between control 
and prion samples were calculated after normalizing with 
GAPDH and/or β-actin band intensity.

Detection of glycosylation of death receptors
To examine the N-glycosylation of DRs, brain lysates 
were treated with PNGase F following manufacture’s pro-
tocol (New England Biolabs, USA) and publications [51, 
52] with minor modifications. Briefly, 30 µg of total pro-
teins from each brain lysate was denatured by adding 10X 
glycoprotein denaturing buffer to a final concentration of 
1X and incubating at RT for 10 min. Samples were then 
added with 10X glycol-buffer, 10% NP-40 to a final con-
centration of 1X and 1% respectively. Finally, 1000 units 
of PNGase F were added and incubated at 37OC for 3 h. 
Equal amount of PNGase F-untreated lysates along with 
corresponding deglycosylated lysates were resolved in 
10% SDS-PAGE and immunoblotted as described above.

Brain sectioning
Cryo-frozen left-brain hemispheres were transported 
from − 80OC to cryotome over dry ice and mounted 
onto a chuck. Frozen brain sections of 10  μm thickness 
were cut and transferred onto clean glass slides either 
uncoated or coated with (3-Aminopropyl)triethoxysilane 
(APTES). Sections on uncoated glass slides were quickly 
transferred to -80OC for storage. Sections on APTES-
coated glass slides were immediately fixed in 4% parafor-
maldehyde in 1X PBS for 15 min at RT, followed by three 
washes in PBS for 5 min each. Sections were then dehy-
drated serially in 30%, 50%, 70%, 90% and 100% ethanol 
bath for 5  min each followed by another 100% ethanol 
bath for 5  min. Dehydrated sections were air dried and 
stored in sealed slide boxes for immunohistochemistry.

Brain histoblots
Brain histoblots were prepared as described previously 
for cell blots [49]. Brain sections adherent to uncoated 
glass slides, stored at -80OC were quickly thawed and 
transferred onto a nitrocellulose membrane saturated 
with lysis buffer (10 mM Tris, pH 7.5; 150 mM NaCl; 
0.5% sodium deoxycholate and 0.5% Triton X-100) for 
1 min. The membrane was left on the blotting paper stack 
for another 5 min after removing the slides gently. Each 
membrane contained one control and one prion brain 
section and were allowed to dry completely for 1 h at RT 
and stored at -30OC for further experiment. To detect 
either PrPSc or PrPC, the blots were rehydrated in TBST, 
stained with ponceu-S and scanned to validate uniform 
tissue transfer. Blots were then destained completely in 
plenty of TBS and either left undigested to detect PrPC or 
incubated with PK to detect PrPSc. The PK digestion was 
terminated by rinsing the blots with TBST for 3 times, 
5 min each, followed by incubating the blots for 30 min 

in TBST containing 3 mM phenylmethylsulfonyl fluoride 
(PMSF). Finally, the blots were incubated in 3  M Gdn-
SCN (guanidine thiocyanate) in 10 mM Tris HCl, pH 7.8, 
for 10 min. Blots were rinsed 3 times in TBST for 10 min 
each followed by immunoblotting with mouse anti-PrP 
antibody and HRP-conjugated anti-mouse IgG antibod-
ies. Blots were developed by NovaRed substrate (Vector 
Biolabs, USA). Blots were scanned and digital images 
were displayed with equal display setting for each pair of 
brain sections.

Immunofluorohistochemistry
Three control and three prion brain sections of 10  μm 
thickness on APTES coated glass slides were used in this 
study. Protocol used was adopted from earlier publica-
tion on neurosphere sections [53]. Brain sections were 
rehydrated in 1X PBS and permiabilized in 0.3% Triton 
X-100 in PBS followed by blocking with TBS contain-
ing 0.1% BSA and 5% normal goat serum. Brain sections 
were then incubated with 5  µg/ml of rabbit anti-GFAP 
antibody for O/N at 4OC. Sections were washed in TBS 
containing 1% BSA and incubated with Alexa 594-conju-
gated goat anti-rabbit antibody for 1 h at RT. After wash-
ing 5 times, 5 min each, sections were fixed with 4% PFA 
for 15 min at RT. Sections were washed 3 times in PBS, 
5  min each, rinsed once with water and mounted with 
anti-fade mounting medium containing DAPI.

Image acquisition and analysis
Fluorescent images were captured using 40X lens and 
multi-dimension acquisition module in a Nikon Ti eclipse 
microscope supported by Metamorph software (version 
7.7.0.0). Fluorescence images within an experiment were 
captured in one session with identical image acquisition 
settings and were displayed with equal image scale.

Statistical analysis
The sample size of the present study is based on similarly 
published reports. Data shown represent three indepen-
dent animals in each experimental group. The densitom-
etry of desired band was measured from an unsaturated 
image of each factor and normalized with the intensity of 
GAPDH and/or β-actin. All histograms were presented 
as the means value ± standard deviations (SD) or errors 
of mean (SEM). The significance of difference between 
the mean values of the two groups was analysed by two-
tailed, unpaired Student’s t-test using Microsoft EXCEL 
software and SigmaPlot software, version 12, Germany. 
One-way ANOVA was performed for multiple com-
parisons when data passed normality and equal variance 
test. When data failed the above tests, the groups were 
compared by non-parametric Kruskal-Wallis one-way 
ANOVA on ranks using SigmaPlot software. P ≤ 0.05 is 
considered statistically significant.
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Results
Establishment of prion disease in C57BL/6J mice
All eight prion-infected mice survived the inoculation 
process while one mouse from control group died during 
inoculation. Prion-infected mice started showing mor-
phological alterations such as hunch back posture, plas-
tic tail (Additional file 1: Fig. S1) and body weight loss 
by 4 months post infection while control mice remained 
healthy. Additionally, infected mice exhibited defects in 
gait such as, frequent circling (Additional file 2: Video. 
S1, S2), repeated jumping at the edge of cage (Addi-
tional file 2: Video. S3, S4), defects in hind leg movement 
(Additional file 2: Video. S5) and weakened forearm grip 
(Additional file 2: Video. S6, 7). Around 140 days, all 
infected mice exhibited shivering, twitching, withdrawal 
from food and unwilling to move than corresponding 
controls (data not shown). Western blot analysis of con-
trol mice brain lysates without PK treatment shows PrPC 
expression, which degraded completely by PK digestion 
(Fig.  1A, left panel). Prion-infected mouse brain lysates 
without PK treatment show increased level of PrPC/Sc 
and prominent PrPSc bands post PK-treatment than con-
trol lysates, suggesting PK-resistant PrPSc accumulation 
restricted to diseased mice brains (Fig. 1A, right panel). 
Compared to controls, prion-diseased mice brain histob-
lots exhibit PK-resistant PrPSc accumulation all over the 
brain but prominently in thalamic, hippocampal, cortical, 
cerebellar and midbrain regions (Fig. 1B, C). Overexpres-
sion of GFAP is an established marker of astrocytosis. 
Western blot analysis exhibits 2.75 times higher and sig-
nificant (p = 0.003) GFAP expression in prion-diseased 
mice brains than controls (Fig.  1D, E). Furthermore, 
increased GFAP positive cells with higher GFAP inten-
sity are observed in most parts of the diseased brain than 
healthy controls (Fig. 1F). Moreover, western blot analy-
sis of neurofilament-H (an established marker of mature 
neuron) shows significant reduced expression in prion-
diseased brains than controls (data not shown). This loss 
of neurofilament-H expression might be due to neuronal 
loss, hence represents neurodegeneration seen in prion 
diseases. Collectively these data illustrate robust neuro-
pathological features of prion disease in C57BL/6J mice 
and paving the way to study death receptor (DR) biology 
in prion disease.

Involvement of extrinsic caspase cascade in C57BL/6J 
mouse prion disease
Activation of extrinsic caspases such as caspase-8 and/
or -10 are indicators of death receptors activation. Since 
caspase-10 gene is absent in mouse [54], only caspase-8 
was examined in this study. Western blot image of cas-
pase-8 demonstrates overexpression of caspase-8 in all 
prion-diseased mice brains than controls (Fig. 2A). Den-
sitometry of caspase-8 shows 1.8 times and significant 

(p = 0.003) higher expression of caspase-8 in prion 
mouse brain lysates than controls (Fig.  2B). Down-
stream target of caspase-8 is caspase-3. Western blot 
image of caspase-3 shows increased proteolysis of cas-
pase-3 (∼ 20-kDa) in prion-diseased brains than con-
trols (Fig.  2C). Cleaved caspase-3 intensity is 1.6-times 
increased in prion-diseased brain lysates than controls 
and statistically significant (p = 0.037) (Fig.  2D). Collec-
tively, activation of both caspase-8 and caspase-3 sug-
gest the involvement of death receptor pathways in prion 
disease.

Alteration of TNFR1 expression in mouse prion disease
TNFR1 is the most widely studied DR protein that under-
goes ectodomain shedding, glycosylation and oligomer-
ization suggesting coexistence of its multiple isoforms, 
which are hardly studied in prion diseases. In order to 
detect all these isoforms of TNFR1 protein, applica-
tion of western blot analysis is logically preferred over 
ELISA and Q-RT-PCR. Therefore, to study TNFR1 pro-
tein, western blot analysis was employed in this study. 
Antibody used to detect TNFR1 was developed against 
22–212 amino acid long fragment of TNFR1 which can 
detect both full-length (48-55-kDa), soluble (33-kDa), 
and their oligomeric and glycosylated TNFR1 isoforms 
(Fig. 3A) suggesting the display of multiple TNFR1 bands 
in western blot. The results from western blot analysis on 
denatured brain lysates show multiple TNFR1 bands (iso-
forms) ranging from 37-100-kDa. Image shows higher 
intensity of full-length (FL)-TNFR1 bands (48-55-kDa) in 
all prion-diseased mice brains than controls and 55-kDa 
band as the prominent one (Fig.  3B). The densitometry 
shows significant (p < 0.05) increased levels of 48-, and 
55-kDa TNFR1 isoforms by 1.45, and 2.45 times respec-
tively in diseased brains than controls (Fig. 3C, D). Simi-
larly, the level of 100-kDa band is 2.287 times higher 
and significant (p = 0.039) (Fig.  3B, E), whereas the level 
of 37-kDa band (Fig.  3B, F) is significantly (p = 0.013) 
decreased by approximately 31% in prion-diseased brain 
lysates than controls. Additionally, 77-80-kDa bands, 
which are reactive to TNFR1 antibody, are decreased 
by 27% in diseased mice brains compared to controls 
(Fig.  3B) but without statistical significance (graph not 
shown). To address the glycosylation status of TNFR1, 
native brain lysates (without SDS) were treated with 
PNGase-F (for protocol see method). The results clearly 
exhibit the shift of 38-kDa TNFR1 to 32-35-kDa, whose 
intensities are also reduced in diseased mice brains than 
controls (Fig.  3G). The densitometry of 38- and 35-kDa 
bands exhibits significant (p < 0.05) reduction by 37% and 
49% respectively (Fig.  3H, I) suggesting TNFR1 is gly-
cosylated and cleaved to form 38-kDa soluble TNFR1. 
Although the use of western blot analysis is useful to 
identify and quantify various isoforms of protein, like 
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Fig. 1  Characterization of neuropathologies in C57BL/6J mouse prion disease. A Western blot analysis of PrPC/PrPSc in control (C) and prion-infected (P) 
mice brain homogenates (MBH). Left panel indicates presence of PrPC and GAPDH in normal MBHs, which were degraded upon proteinase-K (PK) treat-
ment. In right panel, both PrPC/Sc and GAPDH are observed in samples without PK treatment but only PrPSc but no GAPDH in PK-treated prion MBHs. B, 
C Histoblot analysis of three control and three prion infected mice brain sections shows increased PK-resistant PrPSc in all prion-infected but none in any 
control mice brain sections. D, E Prion-diseased mice brains show increased GFAP level than control mice. Each histogram represents mean ± standard 
deviation (SD) of a set of three mice brains from control and prion groups. P ≤ 0.05 is considered statistically significant (two-tailed unpaired t-test). F 
Immunofluorohistochemical analysis shows increased astrogliosis (GFAP + ve cells) in prion-infected mice brains than controls. DAPI: 4’,6-diamidino-
2-phenylindole. Collectively prion infected mice exhibit robust neuropathological features of prion disease
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Fig. 2  Altered expression of caspase-8 and caspase-3 in control (C) and prion-diseased (P) mice brains. A, B Prion-diseased mice brain lysates have 
increased caspase-8 level than controls. C, D Prion-diseased mice brain lysates have increased cleaved caspase-3 level than controls. GAPDH and β-actin 
were used as loading controls. Each histogram represents mean ± SD of a set of three mice brains from control and prion groups. P ≤ 0.05 is considered 
statistically significant (two-tailed unpaired t-test). Taken together, both caspase-8 and caspase-3 are activated in prion disease
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Fig. 3  Expression of TNFR1 isoforms are altered in C57BL/6J mouse prion disease. A Schematic structure of TNFR1 protein shows signal peptide (SP), 
cysteine-rich domains (CRD), transmembrane (TM), death domains (DD), glycosylation sites and epitope of anti-TNFR1 antibody. B Western blot analysis 
of TNFR1 on lysates from control and prion-diseased mice brains. C The densitometry of 48-kDa, D 55-kDa and E 100-kDa TNFR1 isoforms show significant 
increased expression in Prion-diseased (P) mice brains than controls (C). F Contrarily, 37-kDa TNFR1 band intensities are significantly decreased in same 
setting. G Western blot analysis of TNFR1 on lysates deglycosylated by PNGase F (PNG) show 38 and 45 kDa TNFR1 isoforms are shifted to 35 kDa. H The 
densitometry of 38-kDa, I 35 kDa TNFR1 bands show reduced expression in prion-diseased mice brains than controls. GAPDH and β-actin were used as 
loading controls. Each histogram represents mean ± SD of a set of three brain lysates from control or prion-diseased mice. Two-tailed unpaired t-test was 
performed to compare the significance of difference between two groups (for detail, see materials and method section). P ≤ 0.05 is considered statistically 
significant
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TNFR1 and other DRs but can be limited in under-
standing direct association of these factors with specific 
neuropathology. Nevertheless, the data show increased 
FL-TNFR1 isoforms but decreased neuroprotective solu-
ble TNFR1 isoforms.

Alteration of Fas expression in mouse prion disease
Mature or full-length (FL)-Fas is a 35-kDa DR protein 
derived from a 37.4-kDa nascent Fas protein, which 
has one signal peptide (SP), three cysteine-rich domain 
(CRD), one transmembrane (TM), one death domain 
(DD) and two N-glycosylation sites. To study Fas expres-
sion in the present mouse prion disease, an anti-Fas anti-
body specific to its C-terminal region was used in western 
blot analysis. This antibody can detect glycosylated and 
oligomeric FL-Fas (35-70-kDa) and C-terminal fragment 
(∼ 20-kDa) and its oligomeric form of Fas (Fig. 4A). The 
logical explanation for application of western blot anal-
ysis is similar to TNFR1 protein and other DRs. Results 
from western blot analysis using denatured brain lysates 
demonstrate multiple bands around 37-52-kDa, which 
are increased in all prion-diseased mice brains than con-
trols (Fig. 4B). Among them, the most prominent one is 
52-kDa Fas isoforms. Densitometry of combined inten-
sity of 37-52-kDa Fas bands and 52-kDa Fas isoform 
show a significant (p < 0.05) increased level by ∼ 39% 
(Fig. 4C) and 90% (Fig. 4 D) respectively in prion lysates 
than controls. Such high molecular weight Fas isoforms 
could be due to its glycosylation. Conversely, the inten-
sity of 94-kDa Fas isoforms decreased significantly 
(p = 0.013) by 42% (Fig.  4B, E) in diseased brain lysates 
than controls. The result from the deglycosylation experi-
ment by PNGase F treatment clearly shows four promi-
nent bands around 38-52-kDa and two bands around 
28-32-kDa. The 38-52-kDa bands demonstrate a clear 
increased intensity in all diseased brains than controls 
(Fig.  4F). Densitometry of combined intensity of 38-52-
kDa bands shows a significant (p = 0.015) increased level 
by ∼ 5.8-fold in prion-diseased brain lysates than controls 
(Fig.  4G). Interestingly, the intensity of 52-kDa bands is 
not decreased upon PNGase F treatment and its densi-
tometry demonstrates a marginal 6% decreased level 
with p = 0.77 between PNGase F-untreated and treated 
groups, suggesting 52-kDa Fas isoforms is not N-glyco-
sylated. Moreover, 52-kDa Fas isoforms level is signifi-
cantly higher in all prion-diseased brains than controls 
(Fig.  4H). Intensity of 38-48-kDa bands are decreased 
visibly in PNGase F-treated samples than untreated 
samples suggesting these Fas isoforms are N-glycosylated 
(Fig.  4F). Densitometry of 48-, 42- and 38-kDa bands 
intensity decreased prominently but not significantly 
in PNGase F-treated prion brains lysates than controls. 
Similar to denatured samples, all these bands displayed 
significant increased level in prion-diseased mice brains 

than controls (Fig. 4I-K respectively). The 94-kDa band, 
which is clearly visible in denatured brain lysates is barely 
detected in these experiments. Furthermore, the inten-
sity of 28- and 32-kDa bands are similar between control 
and diseased brain lysates, hence considered as nonspe-
cific, or degraded C-terminal fragments of Fas. Taken 
together, the data show increased levels of Fas isoforms 
in the present prion mouse model.

Alteration of DR3 expression in mouse prion disease
Mature DR3 is a 39-kDa, type-I transmembrane protein 
derived from a newly synthesized 41-kDa DR3 protein. 
DR3 has one SP, three CRDs, one TM, and one DD. The 
antibody used in this study is against extracellular domain 
of DR3 that can detect both full-length and soluble DR3 
fragment (Fig.  5A). Western blot analysis on denatured 
brain lysates exhibits seven bands (95-, 81-, 75-, 60-, and 
49-, 39- and 35-kDa). The intensities of all these bands 
show reduced levels, 95-, 81- and 75-kDa isoforms as 
the prominent ones in prion mice brain lysates than con-
trols (Fig. 5B). The densitometry of 95-, 81- and 75-kDa 
DR3 bands shows significant (p < 0.05) reduced levels 
(Fig. 5C-E respectively) whereas 59-, 49- and 39-kDa DR3 
bands also show non-significant reduced level in diseased 
over control brain lysates. DR3 is known to have four 
N-glycosylation sites (Fig.  5A). Western blot analysis of 
brain lysates with or without PNGase F treatment exhib-
its high molecular weight isoforms of DR3 ranging from 
176-75-kDa. Intensity of these DR3 isoforms is reduced 
again in all prion brain lysates than controls (Fig.  5F). 
Intensity of 176-kDa DR3 band is barely detected but 
reduced in prion mice brains than controls. This band is 
not visible in PNGase F-treated samples, hence, excluded 
from densitometric evaluation. Contrarily, the intensity 
of 105-kDa DR3 band is significantly reduced in prion-
diseased mice brains than controls and almost 50% 
reduced in PNGase F-treated samples (Fig.  5F, G), sug-
gesting possible N-glycosylation of these DR3 isoforms. 
However, other high molecular weight DR3 bands (95- 
and 81-kDa) exhibit significant reduced level among 
prion mice brains than controls but without significant 
change between PNGase F-treated and untreated groups 
(Fig.  5F, H-I respectively) suggesting these DR3 iso-
forms are not N-glycosylated. The 81-kDa band which is 
prominently seen in denatured lysates are barely visible 
in native lysates, suggesting SDS favors the extraction of 
this DR3 isoforms. Moreover, 81-kDa DR3 band is signif-
icantly higher in control mice brain lysates than diseased 
brain lysates. (Fig.  5F, I). Collectively, the data obtained 
from both these experiments show the expression of DR3 
isoforms are reduced in mouse prion disease.
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Alteration of DR5 expression in mouse prion disease
DR5 is a 36-kDa mature DR protein derived from its 
nascent 42-kDa protein. It has one SP, three CRDs, one 
TM and one DD. DR5 is known to have multiple N- and 
O-glycosylation sites suggesting multiple DR5 bands 
from western blot analysis. To study DR5 in mouse prion 

disease, a C-terminal region specific anti-DR5 antibody 
was used which can detect both full-length and C-termi-
nal but not the secreted/soluble DR5 fragments (Fig. 6A). 
Western blot analysis of DR5 expression in denatured 
brain lysates shows all DR5 bands are less intense in 
prion-diseased mice brains than controls, with 36- and 

Fig. 4  Expression of Fas isoforms are altered in C57BL/6J mouse prion disease. A Schema of Fas protein structure shows various domains as mentioned 
for TNFR1 protein. Glycosylation sites and epitope of anti-Fas antibody are also shown. B Western blot analysis of Fas protein on lysates from control (C) 
and prion-diseased (P) mice brains. C The densitometry of 38-52-kDa and D 52-kDa Fas isoforms show significant increased expression in prion-diseased 
mice brains than controls, whereas, E 94-kDa Fas isoform shows significant reduction in same setting. F Western blot analysis of Fas on lysates deglyco-
sylated by PNGase F (PNG) show increased levels of 38–52 kDa but decreased level of 94 kDa Fas isoform in prion-diseased mice brains than controls. G 
The densitometry of 38- 52-kDa together, H 52-kDa, I 48-kDa, J 42-kDa and K 38-kDa Fas isoforms exhibit reduced intensity for 38-, 42- and 48- but not 
for the 52-kDa Fas isoforms in PNGase F treated sample than untreated samples. Intensities of these bands from PNG-treated or -untreated are higher in 
prion group than control group. GAPDH and β-actin were used as loading controls. Each histogram represents mean ± SD (C-E) or SEM (G-K) of a set of 
three brain lysates from control or prion-diseased mice. Two-tailed unpaired t-test was performed to compare the significance of difference between two 
groups and one-way ANOVA for multiple groups as described in materials and method section. P ≤ 0.05 is considered statistically significant
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109-116-kDa bands as the prominent ones (Fig. 6B). The 
densitometry analysis demonstrates significant decreased 
level of 36-kDa mature DR5 band by 50% in diseased 
mice brains than controls (Fig. 6C). Other DR5 bands of 
39-40-, 45-49-, 65-68- and 75-78-kDa show decreased 
level but without significance (Fig. 6D) in diseased mice 

brains than controls. The densitometry of 109-106-kDa 
bands exhibits decreased level (p = 0.068) in all prion-
diseased mice brains by 33% than controls (Fig. 6E). The 
bands higher than 36-kDa, are possible glycosylated DR5 
isoforms. Therefore, native brain lysates were subjected 
to PNGase F treatment followed by immunoblotting. 

Fig. 5  Decreased expression of DR3 protein isoforms in C57BL/6J mouse prion disease. A Graphical sketch of a 38.8 kDa DR3 protein structure showing 
various domains (as described earlier), glycosylation sites and epitope of anti-DR3 antibody. B Western blot analysis of DR3 on lysates from control (C) 
and prion-diseased (P) mice brains showing decreased expression pattern in all prion-diseased mice brains than controls. C The densitometry of 95-kDa, 
D 81-kDa and E 75-DR3 isoforms show significant reduced expression in prion-diseased mice brains than controls. F Western blot analysis of DR3 on 
PNGase F (PNG) treated lysates show reduced intensity of 176-, 105-, 81- and 48- kDa but not of 95-, 75- and 60-kDa DR3 isoforms than untreated lysates. 
G The densitometry of 105-kDa, H 95-kDa and I 81-kDa DR3 isoforms exhibit reduced intensity for 105- and 81- but not for the 95-kDa DR3 isoforms to 
PNGase F treatment. Intensities of these bands from PNG-treated or -untreated are remarkably less in prion group than control. GAPDH and β-actin were 
used as loading controls. Each histogram represents mean ± SD (C-E) or SEM (G-I) of a set of three brain lysates from control or prion-diseased mice. Two-
tailed unpaired t-test was performed to compare the significance of difference between two groups and one-way ANOVA for multiple groups. P ≤ 0.05 is 
considered statistically significant
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Fig. 6  Expression of DR5 protein isoforms are reduced in prion-diseased (P) C57BL/6J mice brains than control (C) mice. A Schematic structure of a 
36.6 kDa DR5 showing various domains, glycosylation sites and epitope of anti-DR5 antibody. B Western blot analysis of DR5 on lysates from control and 
prion-diseased mice brains showing decreased expression pattern of all DR5 isoforms with prominence for 36-and 109-116-kDa isoforms in all prion-
diseased mice brains than controls. C The densitometry of 36-kDa, D 75–80 kDa and E 109–116 kDa DR5 isoforms show significant reduced expression 
for 36-kDa and reduced level for both 75–80 kDa and 109–116 kDa DR5 isoforms in prion-diseased mice brains than controls. F PNGase F (PNG)-treated 
brain lysates shows two bands, of which, 109-kDa DR5 isoform is sensitive to PNGase F but not the 36-kDa band. G The densitometry of 109-kDa band 
show significant reduced intensity upon PNGase F treatment. H. The densitometry of 36-kDa DR5 band show resistant towards PNGase treatment. Both 
these DR5 bands show reduced level in prion-diseased mice than controls. GAPDH and β-actin were used as loading controls. Each histogram represents 
mean ± SD (C-E) or SEM (G-H) of a set of three brain lysates from control or prion-diseased mice. Two-tailed unpaired t-test was performed to compare the 
significance of difference between two groups and one-way ANOVA for multiple groups. P ≤ 0.05 is considered statistically significant
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The results exhibit two (36- and 109-kDa) visible bands. 
Intensity of both these bands is reduced in prion-dis-
eased brains than controls (Fig.  6F). Between these two 
bands, 109-kDa band intensity is visibly decreased to 
PNGase F treatment. Densitometry of this band shows 
significant reduced intensity by 70% in PNGase F-treated 
than untreated control mice brain lysates (Fig.  6F, G), 
suggesting 109-kDa DR5 isoforms is mostly N-glycosyl-
ated. This DR5 isoform is also significantly decreased in 
prion-diseased mice brains than controls (Fig.  6G). In 
addition, similar to denatured lysates, native samples also 
exhibit significant reduction in 36-kDa band intensity by 
65% in prion-diseased mice brain lysates than controls 
but its intensity remain unchanged to PNGase F treat-
ment (Fig.  6H) suggesting 36  kDa DR5 isoform is not 
N-glycosylated. Collectively, the data obtained from this 
study clearly suggests the decreased expression of DR5 
protein in mouse prion disease.

Altered expression of DR6 in mouse prion disease
Matured DR6 is a 68-kDa DR protein derived from its 
72-kDa precursor having one SP, three CRDs, one TM, 
and one DD. Like other DRs, DR6 undergoes glycosyl-
ation at several places. The antibody used in this study 
was developed against the N-terminal of DR6 protein, 
which can detect both full-length and soluble DR6 with 
different glycosylation levels (Fig.  7A). Results show 
two prominent DR6 bands (89- and 74-kDa) and two 
faint bands (42- and 39-kDa) from denatured brain 
lysates. Unlike other DRs, difference in DR6 expression 
is not observed between prion-diseased mice brains 
and healthy controls (Fig.  7B). Densitometry of 89- and 
74-kDa DR6 isoforms also exhibits no change between 
prion and control groups (Fig. 7C, D respectively). Since 
matured DR6 protein is of 68-kDa, 89- and 74-kDa 
bands are its possible glycosylated forms. Results from 
deglycosylation experiments of DR6 show, 94-kDa band 
is shifted to 80-kDa upon PNGase F treatment (Addi-
tional file 1: Fig. S2, A, upper panel) suggesting 94-kDa 
band is N-glycosylated DR6 isoform. Densitometry of 
these bands shows significant decrease in 94-kDa but 
not in 80-kDa (p = 0.47) (Additional file 1: Fig. S2, B, C) in 
prion mice brains than controls. Furthermore, additional 
bands at 50-, 46- and 42-kDa demonstrate no significant 
difference in expression level and remain unaffected to 
PNGase F treatment within prion and control groups. 
Taken together, these data suggest DR6 is highly N-gly-
cosylated and its expression is not altered in mouse prion 
disease.

Alteration of p75NTR expression in mouse prion disease
A schematic representation of p75NTR structure dem-
onstrated SP, CRDs, TM, DD, and one N-glycosylation 
site. The antibody used in this study is around Arg-198 

of human p75NTR, which can detect both full-length 
and proteolytic ectodomain of mouse p75NTR (Fig.  7E). 
Western blot analysis of denatured brain lysates shows 
a single prominent band at 75-kDa in both healthy and 
prion-diseased mice brains. Image shows increased 
p75NTR intensity (Fig.  7F) and its densitometry demon-
strates significant increased expression of p75NTR by 31% 
in prion-diseased mice brains than controls (Fig.  7G). 
To understand the glycosylation status of p75NTR, native 
brain lysates from both the groups were treated with 
PNGase F and immunoblotted. Result shows the shift-
ing of 75-kDa band to 73-kDa upon PNGase F treatment, 
suggesting N-glycosylation of p75NTR (Additional file 1: 
Fig. S2, A, middle panel). Densitometry of 75-kDa band 
in this experiment shows marginal increased expression 
of p75NTR in prion-diseased mice brains than controls 
but not with 73-kDa p75NTR isoforms (Additional file 1: 
Fig. S2 D, E). Nevertheless, the p75NTR protein expression 
is marginally more in prion-diseased mice brains than 
controls.

Expression profile of DR ligands in mouse prion disease
Alteration of TNFα and NGF expression in mouse prion 
disease
TNFα is the most widely studied DR ligand in various 
neurodegenerative diseases, including prion diseases. 
To study its expression in present mouse model of prion 
disease, an anti-TNFα antibody was used to detect both 
membrane-bound (25-28-kDa) and soluble (∼ 17-kDa) 
TNFα isoforms. Western blot analysis of TNFα shows, 
marginal increased expression of 25-kDa but without any 
change in 30-kDa and a high molecular weight 37-kDa 
TNFα isoforms between control and prion groups 
(Fig. 8A, upper panel). In addition, soluble TNFα is not 
seen in the present study. Densitometry of TNFα iso-
forms shows a marginal overexpression of 30-kDa and 
25-kDa bands (Fig.  8B, C) respectively but without sig-
nificant change between prion-diseased and control mice 
brains.

Unlike TNFα, nerve growth factor (NGF) is one of the 
most common neurotrophic factors of healthy brain and 
the ligand of p75NTR. It can present both as a precursor 
(proNGF) and mature NGF (NGF). In order to evaluate 
the alteration in its level, an anti-NGF antibody devel-
oped around 192–241 amino acids of human NGF was 
used which can detect both proNGF and NGF. West-
ern blot image demonstrates a single band of 33.6-kDa 
NGF isoforms similar to the predicted molecular mass of 
proNGF. Intensities of this proNGF bands remain unal-
tered between control and prion-diseased mice brains 
(Fig.  8A; middle panel). Densitometric analysis of 33.6-
kDa NGF shows no significant change between control 
and prion groups (Fig. 8D).
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Fig. 7  Expression pattern of DR6 and p75NTR protein isoforms varies between control (C) and prion-diseased (P) C57BL/6J mice brains. A Schema of a 
68-kDa DR6 protein structure shows various domains, glycosylation sites and epitope of anti-DR6 antibody. B Western blot analysis of DR6 on lysates 
showing similar expression pattern of all DR5 isoforms between control and prion-diseased mice brains. D The densitometry of 89-kDa, D 74-kDa DR6 
isoforms show similar levels of expression within prion-diseased and control mice brains. E Schematic structure of p75NTR protein exhibiting various do-
mains, glycosylation sites and epitope of anti-p75NTR antibody. E Western blot analysis of p75NTR shows a dominant 75 kDa band with increased p75NTR 
level in prion-diseased mice brains than controls. F The densitometry of 75 kDa band show significant increased intensity in prion diseased mice brain 
lysates than controls. GAPDH and β-actin were used as loading controls. Each histogram represents mean ± SD of a set of three brain lysates from control 
or prion-diseased mice. Two-tailed unpaired t-test was performed to compare the significance of difference between two groups. P ≤ 0.05 is considered 
statistically significant
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Fig. 8 (See legend on next page.)
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Alteration of Fas ligand (FasL) expression in mouse prion 
disease
Antibody used to detect FasL was produced against 
1–60 amino acids of N-terminal region of FasL, which 
can detect membrane-bound but not the ectodomain 
of FasL. Western blotting on denatured brain lysates 
demonstrates four bands with a molecular mass of 30-, 
38-, 47-kDa FasL and its 70-90-kDa complex (data not 
shown). FasL bands of 30-, 38- and 47-kDa show promi-
nent increased expression in prion-diseased mice brains 
than controls (Fig. 8E). Densitometry of normalized FasL 
bands demonstrates 30-kDa FasL isoforms level is signifi-
cantly higher by 2.7 times in prion-diseased brains than 
controls (Fig.  8F). Similarly, the intensities of 38-kDa 
and 47-kDa FasL isoforms are significantly higher by 
5.6 times and 2.6 times respectively between prion-dis-
eased and control mice brains (Fig. 8G, H respectively). 
Taken together, the results clearly exhibit increased FasL 
expression in mouse prion disease.

Alteration of DR3 ligand (TL1A/VEGI) expression in mouse 
prion disease
Antibody employed to detect mouse TL1A was devel-
oped against recombinant mouse TL1A (Ile94-Leu27), 
which can detect both 25-28-kDa full-length (TL1A) 
and 19-kDa soluble (VEGI) TL1A isoforms. Anti-TL1A 
antibody detected a 24.18-kDa band from lung but none 
from normal mouse brain lysates (Additional file 1: Fig. 
S3) suggesting the antibody is working. Western blot 
image exhibits two detectable bands with a molecular 
mass of 49- and 75-kDa (Fig. 8I). Densitometry of 75-kDa 
band exhibits no change in intensity between control and 
prion groups (Fig. 8J), whereas, 49-kDa TL1A isoforms is 
restricted to all prion mice brains than any control brains 
(Fig.  8I). Densitometry shows approximately 100 times 
higher expression but with a p-value of 0.089 in prion-
diseased mice brains than controls (Fig.  8K). Failure to 
achieve statistical significance is due to variation of TL1A 
expression among prion diseased brains. Nevertheless, 
TL1A is overexpressed in all the three prion-diseased 
mice brains than controls.

Alteration of DR5 ligand (TRAIL) expression in mouse prion 
disease
Anti-TRAIL antibody used in this study was produced 
against Pro118-Asn291 of recombinant mouse TRAIL. 
This antibody can detect both full-length and soluble 

TRAIL isoforms. Western blot image on control and 
prion-diseased mice brain lysates exhibits 35-, 51-, 71-, 
78- and 87-kDa TRAIL isoforms (Fig.  8L). An 87-kDa 
TRAIL isoform, displayed marginal decreased intensity 
in prion diseased mice brain lysates than control brain 
lysates but without statistical significance (graph not 
shown) whereas a 78-kDa TRAIL isoform show signifi-
cant decreased expression by 54% and a 71-kDa TRAIL 
isoform show decreased expression by 37% but without 
significance in prion-diseased mice brains than healthy 
controls (Fig. 8L-N respectively). In the present study, no 
band below 35-kDa is detected from any brain lysates. 
However, a 35-kDa TRAIL isoform is observed with mar-
ginal increase but without any statistical significance in 
prion-infected mice brains than controls (histograms 
not shown). This isoform is close to the expected TRAIL 
monomer (33.346-kDa). Interestingly, a 51-kDa TRAIL 
isoform is observed in all prion-diseased mice brains but 
not in any control brains (Fig. 8L). Densitometry of this 
TRAIL isoform shows significantly higher expression by 
8-fold in prion-diseased brains than controls (Fig.  8O). 
Collectively, expression of TRAIL protein is increased in 
mouse prion disease.

Expression of DR adaptor proteins in mouse prion disease
Altered expression of TRADD in mouse prion disease
TRADD is the common adaptor of most of the TNFR 
family members, which can regulate both cell survival 
and death. To understand the mechanism of activa-
tion of DRs, like increased expression of TNFR1 in this 
report, understanding the role of TRADD became war-
ranted. The antibody used to detect TRADD was pro-
duced against a synthetic peptide surrounding cysteine 
138 of human TRADD, which detects endogenous levels 
of human and mouse TRADD protein with a molecular 
mass of 34-kDa. Western blot analysis of TRADD expres-
sion exhibits a single 34-kDa band in all healthy brain 
lysates but barely detected in any prion brain lysates 
(Fig.  9A). Densitometry shows significant reduction of 
34-kDa TRADD protein by 87% in prion-diseased mice 
brains than healthy controls (Fig.  9B). Collectively, the 
data suggests the inhibition of TRADD expression in this 
mouse prion disease.

Altered expression of TRAF2 in mouse prion disease
TRAF2 interacts with TRADD or RIPK1 in the con-
text of cell survival and hence an important adaptor for 

(See figure on previous page.)
Fig. 8  DR ligands (TNF-α, NGF, FasL, TL1A and TRAIL) are expressed differentially between control (C) and prion-diseased (P) C57BL/6J mice brains. A-D 
Unlike proNGF (A, D), the level of TNF-α (A-C) is higher with no significance in difference in prion-diseased mice brains than controls. E-H Levels of FasL iso-
forms (30, 38 and 47 kDa) are higher in prion-diseased mice brain lysates than controls. I-K A 49-kDa TL1A isoform is only expressed in prion-diseased mice 
brains but absent in controls. L-O Brain lysates from prion-diseased mice show higher levels of 51-kDa TRAIL isoform compared to control mice. GAPDH 
and β-actin were used as loading controls. Each histogram represents mean ± SD of a set of three brain lysates from control or prion-diseased mice. 
Two-tailed unpaired t-test was performed to compare the significance of difference between two groups. P ≤ 0.05 is considered statistically significant
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Fig. 9  DR adaptors (TRADD, TRAF2, FADD and RIPK1) are expressed differentially between control (C) and prion-diseased (P) C57BL/6J mice brains. A, B 
Brains lysates from prion-diseased mice have significant reduced level of 34-kDa TRADD protein than control mice. C-E Similarly, 45-kDa TRAF2 isoform 
exhibit significant reduced level in brain lysates from prion-diseased mice than control mice. F-H Brain lysates from prion-diseased mice have equivalent 
level of FADD proteins, compared to control mice. I, J, L Prion-diseased mice brains lysates have significant higher levels of full-length (FL) and total RIPK1 
protein than controls by western blot analysis. I, K Brain lysates from prion-diseased mice exhibit significant higher level of total cleaved (34.7-, 45.5-, 51.9-, 
and 63-kDa) RIPK1 products but not from control mice. GAPDH and β-actin were used as loading controls. Each histogram represents mean ± SD of a set 
of three brain lysates from control or prion-diseased mice. Two-tailed unpaired t-test was performed to compare the significance of difference between 
two groups. P ≤ 0.05 is considered statistically significant
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the activation of TNFR family members. The antibody 
used to detect endogenous level of mouse TRAF2 was 
developed against a peptide corresponding to zinc fin-
ger TRAF type-2 region of human TRAF2. Western 
blot image from healthy and diseased mice brain lysates 
exhibits four anti-TRAF2 antibody reactive bands with 
molecular mass ranging from 94-, 84-, 45- and 43-kDa. A 
very faint 51-kDa band is also observed. All these bands 
are less intense in prion-diseased mice brains than con-
trols but with maximum decrease in 45-kDa TRAF2 
isoforms (Fig. 9C). Its densitometry suggests, significant 
decreased expression of 45-kDa TRAF2 isoforms by 57% 
(Fig. 9D) whereas, 99- and 84-kDa bands show 22% and 
3% reduction respectively, without any statistical signifi-
cance in diseased brains than controls (data not shown). 
Moreover, analysis of 43-kDa band intensity show 9% 
decreased level in diseased brains than controls (Fig. 9E) 
but without any significant difference. Taken together, 
the results represent diminished TRAF2 expression in 
mouse prion disease.

Altered expression of FADD in mouse prion disease
FADD is known to induce cell death stimulus from 
TNFR1, DR3, DR6 and p75NTR in a TRADD and/or 
RIPK1 dependent manner but from Fas and DR5 in a 
TRADD independent but RIPK1 dependent manner. 
Therefore, the study of FADD became warranted in this 
mouse prion disease. The antibody used to detect endog-
enous level of FADD was produced against a synthetic 
peptide corresponding to residues near the N-terminus 
of human FADD, which detect a 28-kDa FADD protein 
of both human and mouse origin. Western blot result 
from healthy and diseased mice brain lysates shows two 
bands, a 28-kDa band similar to expected molecular 
mass of FADD protein and a 46-kDa band. The intensi-
ties of both these bands are similar between healthy and 
diseased mice brains (Fig. 9F). The densitometry shows a 
15% decrease in 46-kDa band intensity and merely a 5% 
increase in 28-kDa band intensity but without signifi-
cant difference between prion-diseased and control mice 
brains (Fig.  9G, H respectively). Collectively, the result 
suggests the expression of FADD is static in mouse prion 
disease.

Altered expression of RIPK1 in mouse prion disease
Like TRADD protein, RIPK1 protein plays critical roles in 
both cell survival and death. However, nothing is known 
about its involvement in any prion disease. To study 
RIPK1, an anti-RIPK1 antibody developed against a syn-
thetic peptide corresponding to residues around Leu190 
of human RIPK1 was used. This antibody detects both 
full-length and cleaved N-terminal fragments (NTF) of 
RIPK1 of human and mouse origin. Western blot result 
shows a dominant 75-kDa band in both normal and 

diseased mice brains, which resembles with the molecu-
lar weight of full-length RIPK1 protein and its intensity 
is visibly higher in diseased mice brains than controls 
(Fig.  9I). The image also exhibits smaller RIPK1 63-, 
51-, 45-, 35-kDa bands. Most importantly, these smaller 
bands are present only in prion-diseased mice brains but 
not in any healthy mice brain lysates (Fig. 9I). The den-
sitometry of RIPK1 intensity normalized with house-
keeping genes shows a significant increased expression 
of 75-kDa RIPK1 by 2.35-fold in prion mice brains than 
controls (Fig. 9J). In addition, the combined intensity of 
smaller bands is approximately 9-fold and significantly 
higher in prion mice brain lysate than controls (Fig. 9K). 
When both full-length and cleaved RIPK1 were evaluated 
together, the endogenous level of total RIPK1 is 2.5-fold 
and significantly higher in prion-diseased mice brains 
than control brains (Fig.  9L). Therefore, these results 
manifest augmented expression and proteolysis of RIPK1 
in mouse prion disease.

Discussion
This complex and pioneering study dissects the role of 
16 death receptor (DR) factors using a C57BL/6J mouse 
model of prion disease and significantly advancing our 
understanding of this complex neurodegenerative dis-
order. Manifestations of clinical and neuropathological 
features in this mouse model range from abnormal gait, 
increased PrPSc accumulation, and pronounced astrocy-
tosis are in line with earlier reports [6, 55–57]. Caspase-8, 
exclusively expressed in mice, exhibits transcriptional 
overexpression in prion infected C57BL/6 mice and 
activation in prion-infected or PrP(106–126) treated 
neuronal models, underscoring its pivotal role in prion 
pathogenesis with respect to DR pathways activation [32, 
58–60]. In this study, increased level of caspase-8 might 
be due to the overexpression of caspase-8 gene [32]. 
Despite the absence of proteolytic fragments, caspase-8 
activation, likely driven by dimerization, offers a critical 
mechanism distinct from typical proteolytic activation 
of executioner caspases [61–63]. Moreover, caspase-3 
proteolysis underscores its position downstream of cas-
pase-8 activation, strengthening the involvement of DR 
pathways in this prion disease [64]. Collectively, the data 
provides vital insights into the significance of DRs and 
their intricate interplay in disease progression.

Activation of TNFR1 by its ligand, TNFα, is one of the 
most commonly studied death receptor pathways. The 
present study meticulously examines the role of TNFR1, 
TNFα and their adaptor proteins within prion disease 
pathology, elucidating their molecular dynamics and 
possible functional implications. Characterized by glyco-
sylation, oligomerization and proteolysis, TNFR1 mani-
fests in various isoforms with molecular masses spanning 
28-100-kDa [65–69]. Based on molecular weight, TNFR1 
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protein is profoundly glycosylated (55-kDa isoform), 
favoring oligomerization (∼ 100-kDa isoform). However, 
it is evident that, the application of PNGase F treatment 
to brain lysates for deglycosylation revealed obstacles in 
discerning mTNFR1 isoforms and oligomers, potentially 
hints at heat-induced aggregation of these transmem-
brane proteins, impeding their resolution in polyacryl-
amide gels [70, 71]. The present study further examined 
the role of soluble TNFR1 (sTNFR1) isoforms as a con-
sequence to ectodomain shedding. The data represent 
a noticeable molecular weight shift (38-kDa to 35-kDa) 
upon deglycosylation, thereby highlighting the glycosyl-
ation of TNFR1. Glycosylation of TNFR1 favours ligand-
binding affinity [72].

The augmented expression of mTNFR1 in this study, 
resonates with prior reports on immunocytochemistry in 
scrapie-infected cell lines and rodent models, substanti-
ate our understanding of TNFR1’s role in prion disease 
neuropathology [30, 32]. Conversely, the level of sTNFR1 
isoforms in this study, particularly the 38-kDa band and 
77-88-kDa bands, presumably representing glycosylated 
sTNFR1 monomers and dimers respectively are reduced 
in this study. Soluble TNFR1 acts as a dominant negative 
isoform of mTNFR1, thereby decreasing TNFα bioactiv-
ity [73] but enhances neuroprotection [65].

Moreover, despite the variable expression profiles of 
TNFα across prion-infected experimental models it acts 
as a potential activator of cells with increased mTNFR1 
expression [17, 33–37, 74–79]. This study hypothesizes 
that, even a marginal TNFα increment, in concert with 
alterations in sTNFR1 levels and a pronounced expres-
sion of mTNFR1 isoforms, might facilitate a pathogenic 
environment characterized by compromised neuropro-
tection and TNFα bioactivity-mediated cellular viability 
within prion-diseased murine brains. This principle not 
only deepens our comprehension of prion pathogenesis 
but also ushers new avenues for targeted therapeutic 
interventions within TNFR1 pathway.

The canonical signaling pathway originating from 
TNFR1 and TNFα ligation predominantly activates the 
NF-κB transcription factor, pivotal in inflammation, cell 
survival, and growth. However, if NF-κB activation is 
impeded, TNFR1 can induce cell death via apoptosis and 
necroptosis, highlighting its pleotropic function [80]. 
This diversity in function is largely attributed to the for-
mation of differential DR adaptor signaling complexes at 
the death domain (DD). A key adaptor, TRADD, inter-
faces with the intracellular DD of ligated TNFR1 and 
other TNFR family members like DR3, DR5, DR6, and 
p75NTR, primarily orchestrating anti-apoptotic (NF-κB, 
JNK, MAPK) and alternate apoptotic pathways [81, 82]. 
The overexpression of TRADD can induce apoptosis and 
activate NF-κB through TNFR1, while its somatic knock-
out in B-cell lines attenuates TNFR1-mediated NF-κB 

activation, suggesting a predominant role in cell survival 
and inflammatory pathways [83, 84].

Structurally, TRADD comprises two distinct domains: 
the C-terminal death domain for death receptor interac-
tion, and the N-terminal TNF receptor-associated factor 
2 (TRAF2) interacting domain. Upon interaction with 
activated TNFR1 and death receptors like DR3, DR5, 
DR6, and p75NTR, TRADD complexes with TRAF2, 
facilitating the activation of proinflammatory NF-κB 
and cell survival pathways like JNK and MAPK [80]. 
Cells deficient in TRAF2, however, exhibit compromised 
TNFα-mediated JNK activation and only partial NF-κB 
activation, insinuating a more pronounced role for the 
TRADD-TRAF2 complex in cell survival rather than 
inflammation [85, 86]. Interestingly, the current study 
notes decreased TRAF2 expression in prion-diseased 
mice brains, potentially due to TNFα-TNFR2 ligation-
mediated proteosomal degradation of TRAF2, subtly 
enhancing TNFR1-mediated cell death [87].

Moreover, RIPK1, another versatile DR adaptor dis-
covered nearly three decades ago, is a 74-kDa DR signal 
transducer ubiquitously expressed to limit inflammation 
and cell death [88, 89]. Featuring a C-terminal DD, RIPK1 
interacts with the DD of death receptors, TRADD, and 
FADD, either independently or in complex formations 
[80, 88, 90, 91]. The significant loss of TRADD expression 
in this study points towards diminished TRADD-TRAF2-
RIPK1-mediated inflammatory and cell survival pathway 
activation, potentially heightening cell death pathways. 
Contrarily, RIPK1 expression is elevated in prion-dis-
eased mice brains. It has also been shown that TRADD 
and RIPK1-mediates caspase activation in a redundant 
manner upon TNFR1 ligation [90, 92]. Therefore, the 
augmented RIPK1 expression in this study suggests its 
independent role in either promoting cell survival or cell 
death, detached from TNFR1 and other death receptors 
like DR3, DR6, and p75NTR.

Furthermore, TNFα-mediated formation of signaling 
complexes remains unimpeded in macrophages devoid 
of TRADD, which alternatively recruit RIPK1 alone or 
alongside TRAF2 to activate NF-κB, MAPK, and JNK 
pathways [80, 93]. This implies that the TRADD-TRAF2-
RIPK1 axis might exhibit cell-type-specific functions, 
as evidenced in normal brain microglia. The observed 
increase in RIPK1 might associate with TNFα-TNFR1, 
enhancing microgliosis, a prominent neuropathology in 
prion disease [10]. Conversely, the deficiency in TRADD 
and TRAF2 might weaken neuronal and oligodendrocyte 
cell survival pathways while amplifying TNFα-TNFR1-
RIPK1-FADD-caspase-8 mediated cell death pathways, 
presenting a complex landscape of cellular fate determi-
nation in prion disease pathology.

In the present study, DR3, an unexplored DR in prion 
disease, showcases its unique role in prion disease. This 
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study reveals diminished DR3 levels in prion-diseased 
mice brains, presenting a comprehensive profile of its 
isoforms, including mature and glycosylated variants, 
alongside high molecular weight oligomers resistant to 
SDS denaturation [70]. The deglycosylation experiments 
expose the sensitivity of certain DR3 isoforms to PNGase 
F, hinting at their N-glycosylated nature. This intricate 
glycosylation pattern of DR3 is pivotal for its interaction 
with TL1A, a TNF-like cytokine implicated in inflamma-
tion and autoimmune diseases, yet unexplored in prion 
diseases [94, 95].

The further investigation into the expression patterns 
of TL1A, revealed the absence of both its soluble forms 
(∼ 22-kDa) and membrane-bound form (∼ 30-kDa with-
out glycosylation and higher molecular weight forms 
based on varying degree of glycosylation) [95, 96] in nor-
mal mice brain lysates. Contrarily, a notable presence of 
a 49-kDa glycosylated, membrane-bound form only in 
prion-diseased mice brains, presents a novel, yet unique 
expression pattern in the pathological state. The juxta-
position of increased TL1A levels with decreased DR3 
expression in prion-diseased mice brains unfolds a com-
plex narrative, potentially explained by two hypotheses. 
Firstly, TL1A might induce apoptosis in DR3-expressing 
cells, a mechanism supported by the altered expression 
of key adaptor proteins resulting in a possible formation 
of TL1A-DR3-RIPK1-FADD-caspase-8 death inducing 
complex in this study [97]. Secondly, the study suggests 
DR3’s non-apoptotic function [70, 98]. This notion was 
further supported by in situ hybridization (ISH) for DR3 
transcripts, showing high expression of DR3 in cortex 
(highest in pre-frontal cortex), hippocampus, olfactory 
lobe, thalamus and hind brain including cerebellum of 
normal C57BL/6J mice brain and its expression pattern 
overlaps with neurons, weakly with oligodendrocytes but 
not with astrocytes ISH patterns (Additional file 1: Fig. 
S4A). This suggests DR3 might have possibly neuropro-
tective role [99], a notion further reinforced by the motor 
deficit and associated neurological aberrations observed 
in DR3-deficient mice [100].

Collectively, this research elucidates the complex inter-
play between DR3, TL1A, and associated signaling adap-
tors in prion disease, shedding light on their potential 
roles in prion disease specific motor deficits possibly by 
affecting cortico-striatal neuronal pathways (Additional 
file 1: Fig. S4B) and thereby laying the groundwork for 
future explorations in prion disease mechanisms and 
therapeutic strategies.

In this study, DR5 (TRAIL receptor) known for its 
apoptotic function through interaction with TRAIL 
[101], unexpectedly exhibits decreased expression in 
prion-diseased mice brains. This includes a reduc-
tion in both the mature 36-kDa DR5 protein and its 
higher molecular weight glycosylated isoforms. Given 

the necessity of N- and O-glycosylation for DR5’s bio-
logical function, this decline poses significant implica-
tions [102, 103]. Literature suggests DR5 is primarily 
expressed in neuronal cells, less so in oligodendrocytes, 
and not in astrocytes or microglia [104]. In situ hybrid-
ization aligns DR5 expression with neuronal markers 
but not with astrocytic ones (Additional file 1: Fig. S5) 
[99]. Furthermore, the absence of DR5 in GFAP posi-
tive astroglial cells is linked to the expression of BNIP3, a 
transcriptional inhibitor, which mitigates DR5 expression 
and confers resistance to TRAIL in gliomas [105]. Physi-
ologically, TRAIL is expressed as a ∼ 33-kDa membrane-
bound TRAIL (mTRAIL) or 16-22-kDa soluble TRAIL 
(sTRAIL) [106–109]. sTRAIL undergo spontaneous 
homotrimerization with a molecular mass ranging from 
63- to 66-kDa, a notion substantiated by the presence of 
two closely spaced 72- and 77-kDa TRAIL bands in this 
study [107]. This suggests lesser proteolytic cleavage of 
mTRAIL or increased mTRAIL isoform in mouse prion 
disease. Additionally, a 50-kDa TRAIL antibody reactive 
band seen only in prion-diseased mice brains might be 
the mTRAIL. Moreover, the differential ligand prefer-
ences of sTRAIL and mTRAIL for DR4 and DR5 respec-
tively, and their roles in cancer cell proliferation, add 
complexity to the observed changes [29, 110].

These findings, previously unreported in prion dis-
eases suggest possible mechanisms where, (a) increased 
mTRAIL, alongside altered expression of key adaptors 
and signaling molecules, may lead to the demise of DR5-
expressing brain cells such as neurons and oligodendro-
cytes in a FADD dependent manner [111]. (b) Reduced 
DR5 expression in astrocytes and microglia possibly con-
tribute to resistance against increased TRAIL in these 
cells leading to increased astrocytosis and microgliosis in 
prion disease [112].

Fas, a known cell death receptor, predominantly trig-
gers apoptosis through its ligand FasL. Elevation of Fas 
protein in the present RML scrapie-infected C57BL/6 
mice brains potentially linked to the increased mRNA 
levels while differing from other murine scrapie mod-
els [32, 39, 42]. Enhanced levels of Fas protein bands 
(38 to 52-kDa) observed in all prion-diseased mouse 
brain lysates, independent of SDS presence, align with 
those identified in BJAB cells. This increase in molecu-
lar weight is likely due to differential glycosylation at the 
Fas protein’s N-linked glycosylation sites [113]. Treat-
ment with N-ethylamide notably increased glycosyl-
ated Fas isoforms (48-51-kDa) in rat cerebral cortical 
membranes [114] and palmitoylated Fas proteins typi-
cally appear between 45- and 55-kDa [115], resembling 
the 52-kDa band in this study. PNGase F deglycosylation 
indicated that the 52-kDa band is likely palmitoylated, 
consistent with previous findings [115], whereas the 
diminished intensity of the 48-, 42-, and 38-kDa bands 
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post-treatment suggests N-glycosylation. Both modifica-
tions are known to stabilize receptor aggregates initiating 
apoptotic signalling [114, 116]. A 94-kDa band detected 
using a C-terminus specific anti-Fas antibody may rep-
resent C-terminal Fas fragment aggregates, with its 
reduced prevalence in prion-diseased mouse brains indi-
cating suppressed formation of soluble Fas, which typi-
cally inhibits cell death by sequestering FasL [113]. FasL 
is mainly expressed in the liver, heart, thymus, and ovary, 
with minimal expression in the spleen and brain of mice 
[117]. Control mouse brains in this study showed low 
levels of 30- and 48-kDa FasL isoforms, whereas prion-
diseased brains exhibited an additional 37-kDa band. 
Given mouse native FasL’s size is of 31-kDa and poten-
tial for glycosylation, the 30-kDa band is likely unglyco-
sylated, while the 37- and 48-kDa bands are glycosylated 
membrane-bound FasL isoforms [118]. The absence of 
a 26-kDa soluble FasL isoform [118] suggests exclusive 
expression of membrane-bound FasL in prion-diseased 
mouse brains, known for its higher cytotoxicity than its 
soluble counterpart [119, 120].

Notably, all membrane-bound FasL isoforms are more 
prevalent in prion-diseased mouse brains than in con-
trols, contrasting reports of variable FasL expression in 
other prion diseases [41, 42] and suggesting a unique 
pathophysiological mechanism in this mouse prion dis-
ease model. The interaction of Fas with FasL typically 
induces apoptosis via FADD and caspase-8 [28]. Conse-
quently, the increase in membrane-bound and glycosyl-
ated Fas isoforms, coupled with decreased soluble Fas 
levels and elevated membrane-bound FasL isoforms, 
potentially skews cell fate towards apoptosis in this 
mouse prion disease model. Moreover, Fas also incites 
proinflammatory responses and inhibits apoptosis in 
macrophages (microglia in the brain) by engaging RIPK1 
independently of TRADD [23]. The upregulated Fas, 
FasL, and RIPK1, alongside reduced TRADD levels, may 
account for the pronounced microgliosis observed in this 
prion disease mouse model.

Death receptor 6 (DR6), a lesser-explored member of 
the TNFR superfamily, considered as an orphan DR due 
to the lack of a specific ligand [121, 122]. In situ hybrid-
ization analysis of normal C57BL/6J mouse brains reveals 
extensive DR6 expression throughout the brain (Allen 
Brain Mouse Atlas: mouse.brain-map.org/experiment/
show/68,666,535), indicating its potential role in the 
maintenance of mature brain cells rather than serving 
as a death stimulator [99]. The identification of 74- and 
89-kDa DR6 isoforms in SDS-containing brain homog-
enates, alongside a 94-kDa isoform in non-SDS homoge-
nates, points to the existence of distinct glycosylated DR6 
forms. Notably, PNGase F treatment shifts the 94-kDa 
band to 80-kDa, suggesting multiple N-glycosylation of 
the DR6 protein. However, the absence of unglycosylated 

DR6 isoforms (68-72-kDa) and 80-kDa DR6 band follow-
ing PNGase F treatment suggest additional unexplored 
glycosylation modifications, such as O-glycosylation at 
several threonine and serine residues and palmitoylation 
at the cysteine 368 residue [123]. The intensity of the 
94-kDa band in lysates without SDS decreases signifi-
cantly, while the 80-kDa band exhibits a declining trend 
in the terminal phase of prion-diseased mouse brains, 
suggesting a potential impairment in DR6 function, like 
axon pruning and neuronal plasticity rearrangements in 
adult mice brains [124, 125]. Additionally, DR6 is impli-
cated in complex formation with p75NTR, further high-
lighting its multifaceted role in disease pathology [122].

The neurotrophin receptor p75NTR (presented as a 
75-kDa protein) with a variety of neuronal functions 
[126, 127], exhibited its overexpression in prion-dis-
eased mice brain lysates with SDS similar to the earlier 
reports [43, 44, 128, 129]. Moreover, shifting of 75-kDa to 
∼ 73-kDa post PNGase F treatment indicates its N-glyco-
sylation but failure to attend theoretical molecular mass 
(40-kDa) suggests additional and unexamined glycosyl-
ations like palmitoylation [130] and O-glycosylation [131] 
of p75NTR. Invariable expression of tropomyosin-related 
kinase A (TrkA) and sortilin (Additional file 1: Fig. S6), 
the co-receptors of p75NTR for cell survival and death 
respectively, suggest their insignificant role in prion dis-
ease, so also with proNGF/NGF, the genuine ligand of 
p75NTR [132]. On the other hand, p75NTR either indepen-
dently or partnering with DR6 interacts with β-amyloid 
peptides to induce neuronal cell deaths in experimental 
models [122, 133–135]. Similarly, β-sheet rich PrP(106–
126) peptides trigger neuronal damage by interacting 
with p75NTR [129]. Therefore, abundant levels of β-sheet 
rich PrPSc, decreased TRADD and TRAF2 level, and 
increased RIPK1, caspase-8 level along with sustained 
FADD expression might activate p75NTR either indepen-
dently or in complex with DR6 to trigger neuronal dam-
age over neuroprotection, highlighting its multifaceted 
role in pathophysiological mechanism in this mouse 
prion disease model.

Finally, RIPK1, the only adaptor protein that inter-
acts with all DD containing death receptors, and other 
adaptor proteins, TRADD, TRAF2 and FADD making 
its position central to all kinds of death receptor func-
tions [80, 88, 90, 91]. Along with elevated expression of 
its full-length form (75-kDa) as discussed previously, this 
study meticulously examines the proteolysis of RIPK1, 
a potent signature of cell apoptosis. Based on the epit-
ope of the anti-RIPK1 antibody used, a 35-kDa N-ter-
minal fragment (NTF) identified in this study, parallels 
with the 39-kDa C-terminal fragment (CTF) of RIPK1 
from caspase-8 cleavage [136, 137]. Correspondingly, its 
25- and 45-kDa NTFs from this study authenticates the 
30- and 50-kDa CTF of RIPK1 from cathepsins cleavage 
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[138] and its 51-kDa NTF in this study validates the 
25 kDa CTF of RIPK1 from HtrA2/Omi, a serine prote-
ase proteolysis [139]. Proteolysis of RIPK1 either by cas-
pase-8, cathepsins or HtrA2/Omi losses its cell survival 
and necroptosis activity, conversely promote apoptosis 
[136–139]. Increased levels of caspase-8 in this study 
and cathepsins in other experimental prion study [140] 
mirror the augmented presentation of cleaved RIPK1 
fragments, restricted to prion-diseased mice brain eluci-
dating a paradigm shift from cell survival and necroptosis 
to cellular apoptosis.

It is important to acknowledge that, the report 
describes the data obtained from one animal model of 
prion disease with a sample size of three independent 
mice in each group, which limits robust statistical analy-
sis. These limitations warrant future experiments involv-
ing other mouse and prion strains with an increased 
sample size. Additionally, there are several limitations 
to the methodology used in this study. For example, 
whether altered expression of death receptor factors at 
protein level are the consequence of altered gene expres-
sion is not studied in this study. Such RNA experiments 
can be incorporated in future experimental model using 
Q-RT-PCR. Moreover, no functional outcomes were 
measured for neurodegeneration in the current study. 
Therefore, further validation using alternative methods 
and additional prion model systems in future studies to 
solidify the direct association and functional significance 
of these altered death receptor factor proteins is indis-
pensable to elucidate the neuropathological conditions of 
prion disease. Despite these limitations, the results from 
this pioneering research employing a fully penetrant and 
inbreed mouse model of prion disease not only elucidate 
multiple death receptor pathways operating both at pleo-
tropic and polygenic level but also furthers our under-
standing on prion disease related neuropathology.

Conclusions
The study concludes with the analysis of 16 death recep-
tor factors, uncovering critical insights into the neuro-
pathological mechanisms of prion disease, represented 
schematically in Fig. 10 and additional file 3: presentation 
S1. The findings suggest possible inhibition of cell sur-
vival pathways (TNFR1, DR3, DR6, p75NTR, partially DR5 
and Fas) due to marked reduction in TRADD and TRAF2 
expression, the vulnerability of DR3 and DR5 express-
ing cells indicated by TL1A and TRAIL overexpression, 
and steady FADD levels coupled with elevated FasL, 
Fas, TRAIL, and caspase-8 pointing towards apoptotic 
cell demise. Enhanced RIPK1 proteolysis with caspase-8 
cleavage signature confirms apoptosis, while high levels 
of RIPK1 and caspase-8 alongside constant FADD may 
induce apoptosis through Fas, DR5, TNFR1, DR3 and 
p75NTR ligation. Overexpressed TNFR1, Fas, FasL, and 

stable TNFα levels combined with reduced DR5 might 
promote astrocytosis and microgliosis in a TRADD-
independent but RIPK1-dependent manner. Novel glyco-
sylated and oligomeric TNFR1 and FAS isoforms imply 
enhanced ligand binding, and diminished monomeric, 
oligomeric, and glycosylated soluble TNFR1 and Fas iso-
forms indicate impaired cell protection, contributing to 
cell death in prion diseases. Lastly, neurodegeneration in 
prion diseases appears to be driven not by a single death 
receptor pathway but by multifactorial, multi-recep-
tor-mediated cell death processes, as evidenced in this 
mouse model of prion disease. Despite the limitations 
as mentioned earlier, the present study narrates a com-
plex network of death receptors, their ligand and adap-
tor proteins elaborately intertwined into the multifarious 
nature of prion disease neuropathology, thereby laying a 
robust foundation for future explorations into their func-
tional association with prion-induced neurodegeneration 
and potential avenues for targeted therapeutic interven-
tions. Moreover, findings from this research may help 
in designing and developing decoys for TL1A, TRAIL 
and FasL to restore DR3, DR5 and Fas pathways respec-
tively in experimental prion diseases. Similarly restoring 
RIPK1, TRADD and TRAF2 expression would be direct 
clinical implications on prion diseases. Notably, deep 
brain stimulation of cortico-striatal pathway may restore 
motor deficit in prion patients, which would be another 
clinical implication of the data obtained from the present 
mouse model of prion disease.
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Fig. 10  Schematic interpretation of probable mechanisms regulated by major death receptors (DRs) pathways, based on altered expression pattern of 
DRs, their ligands and adaptors in C57BL/6J mouse prion disease. Upon binding to their specific ligands, TNFR1, DR3, DR6, and p75NTR activate primarily 
NFκB, MAPK and JNK-mediated proinflammatory and antiapoptotic pathways by recruiting TRADD-RIPK1-TRAF2 or TRADD-RIPK1 or RIPK1-TRAF2 adaptors 
to form complex-I. Similar complexes can be formed from TRAIL-DR5 ligation. Reduced expression of TRADD and TRAF2 but increased proteolysis of RIPK1 
clearly suggests the inhibition of complex-I and -IIa formation, upon the ligation of these DRs. Thus, increased expression of TNFα, TL1A, PrPSc, full-length 
RIPK1 along with sustained level of FADD clearly suggest the formation of complex-IIb from TNFR1, DR3 and DR6/p75NTR respectively by forming com-
plex with RIPK1-FADD-caspase-8. Ligation of Fas and DR5 by their specific ligands, mediate mainly apoptotic pathway by forming complex with either 
FADD-caspase-8 or RIPK1-FADD-caspase-8. Thus, higher levels of FasL and TRAIL in this study suggest activation of apoptosis. Furthermore, increased 
cleavage of RIPK1 and caspase-3 indicate caspase-8 activation, which are established molecular markers of apoptosis and inhibitors of necroptosis. In-
creased expression of FasL, Fas and RIPK1 suggests proinflammatory and antiapoptotic response from macrophages (microglia in brain). Similar responses 
can be achieved from increased expression of TNFR1, RIPK1 along with sustained levels of TNFα in microglia in a TRADD independent manner. Finally, 
reduced expression of DR5 along with increased expression of TRAIL can be considered as molecular signature of astrocytosis in mouse prion disease. An 
arrow (→ ) represents either increased expression of a DR factor or activation of a specific pathway. A cross road (� ) suggests either reduced expression 
of a DR factor or inhibition of a specific pathway. Any factor without any an arrow or cross-road is considered as static expression in prion disease. Finally, 
the inhibition of a pathway resulting from prion disease is overlayed by a cross in red color (X)
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