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Prion diseases are a class of rare, progressive neurodegenerative disorders caused by the misfolding of the normal prion protein
(PrPC) into the scrapie prion protein (PrPSc). Though not a prevalent disease, studies of prion diseases offer insight into similar
neurological mechanisms that may be present in more common neurodegenerative diseases, namely diseases like Alzheimers
and Parkinsons. This systematic review examined the mechanisms of prion misfolding and analyzed the spread and neurological
symptoms that occur alongside the progression of common prion diseases. Using the PubMed/MEDLINE databases and
filtering for the English language, peer-reviewed studies with publication no longer than 30 years ago were chosen. Studies
were screened using predefined inclusion and exclusion criteria, and additional sources were found through reference lists when
additional information was needed. The analysis of these studies consistently demonstrated the misfolding of prion proteins and
their aggregation, synaptic dysfunction, neuronal loss, and characteristic spongiform degeneration. Overall, this synthesis paper
indicates the rapidly progressive nature of the disease, which leads to neurodegeneration, and offers broader insight into protein
misfolding disorders.
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Introduction

Prion diseases, also known as transmissible spongiform en-
cephalopathies (TSE), are a group of characteristic neurode-
generative diseases characterized by the accumulation of mis-
folded prion protein. These misfolded proteins are resistant to
proteases and are associated with pathological changes in the
nervous system, such as neuronal loss. Prion diseases spread
after having made contact with an infected protein, which con-
tinues in a chain reaction. Prions contain no DNA or RNA,
unlike infectious agents such as viruses or proteins. This con-
cept, along with their method of contagion, extreme stability,
and resistance to denaturation, challenges biological concepts.
Prion diseases are rare in nature, and of them, the most com-
mon is Creutzfeldt-Jakob disease (CJD). Variant CJD, Kuru,
sporadic fatal insomnia, and inherited prion disease are much
rarer. These are all extremely fatal, rapidly progressive neu-
rodegenerative diseases, whose symptoms may take years to
develop. Once symptoms do develop, the disease progresses
quickly and is deadly.

This systematic review aims to synthesize information
about prions and help understand this unique infectious agent.
With the novelty of prions, gaps are prevalent due to relatively
fewer papers being available on this topic, though this may be
explained by the lack of in vivo models for scientific research.
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The rapid progression of prion diseases leaves little opportu-
nity for intervention, which makes studying and assessing the
exact mechanisms of the disease difficult.

The primary objective of this systematic review is to syn-
thesize current knowledge about prion diseases, including
their cellular mechanisms, neuropathology, and progression
of symptoms in major prion diseases, namely Creutzfeldt-
Jakob Disease (CJD), variant CJD (vCJD), Kuru, Gerstmann-
Straussler-Scheinker syndrome (GSS), and Fatal Familial In-
somnia (FFI). In particular, the objective is to provide insight
into the current research on common prion diseases. This in-
cludes studying the various symptoms that may emerge from
the progression of the disease, assessing the relevance of these
symptoms, and assessing the possible implications in more
prevalent diseases.

The scope of this paper is limited due to the scarcity of re-
search on prion diseases, specifically due to their rarity or the
extinction of the disease (which is evident in Kuru disease,
with the last known deaths being in the 2000s). Literature that
is more experimental and theoretical were generally excluded
from the paper, as this review paper aims to synthesize current
knowledge about prion diseases rather than delve into more in-
vestigative aspects of prions. With variations in methodology,
sample populations, and criteria in the papers, more variables
are introduced as well.

This qualitative review was conducted using studies pub-
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lished after 2000 in prominent medical databases, which ad-
dressed neuropathological and clinical features of prion dis-
ease. Relevant articles were found with the use of keywords,
and further searching was done through manually looking
through the reference section to find papers of interest. These
findings were then synthesized in either a sequential or the-
matic manner.

Methods

Studies were included if they were published in peer-reviewed
journals, written in English, and published no longer than 30
years ago. Eligible studies investigated the structure, propa-
gation, cellular mechanisms, neuropathology, or clinical man-
ifestations of misfolded prion proteins and prion diseases. Ex-
perimental studies, observational studies, animal studies, cell
culture studies, and review articles providing relevant evi-
dence were considered. Studies were excluded if they fo-
cused primarily on unrelated neurodegenerative diseases with-
out addressing prion proteins, lacked sufficient methodologi-
cal information or full-text availability, consisted of editorials
or conference abstracts, or represented duplicate publications.
Older studies published more than 30 years ago were gener-
ally excluded unless they provided foundational information
essential to understanding prion biology.

Studies were grouped for qualitative synthesis into five the-
matic categories: normal prion protein structure and conver-
sion to PrPSc, propagation and spread of pathogenic prions,
cellular and molecular mechanisms of neuronal damage, neu-
ropathological effects in different brain regions specific to
sCJD, vCJD, Kuru, FFI, and GSS, and clinical manifestations
and disease-specific characteristics of sCJD, vCJD, Kuru, FFI,
and GSS.

Studies were identified through searches of
PubMed/Medline. Additional studies were identified
through manual screening of reference lists of relevant
articles and reviews. Sources were searched starting from
November 11th, 2025, and exact dates of searches cannot be
reported.

Searches were performed using combinations of terms
including “prion protein”, “PrPSc”, “prion disease”,
“Gerstmann-Straussler-Scheinker syndrome”, “protein
misfolding”, “seeding”, “cross-seeding”, “proteostasis”,
neuroautophagy”, “mitochondrial dysfunction”, “neuroin-
flammation”, and “neurodegeneration”. Searches were
limited to English-language articles published 30 years ago
or more recent. Relevant references in retrieved articles were
examined to identify relevant information and additional
studies.

Titles and abstracts retrieved from the search were screened
for relevance, followed by full-text evaluations of eligible ar-
ticles. Screening and study selection were performed by the

singular author, and no automation tools were used. Studies
were included if they met the predefined eligibility criteria and
contributed information relevant to the mechanisms or patho-
logical effects of misfolded prion proteins.

Data extraction was performed by a single reviewer. Infor-
mation was collected directly from full-text articles, and no
contact with study investigators or automation tools was used
during data collection.

Primary outcomes of interest included mechanisms of prion
misfolding and propagation, cellular and molecular mecha-
nisms of neuronal injury, neuropathological changes, and clin-
ical manifestations of prion diseases. Information regarding
all relevant findings was considered. Additional variables ex-
tracted included disease subtype, study model (human, animal
or cell culture), affected brain regions, pathological features,
molecular pathways involved, and publication characteristics.

Because the review was qualitative and no meta-analysis
was performed, standardized effect measures such as risk ra-
tios or mean differences were not used. Findings were synthe-
sized descriptively.

Studies were assigned thematically according to their prin-
cipal focus and research objectives. Data were organised
according to their principal focus and research objectives.
Data are according to disease mechanisms, neuropathologi-
cal changes, and clinical manifestations, and organized into
different diseases if needed.

Information extracted from studies was summarized and
organized into tables and subsections to display comparison
among studies and diseases.

A qualitative narrative synthesis approach was selected be-
cause of the heterogeneity of study designs, experimental
models, and outcomes. Statistical pooling and meta-analysis
were not performed.

Potential sources of heterogeneity among studies, includ-
ing differences in disease subtype, experimental model, and
pathological pathways investigated, were considered qualita-
tively.

No sensitivity analyses were performed because quantita-
tive synthesis was not undertaken.

Formal assessment of reporting bias was not conducted be-
cause quantitative synthesis was not performed.

Formal assessment of certainty of evidence using frame-
works such as GRADE was not conducted. Findings should
therefore be interpreted in the context of differences in study
design, model systems, and available evidence.

The Normal Prion Protein [PrPC]: Structure and Function

The normal prion protein is a cell-surface protein anchored
to the plasma membrane1. Its secondary structure consists of
∼42% alpha-helix and ∼3% beta sheet, a key distinction from
its misfolded variant, which consists of ∼30% alpha-helix and
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Table 1 Summary of the major human prion diseases, highlighting their origin, characteristic clinical manifestations, primary brain regions
affected, and key pathological features.

Disease Origin Typical Clinical Pre-
sentation

Primary Brain Re-
gion(s) Affected

Key Pathological
Features

CJD Sporadic Rapid dementia, my-
oclonus

Cerebrum, thalamus Rapid progression

vCJD Acquired from expo-
sure to BSE

Psychiatric symptoms,
sensory disturbances

Thalamus, cerebrum,
cerebellum

Florid plaques

Kuru Acquired through rit-
ual cannibalism

Ataxia, tremor Cerebellum Purkinje cell de-
generation

GSS Inherited PRNP muta-
tion

Progressive ataxia Cerebellum, cerebral
cortex

Extensive amyloid
plaques

FFI Inherited PRNP muta-
tion

Insomnia, autonomic
dysfunction

Thalamus, hypotha-
lamus

Selective thalamic
degeneration

∼43% of beta-sheet2. Although the physiological functions
remain debated, it is thought to contribute to copper home-
ostasis, signal transduction, and neuroprotection,3–5. PrPC is
highly expressed in neurons and glial cells, but is also found
in immune cells, epithelial cells, and endothelial cells6. When
PrPC misfolds into its toxic isoform PrPSc, these functions are
severely disrupted. Because of PrPSc’s self-propagating na-
ture, even a single misfolded protein can trigger widespread
impairment of normal cellular processes. The accumulation
of PrPSc is neurotoxic, leading to spongiform brain damage
and neuronal apoptosis. Clinically, patients with prion dis-
ease have been observed to have symptoms such as dementia
and ataxia, before their death, typically occurring within six
months to five years from when the first symptoms arise7.

Mechanisms of Misfolding

The formation of the infectious prion protein (PrPSc) features
a transition from alpha-helices to beta sheets and appears to be
the fundamental event underlying prion infection. PrPSc con-
tains a beta-sheet secondary structure, which is the reason why
chain aggregation occurs in prion disease. The nature of beta-
pleated sheets creates intramolecular interactions between the
hydrogen bonds on the edge of the sheets that contribute to
infectious prions’ aggregation8. If PrPSc consisted of alpha-
helices, the aggregation would not occur at such a large scale
due to the inherent shape and behavior of alpha helices. In
CJD, the initial misfolding occurs sporadically.

When initially propagated, the infectious prion protein acts
as a template that will be copied to other prion proteins. PrP
amyloids have been observed to adopt secondary structures
and morphologies, and this cross–seeding may overcome the
inherent structural preferences of a new species. Due to this
mechanism, vCJD can be transmitted between species9, as
seen in cases of humans contracting bovine spongiform en-

cephalopathy, a disease originally found in cows, though vari-
ant CJD (vCJD) makes up less than 1% of cases of prion dis-
ease.

In contrast to sporadic transmission or cross-species seed-
ing, Kuru is a human-derived prion disease. Kuru is an ac-
quired prion disease that develops following the ingestion of
neural tissue containing infectious prion protein (PrPSc), his-
torically occurring through ritualistic endocannibalism among
the Fore people of Papua New Guinea10. Following this ini-
tial propagation of Kuru, the disease spreads similarly to that
of CJD and vCJD. Additionally, because the infectious prions
originate from another human, there is no substantial species
barrier to impede the interaction between PrPSc and host PrPC,
allowing efficient propagation of the pathogenic conforma-
tion11.

Gerstmann-Straussler-Scheinker syndrome (GSS), in con-
trast, is an inherited prion disease, caused by mutations in
the PRNP gene. Of these, the most common mutation is the
P102L mutation, which increases the chances of PrPC to adopt
its misfolded variant12. Though the misfolding mechanisms
stay relatively the same in GSS, GSS differs on a mechanical
level from CJD, as it is the mutation itself that destabilizes the
normal prion protein and facilitates the spontaneous misfold-
ing13.

Similar to GSS, Fatal familial insomnia (FFI) is also an in-
herited prion disease caused by a mutation in the PRNP gene.
FFI is commonly a result of the D178N mutation. This al-
ters the stability of the normal prion protein and increases its
tendency to misfold14. Once formed, FFI also followed the
characteristic misfolding mechanisms shared throughout prion
diseases, yet they concentrate in different brain regions, hence
causing different neuronal degeneration.

These misfolded proteins tend to group to form plaques.
The infectious protein aggregates by inducing a change in the
native protein and is spread within the nervous system after
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an initial misfolding event15. Additionally, PrPC may act as
a receptor for several toxic protein aggregates, like the amy-
loid beta protein16. Researchers have found that proteasome
activity is inhibited in prion diseases. PrPSc tends to influence
the activity of regulator particles used in proteasomes, which
adversely affects degradation and leads to the characteristic
accumulation in prion disease17.

Prions travel through the nervous system in several ways,
and it is essential to understand the mechanisms by which they
move, both intracellularly and intercellularly. When a prion
travels intracellularly, it does so by axonal transport, which
involves molecular motors kinesin and dynein. Axonal trans-
port diverges by transport type depending on what is being car-
ried. Fast transport, which moves organelles and vesicles with
neurotransmitters, can travel at a maximum of 400 mm/day.
The exact speed of prion spread is still unknown, but re-
searchers assume that prions undergo slow transport, which
moves at a maximum of 8 mm/day and is consistent with prion
spread rates. These infected prions then spread intercellularly
along defined neural pathways18. Several mechanisms have
been proposed by which prions travel between neurons: di-
rect cell-to-cell contact, tunneling nanotubes, and exosomes.
Tunneling nanotubes (TnTs) are a relatively new concept, and
are membrane-bound tubular passageways that form between
cells. TnTs are used to transport membrane-bound vesicles
and organelles, and PrP moves between these cells on these
vesicles. Their conversion into PrPSc does not impact this,
and even after infection, PrPSc in vesicles can travel intracel-
lularly. This is a potential mechanism by which the misfolded
proteins are transported from dendritic cells to peripheral neu-
rons, leading to the neuroinvasion observed in prion diseases.
Prion proteins are also highly expressed on exosomes, extra-
cellular vesicles that carry proteins, nucleic acids, and lipids.
The exosomal dissemination leads to the efficient spread of
PrPSc, primarily within the central nervous system and the
lymphoid and reticular systems19.

In contrast to sporadic transmission or cross-species seed-
ing, Kuru is a human-derived prion disease. Kuru is an ac-
quired prion disease that develops following the ingestion of
neural tissue containing infectious prion protein (PrPSc), his-
torically occurring through ritualistic endocannibalism among
the Fore people of Papua New Guinea10. Following this ini-
tial propagation of Kuru, the disease spreads similarly to that
of CJD and vCJD. Additionally, because the infectious prions
originate from another human, there is no substantial species
barrier to impede the interaction between PrPSc and host PrPC,
allowing efficient propagation of the pathogenic conforma-
tion11.

Gerstmann-Straussler-Scheinker syndrome (GSS), in con-
trast, is an inherited prion disease, caused by mutations in
the PRNP gene. Of these, the most common mutation is the
P102L mutation, which increases the chances of PrPC to adopt

its misfolded variant12. Though the misfolding mechanisms
stay relatively the same in GSS, GSS differs on a mechanical
level from CJD, as it is the mutation itself that destabilizes the
normal prion protein and facilitates the spontaneous misfold-
ing13.

Similar to GSS, Fatal familial insomnia (FFI) is also an in-
herited prion disease caused by a mutation in the PRNP gene.
FFI is commonly a result of the D178N mutation. This al-
ters the stability of the normal prion protein and increases its
tendency to misfold14. Once formed, FFI also followed the
characteristic misfolding mechanisms shared throughout prion
diseases, yet they concentrate in different brain regions, hence
causing different neuronal degeneration.

These misfolded proteins tend to group to form plaques.
The infectious protein aggregates by inducing a change in the
native protein and is spread within the nervous system after
an initial misfolding event15. Additionally, PrPC may act as
a receptor for several toxic protein aggregates, like the amy-
loid beta protein16. Researchers have found that proteasome
activity is inhibited in prion diseases. PrPSc tends to influence
the activity of regulator particles used in proteasomes, which
adversely affects degradation and leads to the characteristic
accumulation in prion disease17.

Prions travel through the nervous system in several ways,
and it is essential to understand the mechanisms by which they
move, both intracellularly and intercellularly. When a prion
travels intracellularly, it does so by axonal transport, which
involves molecular motors kinesin and dynein. Axonal trans-
port diverges by transport type depending on what is being car-
ried. Fast transport, which moves organelles and vesicles with
neurotransmitters, can travel at a maximum of 400 mm/day.
The exact speed of prion spread is still unknown, but re-
searchers assume that prions undergo slow transport, which
moves at a maximum of 8 mm/day and is consistent with prion
spread rates. These infected prions then spread intercellularly
along defined neural pathways18. Several mechanisms have
been proposed by which prions travel between neurons: di-
rect cell-to-cell contact, tunneling nanotubes, and exosomes.
Tunneling nanotubes (TnTs) are a relatively new concept, and
are membrane-bound tubular passageways that form between
cells. TnTs are used to transport membrane-bound vesicles
and organelles, and PrP moves between these cells on these
vesicles. Their conversion into PrPSc does not impact this,
and even after infection, PrPSc in vesicles can travel intracel-
lularly. This is a potential mechanism by which the misfolded
proteins are transported from dendritic cells to peripheral neu-
rons, leading to the neuroinvasion observed in prion diseases.
Prion proteins are also highly expressed on exosomes, extra-
cellular vesicles that carry proteins, nucleic acids, and lipids.
The exosomal dissemination leads to the efficient spread of
PrPSc, primarily within the central nervous system and the
lymphoid and reticular systems19.
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Prion diseases are characterized by the transition of an
alpha-helical normal prion protein into the beta-sheet rich
prion scrapie protein. The scrapie variant promotes ag-
gregation through intramolecular hydrogen bonds and self-
propagating misfolding. Due to this shift in the secondary
structure of the proteins, stability and solubility is also al-
tered, which enables the protease-resistant amyloids which ac-
cumulate in the neural tissue. The seeding of an initial mis-
folded prion seed can be established in several ways, whether
through spontaneous misfolding, cross-species exposure, hu-
man to human transmission, or mutations in the normal prion
protein gene expression. Propagation occurs when the mis-
folding variant induces a conformational conversion into sur-
rounding normal prion proteins, which then evolves into an
exponential growth which is characteristic for prion diseases.
Depending on the strain, seeding efficiency and kinetics vary,
which influence the interspecies transmission and aggregation
rates. Though the initial propagating events vary from disease,
prion diseases generally consist of characteristic misfolding,
proteostasis impairment and proteasome dysfunction, and the
disruption of cellular pathways. PrPSc spreads through the
nervous system through neuroanatomical routes via slow ax-
onal transport and mechanisms such as direct membrane con-
tact, tunneling nanotubes, and vesicular transportation. These
transports spread the misfolded prion protein, ultimately lead-
ing to region specific degeneration, specifically synaptic fail-
ure, gliosis, and the characteristic spongiform pathology ob-
served across prion diseases.

Cellular and Molecular Mechanisms of Neuronal Damage

Many of the symptoms displayed in prion disease result from
synaptic dysfunction that precedes neuron loss. Early synaptic
pathology, such as the loss of dendritic spines, occurs before
neuronal death. In prion-infected mice, behavioral changes
occur long before the onset of motor and neurodegenerative
symptoms, hallmarks of prion disease. Rather than a loss of
neurons, this likely reflects synaptic dysfunction in the limbic
regions. Additionally, prion-infected mice exhibited a reduc-
tion in synaptic responses, reflecting impaired presynaptic ax-
onal function. Despite impaired synaptic functions, synaptic
plasticity remains present, suggesting that while molecularly
the plasticity survives, synaptic integration is diminished as
fewer synapses remain functional20.

Neurons depend on tightly regulated systems to maintain
proteostasis. These systems include chaperones, the ubiquitin
proteasome system (UPS), and autophagy/lysosomes. These
systems become impaired in prion disease. When the mis-
folded proteins overload these pathways, the UPS cannot pro-
cess ubiquitinated PrP, and this causes the autophagosomes
and lysosomes to either become enlarged, filled with unde-
graded material, or fail to acidify properly. This overload

leads to a cycle: impaired degradation accelerates the buildup
of misfolded and ubiquitinated proteins, stressing the path-
ways21. It is implied that impaired protein homeostasis is a
major cause of toxicity in prion diseases22.

Mitochondria undergo fission and fusion to maintain home-
ostasis, particularly in neurons, which are high-energy-
demanding. Prion diseases cause several morphological ab-
normalities. Upregulated fusion proteins in certain brain
regions and abnormal expression of fission proteins cause
mitochondria in prion-infected neurons to become enlarged,
swollen, or degenerated. This causes a decrease in mitochon-
drial membrane potential, ATP production, and the ATP/ADP
ratio, as well as elevated calcium levels. These mitochondrial
defects trigger apoptosis23.

Prion-infected cells undergo apoptosis after mild inhibition
of the proteasome and the formation of prion aggresomes.
Cells infected with prion disease exhibit apoptotic character-
istics when there is a mild inhibition of the proteasome. Cells
that overexpressed PrPC developed cytosolic PrPC aggrega-
tion; however, this aggregation did not lead to cell death, high-
lighting a crucial difference between the two protein forms.
The formation of PrPSc aggresomes is closely linked to the ac-
tivation of specific caspases, namely caspase 3 and caspase 8,
ultimately leading to the apoptosis observed in prion-infected
cells24.

PrPSc replication may be facilitated because it elicits little
adaptive immune response- likely because the immune sys-
tem is unable to distinguish between PrPSc and PrPC, which is
already present in the host25. This absence of a specific im-
mune response may be due to the lack of particular T-cell help,
due to immunological tolerance towards prion proteins. It is
important to note that PrPSc elicits neither a humoral nor a cel-
lular immune response. These seem to help the propagation of
prions26. as they are involved in the peripheral replication of
the agent and its access to the central nervous system25.

Prion Disease Brain Pathology

Although brain alteration in prion disease is characterized by
spongiform degeneration, the formation of vacuoles in the
gray matter, little is known about its origin and its relationship
to other abnormalities observed in prion diseases. Spongi-
form degeneration consists of clustered, round vacuoles in the
neuropil, cerebellar cortex, or subcortical gray matter. These
vacuoles can either be diffuse or focally clustered and have
the potential to become confluent. The indicated degeneration
starts in the cisternae of the ER, as well as the astrocytic and
presynaptic axodendritic and axosomatic processes. Spongio-
sis may also be the result of abnormal membrane permeability
and increased neuronal processes, chronic ER stress, the ac-
cumulation of PrPSc in the lysosome, or autophagy, though
these causes are debated. Autophagolysosomes form au-
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tophagic vacuoles, which are present in TSE samples. Based
on their presence, researchers have proposed that autophagy
may cause the spongiform changes visible in TSE27. Accord-
ing to a 2021 study, the loss of PIKfyve during prion disease
may also contribute to spongiosis. PIKfyve, a phosphoinosi-
tide kinase, is a mediator of vacuolation, and their depletion
emerges to be a cause of vacuolation. Correspondingly, PIK-
fyve is depleted in prion infections28. The figure below de-
picts the main affected regions in prion diseases.

Neuronal loss in CJD primarily occurs in four main regions
of the brain: the thalamus, brainstem, cerebrum, and cerebel-
lum. The thalamus is a major site of damage, but not all of
the thalamic regions degenerate in the same way. The poste-
rior thalamic nuclei show significant neuron loss; however, the
ventral posterior thalamus shows less neuron loss and severe
synaptic loss. These differences occur, despite prion protein
deposits and microglial activation being similar throughout
thalamic regions, suggesting that additional factors contribute
to determining the extent of degeneration caused by prion
disease. This degeneration extends to the brainstem, where
the principal trigeminal nuclei lose neurons and synapses, as
do the gracile and cuneate nuclei, which project to the ven-
tral posterior thalamus. Additionally, there is clear axonal
damage in the medial lemniscus, a major pathway connecting
the brainstem and thalamus, indicating disrupted communica-
tion29.

As seen in a 2012 study, cerebral white matter integrity
seems to be inversely proportional to the growth of early prion
disease. Indicated by fractional anisotropy, which measures
the integrity of white matter through water permeability, FA
deficits are proportional to the duration of the disease. This
suggests elevated permeability of axonal membranes. Many
of the CJD symptoms, like behavioural changes and dementia,
may be caused by functional dysconnection syndrome caused
by progressive leukoencephalopathy30.

Prion disease also contributes to neuronal loss in the cere-
bellum. In the cerebellum, neuronal loss is closely linked
to early and prominent synaptic pathology, rather than early-
onset neuronal degeneration. PrPSc prefers to deposit at
synapses, which causes the characteristic synaptic pathology.
These deposits primarily affect cerebellar glomerular synapses
and parallel fiber presynaptic terminals on Purkinje cell den-
drites. Along with synaptic degeneration, there is also a re-
duction in the expression of key proteins involved in neuro-
transmission, and exocytosis is observed (e.g., synaptophysin,
synapsin, and SNAP-25). Purkinje cells also display accumu-
lation of synaptic proteins within the soma and axonal torpe-
dos, which indicates impaired axonal transport. These synap-
tic and axonal disturbances precede and likely drive Purkinje
cell dysfunction and eventual neuronal loss31.

Astrocytes play an important role in prion disease and ex-
hibit both neuroprotective and neurodegenerative functions.

Astrocytes may accumulate PrPSc and propagate prions within
the brain, while astrogliosis is a consistent hallmark of dis-
ease pathology. Evidence suggests that astrocyte activation
occurs early in disease progression and is triggered, at least
in part, by PrPSc accumulation. However, interactions with
activated microglia strongly influence astrocyte behavior and
determine whether they adopt protective or neurotoxic pheno-
types. Microglial cytokines can induce reactive astrocytes that
promote synaptic dysfunction and neuronal injury, contribut-
ing to disease progression32,33. Astrocyte signaling pathways
also contribute to neurodegeneration. Activation of the un-
folded protein response through p-PERK signaling promotes
a reactive astrocyte state associated with neuronal damage.
In contrast, inhibition of this pathway reduces neuropathol-
ogy and prolongs survival in experimental models34. Consis-
tent with these findings, excessive ER stress and prolonged
unfolded protein response signaling have been implicated in
promoting prion conversion and accelerating neurodegenera-
tion35.

In vCJD, primary sites of damage consist of the thalamus,
cerebrum, and cerebellum. The thalamus is one of the more
severely affected regions in vCJD. In neuropathological ex-
aminations, clear neuronal loss and gliosis are evident, partic-
ularly in the posterior thalamic nuclei. Some cases demon-
strate almost complete neuronal loss in the pulvinar nucleus,
which is often accompanied by astrocytosis. Such is seen
in the anterior thalamus as well, but spongiform degenera-
tion is uncommon in posterior thalamic nuclei. The cerebel-
lum also exhibits extensive prion protein deposition and for-
mation of plaques in vCJD. Immunohistochemical studies re-
veal numerous florid plaques throughout the cerebellar cortex,
and additionally, smaller cluster plaques are present within
the neuropil. These cluster plaques often occur in irregular
groups that aren’t visible with routine staining procedures. A
widespread pericellular distribution of PrPSc surrounding neu-
rons and astrocytes is also observed. Additionally, the effects
of vCJD are prominent in the cerebrum as well, which demon-
strates widespread pathological accumulation of PrPSc. Florid
plaques are distributed throughout the cerebral cortex and are
accompanied by numerous smaller cluster plaques that perme-
ate the cortical neuropil. Through immunocytochemical anal-
yses, it is also observed that these cluster plaques are present
even in biopsy specimens. Additionally, the cerebrum con-
tains abnormal PrPSc deposition in pericellular and perivascu-
lar patterns, which surround neuronal and astrocytic cell bod-
ies. This widespread accumulation of misfolded prion proteins
through the cerebrum contribute to the characteristic neuro-
logical deficits and cognitive impairment of vCJD36.

Neuronal pathology mainly impacts the cerebellum in Kuru
disease. Although few examinations of kuru-infected brains
have been conducted in history, the brains analyzed after
the eradication of kuru showed few characteristic changes in
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Figure. 1 The conversion of alpha-helix PrPC. into beta-sheet PrPSc, causing prion disease. Below are tissue samples that detail characteristic
signs of prion disease, such as synaptic and dendritic loss, spongiform degeneration, brain inflammation, and finally neuronal death27.

the cerebellum. Kuru brains were described to have torpedo
formation- a characteristic, spindle-shaped swelling on the
proximal portion of the axons of the Purkinje cells. Addition-
ally, empty baskets in the cerebellum mark the sites of degen-
erated Purkinje cells; as the Purkinje cells would degenerate,
they left the basket cells, inhibitory interneurons which wrap
around Purkinje cells, to wrap around nothing. These indi-
cate the locations where Purkinje cell degeneration primarily
occurred. Additionally, kuru brains exhibited proliferation of
Bergmann glia, which links to Purkinje cell degeneration, and
the characteristic ataxia in Kuru disease37. In comparison to
vCJD, Kuru had less concentration of PrPSc in all brain re-
gions, save for the cerebellar granular level, further suggest-
ing that the primary brain degeneration in Kuru occurs in the
cerebellum38.

Neurological degeneration in FFI is primarily centered
around the thalamus and extends to the hypothalamus. The
thalamus is the principal site of neuropathological damage in
FFI, with studies demonstrating severe neuronal loss in tha-
lamic nuclei, accompanied by involvement of the caudate nu-
cleus, cingulate gyrus, and frontotemporal cortices. In the tha-
lamus, the most prominent degeneration is localized in the an-
teroventral and mediodorsal thalamic nuclei, and connects ex-
tensively with the cortical and hypothalamic structures. This
thalamic atrophy is linked with the hallmark symptoms of FFI,
causing hypovigilance, attentional deficits, autonomic dys-
function, and the inability to generate EEG patterns. Further
images demonstrate profound thalamic hypometabolism and
atrophy, which support the role of the thalamus in the gener-

ation of slow-wave sleep (SWS) and sleep spindles. The de-
struction of these thalamic nuclei underlies the insomnia and
circadian disturbances common in FFI. Degeneration also ex-
tends to the hypothalamus, but appears to be less extensive and
severe than thalamic involvement in FFI. Moderate astroglio-
sis is common, yet significant accompanying neuronal loss is
not present. Though hypothalamic neurons are relatively pre-
served, dysfunction within hypothalamic networks likely con-
tributes to the autonomic and endocrine abnormalities seen in
FFI, including hyperactivity and circadian hormonal oscilla-
tions39.

In GSS, neuropathology is most severe around the cerebel-
lum and extends towards the cerebral cortex. Studies show
that the cerebellum exhibits the most extensive amyloid de-
position and tissue atrophy, which is associated with the loss
of Purkinje cells and granule cells. This impacts motor co-
ordination and balance. In some mutations, amyloid accu-
mulations start before the associated symptoms and precedes
visible neuronal loss. This demonstrates that amyloid deposi-
tion and buildup is likely a precursor to neurodegeneration and
ataxia in the cerebellum. With more late stage GSS, the neu-
ropathology spreads to surrounding brain regions, specifically
the cerebral cortex, another site of widespread degeneration.
Severe neuronal loss, which varies among the different GSS
mutations and phenotypes, is likely the cause of the progres-
sive cognitive decline associated with GSS. More advanced
stages of disease are characterized by the destruction of cor-
tical neurons. The degeneration in the cerebral cortex helps
differentiate late stage GSS from early disease pathology40.
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Although the neuropathological symptoms differ from
prion disease, their aggregation and kinetics generally adhere
to certain common mechanisms. Central events that occur
across all forms of the disease include the accumulation of
the misfolded prion variant, which initiates synaptic dysfunc-
tion, neuronal loss, and gliosis. What differs between the dis-
eases is where the neurodegeneration is concentrated. In both
sporadic and variant CJD, the neurodegeneration is concen-
trated around the thalamus, cerebrum, and cerebellum, which
results in cognitive decline and neurological dysfunction. In
contrast, Kuru and GSS target the cerebellum, with Purkinje
cell degeneration, synaptic abnormalities, and cerebellar at-
rophy contributing to characteristic ataxia and motor impair-
ment. FFI differs, with the neurodegeneration concentrating
around the thalamus, where thalamic nuclei degenerate, result-
ing in disruptions in sleep regulation and autonomic control
that are associated with the disease. Despite the differences
in the targeted brain structures, prion diseases consist of a few
key features, including PrPSc accumulation, gliosis, synaptic
degeneration, neuronal loss, and spongiform degeneration.

Progression of Neurological Symptoms

External symptoms in prion diseases, such as CJD, typically
appear in three distinct stages, which differ and reflect the
rapid progression of prion diseases in organisms. Onset symp-
toms are generally mild, which is why most patients afflicted
with CJD or other prion diseases seek medical advice when
cognitive functions start to decline, an intermediate symptom
of the disease. With synaptic loss and dysfunction emerging
as one of the earliest pathological events that correlate with
preclinical changes, their diminished transmission in key lim-
bic regions leads to reduced plasticity and loss of synapses,
preceding neuron loss and overt clinical decline. Correspond-
ing with early synaptic degeneration and the respective deficits
in transmission in the hypothalamus, endocrine-related abnor-
malities, including disrupted sleep-wake cycles, increased ag-
gression, and increased intake of fluid and glucose in exper-
imental mouse models41. These early synaptic changes are
also associated with subtle cognitive changes, including diffi-
culties in judgment, thinking, and memory formation. These
symptoms are recognized before advanced dementia develops
in human patients. Alongside cognitive alterations, the im-
pairment of neural circuits also impacts motor-related brain
regions. It contributes to coordination issues, like an unsteady
gait and loss of balance, which are among the early symptoms
in conditions like CJD42.

Following these onset symptoms, intermediate symptoms
emerge as neurons begin to die, following the characteristic
pattern of degeneration in prion disease, in which neuronal
apoptosis occurs secondary to synaptic degeneration. During
this intermediate stage, as widespread neuronal death accel-

erates, symptoms become dominated by rapidly progressive
cognitive deterioration and neurological deficits, distinguish-
ing this stage from the onset of symptoms. A key symptom
in the intermediate stage of prion diseases is a rapid decline in
cognitive function, specifically dementia with profound mem-
ory loss, disorientation, and impaired functioning that can un-
fold over a period ranging from several weeks to a few months.
Alongside cognitive decline, patients also exhibit motor dys-
function, including ataxia, gait instability, and myoclonus, in-
dicating advanced neuronal degeneration43. During this stage,
visual disturbances are also frequently reported, consisting
mainly of loss of visual acuity, micropsia, macropsia, meta-
morphopsia, palinopsia, and dyschromatopsia44. Prion dis-
ease symptoms also extend to psychological and personality
changes, with frequently reported anxiety, depression, psy-
chosis, and sleep disturbances. These become more apparent
as the disease disrupts neurological function, contributing fur-
ther to functional decline45.

With the rapid progression of prion disease, late-stage
symptoms begin to appear within a few months of onset. Dur-
ing this stage, patients typically experience severe mental im-
pairment and lose the ability to move or speak46. Patients with
late-stage prion disease require external assistance and are un-
able to live independently. They may experience urinary in-
continence, progressive immobility47, unresponsiveness, agi-
tation, and myoclonus. This eventually develops into akinetic
mutism, in which the patient is unable to move or speak de-
spite retaining some awareness of their surroundings48. Dur-
ing akinetic mutism, patients may remain responsive to exter-
nal stimuli such as sound or touch but are unable to respond
except through eye movements47. Additional complications
during the late stage of prion diseases may result from inter-
current infections or other medical conditions, including dys-
phagia, cardiac complications, respiratory failure, or pneumo-
nia49. These complications commonly contribute to death in
patients with CJD, often during a comatose state. Prion dis-
eases are invariably fatal, and patients with CJD typically die
within one year of diagnosis.

The early phase of vCJD is dominated by psychiatric and
behavioural symptoms. In retrospective reviews, depres-
sion, anxiety, social withdrawal, irritability, insomnia, and be-
havioural changes were common manifestations. These symp-
toms often preceded neurological signs by several months50.
Painful sensory symptoms and dysesthesia are also early fea-
tures and are more common in vCJD than in sporadic CJD51.
Memory impairment and subtle gait instability may begin dur-
ing this stage, although psychiatric symptoms are generally
more prominent. Gait impairment becomes more severe dur-
ing later stages50.

As the disease progresses, neurological dysfunction be-
comes increasingly prominent. Progressive cerebellar ataxia,
gait disturbances, dysarthria, involuntary movements, and
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Table 2 Summary of the primary brain regions affected and the characteristic pathological features of the major human prion diseases.

Disease Primary Brain Region(s) Affected Key Pathological Features
CJD Cerebrum, thalamus Spongiosis, synaptic loss, axonal degeneration, gliosis
vCJD Thalamus, cerebrum, cerebellum Florid plaques, PrPSc deposition, gliosis
Kuru Cerebellum Purkinje cell loss, torpedoes, Bergmann gliosis
GSS Cerebellum, cerebral cortex Amyloid plaques, Purkinje cell loss, cortical degeneration
FFI Thalamus, hypothalamus Selective thalamic neuronal loss, astrogliosis

cognitive decline emerge in most patients51. Myoclonus,
choreiform movements, dystonia, and progressive executive
dysfunction accompany disease progression as pathological
involvement spreads50. Psychiatric symptoms that began dur-
ing the early stages frequently persist and may increase in
severity, with dementia and motor impairment developing in
some patients51.

Late-stage vCJD is characterized by severe dementia, pro-
found motor disability, mutism, and complete dependence on
caregivers51. Patients frequently become bedridden and de-
velop severe dysphagia, marked myoclonus, and extensive
neurological impairment preceding death50. Compared with
sporadic CJD, vCJD generally has a more prolonged course,
with an average duration of approximately 13–14 months from
disease onset51.

The earliest stage of kuru is dominated by cerebellar dys-
function. Patients develop gait instability, truncal ataxia, in-
tention tremor, impaired coordination, and dysarthria while
remaining ambulatory52. Fine motor control progressively de-
teriorates, and tremors become increasingly evident as the dis-
ease advances. During the early stages, cognitive function is
generally preserved.

As the disease progresses, patients become unable to walk
without assistance and enter a more sedentary state52. Severe
cerebellar ataxia, tremors, dysarthria, and postural instability
develop, while emotional lability and episodes of inappropri-
ate laughter become increasingly common10,52.

The terminal stage is marked by complete loss of indepen-
dent movement, severe dysphagia, inability to sit upright, uri-
nary and fecal incontinence, and profound dysarthria52. Pa-
tients become bedridden and eventually lose the ability to
swallow or communicate10. Death usually results from as-
piration pneumonia, malnutrition, or secondary infection52.

The earliest manifestations of Gerstmann–Sträussler–
Scheinker syndrome (GSS) are predominantly cerebellar in
nature. Patients commonly present with mild gait disturbance,
truncal ataxia, dysesthesia, hyporeflexia of the lower extrem-
ities, and proximal leg weakness53. Dysarthria is also fre-
quently observed early in the disease course, whereas demen-
tia is generally absent or minimal during this stage53. Because
neuroimaging findings may initially appear normal, diagnosis

can be challenging despite the presence of progressive neuro-
logical symptoms53.

As the disease progresses, cerebellar dysfunction becomes
increasingly disabling. Gait instability worsens, and patients
develop more severe ataxia, impaired coordination, and pro-
gressive speech impairment53,54. Motor deficits become more
pronounced, leading to increasing difficulty with independent
ambulation and daily activities. Psychiatric symptoms may
also emerge during this stage, although cerebellar signs re-
main the dominant clinical feature.

In advanced GSS, progressive neurological decline leads
to severe disability and dependence on caregivers. Patients
may lose independent mobility because of worsening cerebel-
lar ataxia and motor impairment54. Cognitive and psychiatric
symptoms can become more apparent as the disease advances,
although cerebellar dysfunction remains the most prominent
clinical feature throughout the disease course54. In the fam-
ily studied, affected individuals experienced progressive neu-
rological deterioration and survived approximately 4–6 years
after symptom onset54.

The earliest stage of Fatal Familial Insomnia (FFI) is char-
acterized by progressive disruption of normal sleep resulting
from degeneration of thalamic nuclei involved in sleep reg-
ulation. Patients initially experience difficulty falling asleep,
fragmented sleep, vivid dreams, and increasingly severe in-
somnia55. Anxiety, panic attacks, mood disturbances, and
autonomic dysfunction, including tachycardia, hypertension,
hyperhidrosis, and weight loss, commonly emerge during this
phase12,55. Mild cognitive impairment may also develop as
sleep deprivation worsens.

As insomnia becomes more severe, patients develop pro-
gressive cognitive decline, memory impairment, attention
deficits, hallucinations, and confusion55. Autonomic distur-
bances continue to worsen, while neurological abnormalities
such as ataxia, dysarthria, myoclonus, and impaired coordi-
nation become increasingly evident12. Sleep architecture be-
comes profoundly disrupted, with marked reductions in slow-
wave and rapid eye movement sleep contributing to worsening
neurological dysfunction55.

Late-stage FFI is characterized by loss of deep sleep, de-
mentia, autonomic instability, and motor dysfunction. As the
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disease progresses, patients become unable to communicate
effectively, develop difficulties swallowing, and lose the abil-
ity to perform basic activities without assistance55. Neurolog-
ical decline in FFI ultimately leads to severe cognitive impair-
ment, loss of voluntary motor control, and death, with disease
duration generally ranging from several months to a few years
after onset12,55.

While symptoms vary among diseases, the major human
prion diseases generally follow a similar course of progressive
neurodegeneration and neurological dysfunction. Early stages
reflect subtle changes in neural function rather than abrupt be-
havioural deterioration. For example, CJD may begin with
cognitive and behavioural changes accompanied by abnormal-
ities in motor function, whereas vCJD commonly presents
with psychiatric and sensory symptoms before widespread
neurological deterioration becomes evident. Kuru and GSS
are predominantly characterized by cerebellar dysfunction,
gait instability, ataxia, and impaired coordination, whereas
FFI is distinguished by progressive insomnia resulting from
thalamic degeneration. These differences become increas-
ingly apparent as the diseases progress. Cognitive impair-
ment, motor dysfunction, and speech abnormalities generally
worsen over time, while terminal stages commonly involve
severe neurological disability, immobility, loss of communi-
cation, and cognitive decline. The shared clinical features
of prion diseases reflect common underlying mechanisms, in-
cluding PrPSc aggregation, synaptic dysfunction, and neurode-
generation, whereas differences in clinical presentation reflect
the distinct brain regions preferentially affected by each dis-
ease.

Discussion

This systematic review examined the mechanisms, pathology,
and progression of symptoms in human prion diseases. The
evidence indicates that prion diseases are driven by the ac-
cumulation of misfolded prion proteins, which disrupt cel-
lular processes and contribute to progressive neurodegenera-
tion. The accumulation of PrPSc can impair proteasomal func-
tion, thereby promoting further protein aggregation, while mi-
tochondrial dysfunction and activation of apoptotic pathways
contribute to neuronal injury and death. In addition, the self-
propagating nature of PrPSc promotes the conversion of nor-
mally folded prion protein into the misfolded state, enabling
progressive accumulation, neuroinvasion, and eventual neuro-
logical decline.

Though human prion diseases share the common feature of
PrPSc propagation, CJD, vCJD, Kuru, GSS, and FFI exhibit
important differences in their modes of transmission, patterns
and extent of neurodegeneration, disease duration, and clini-
cal manifestations. These differences demonstrate that prion
diseases represent a spectrum of related disorders rather than

a single uniform disease.
When considered collectively, the evidence indicates that

prion diseases arise from disruption of multiple cellular pro-
cesses, including protein aggregation, mitochondrial dysfunc-
tion, synaptic degeneration, and apoptosis, rather than from
a single cellular event. The diverse pathological and clini-
cal manifestations highlight the complexity and variability of
prion diseases and emphasize the need for disease-specific re-
search.

Several limitations should be considered when interpreting
this review. The analysis was primarily limited to academic
studies that emphasized experimental findings and established
evidence rather than highly theoretical or speculative mecha-
nisms. For some prion diseases, the available literature was
limited because of their rarity or historical eradication. In ad-
dition, the included studies varied in methodology, experimen-
tal design, and sample size, which may influence the general-
izability of the conclusions. Furthermore, substantially more
research has been conducted on CJD than on Kuru, GSS, and
FFI, which may have resulted in comparatively greater gaps
in understanding the underlying mechanisms and clinical pro-
gression of these rarer diseases.

Although prion diseases are uncommon, their study pro-
vides insights that extend beyond CJD, GSS, Kuru, and other
transmissible spongiform encephalopathies. Prions repre-
sent a distinctive class of disease-associated agents that dif-
fer fundamentally from conventional infectious agents such
as viruses and bacteria. The aggregation kinetics and self-
propagating mechanisms of prions may also provide valu-
able insights into other protein-misfolding disorders, includ-
ing Alzheimer’s disease and Parkinson’s disease. Further re-
search into prion diseases may therefore improve our under-
standing of protein-misfolding disorders, neurodegeneration,
and other transmissible spongiform encephalopathies.

Abbreviations

Abbreviation Definition
CJD Creutzfeldt-Jakob Disease
vCJD Variant Creutzfeldt-Jakob Disease
PrPC Cellular/Normal Prion Protein
PrPSc Scrapie Prion Protein
TSE Transmissible Spongiform Encephalopathies
TnT Tunneling Nanotube
UPS Ubiquitin-Proteasome System
ER Endoplasmic Reticulum
FA Fractional Anisotropy
GSS Gerstmann-Sträussler-Scheinker Syndrome
FFI Fatal Familial Insomnia
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Table 3 Clinical progression of the major human prion diseases, including earliest symptoms, key intermediate features, late-stage manifesta-
tions, and approximate disease duration.

Disease Earliest Symptoms Key Intermediate Features Late-Stage Features Approximate
Duration

CJD Cognitive changes, gait
instability

Rapid dementia, myoclonus Akinetic mutism, coma 4–12 months

vCJD Psychiatric symptoms,
dysesthesia

Ataxia, cognitive decline Severe dementia, immobil-
ity

13–14 months

Kuru Ataxia, tremors Loss of ambulation, emo-
tional lability

Dysphagia, bedridden state ∼12 months after
onset

GSS Cerebellar ataxia,
dysarthria

Progressive motor impair-
ment

Severe disability, depen-
dence

7–36 months

FFI Insomnia, autonomic
dysfunction

Hallucinations, ataxia, de-
mentia

Profound insomnia, severe
dementia

3–10 years
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