Introduction 

Prions have recently proved to be the epitome of an abnormal virus, as they contain no nucleic acid for replication, are encoded by the host cell, are necessary for normal cell function, and are transmitted through sporadic, genetic, or infectious means.  Normal prion proteins (PrPc) in neurons are located on cell membranes, and are converted into a pathogenic form, PrPSc.  This occurs via a conformational change that promotes aggregation of many PrPSc molecules, and results in the formation of a plaque-like aggregate of the pathogenic prion protein that is characteristic of all prion diseases.  Prion diseases, also called transmissible spongiform encephalopathies (TSEs), infect the central nervous system (CNS) to the point of neurodegeneration and dementia.  

Signs of neurodegeneration were first seen in 1930 with the prevalence of familial Creutzfeldt - Jakob disease (CJD).  However, the studies of scrapie in sheep were the catalyst to the scientific discoveries of the nature of CJD.  In 1954, scrapie was researched and termed a “slow virus” that was soon attributed to the same “slow virus” that characterized the disease kuru in humans.  In finding that both diseases are characterized by spongiform degeneration and similar plaque formations in the Central Nervous System (CNS), scrapie in sheep and kuru in humans were attributed to the same virus, and soon CJD was recognized as a result of this as well (Prusiner, 1998:13363).  Contrary to the inherited familial CJD that had been previously explored, researchers found that these diseases were also transmissible.  Kuru and CJD, as well as the new variant CJD (vCJD), are the most common prion diseases found in humans, and have both similarities and differences.  Rapid dementia in the brain and CNS is characteristic of almost all prion diseases, and spongiform degeneration is their main identifying feature.  
Human prion diseases can be sporadic, genetic, or infectious.  CJD is the most common sporadic disease, but the cause of it is unknown.  It has only been determined that it is not attributed to [image: image1.png]y st
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mutations in the PrP gene, though hypotheses suggest a possible spontaneous conversion of PrPc to PrPSc.  Genetic, or inherited diseases are often attributed to the familial form of CJD.  Figure 1 shows many of the possible pathogenic mutations that may occur in [image: image2.png]


humans, mice, and sheep on the PrP gene.  This ultimately causes the prion protein to fold into a non-nascent conformation, leading to neurodegeneration.  The fact that even genetically-induced TSEs are transmissible to other species has led to confusion in the past, but recently it has been supportive of hypotheses explaining the conversion from PrPc to PrPSc.  Lastly, infectious prion diseases were first found among those with kuru, who had been infected through cannibalistic rituals (Prusiner, 1998:13374).  CJD can also be infectious particularly in iatrogenic treatments.  PrPSc is a prion molecule that is virtually indestructible.  Needles and other neurosurgical equipment contaminated with pathogenic prions almost inevitably expose the disease to be transmitted to patients (Prusiner, 1998:13374).  Scrapie occurs only in sheep, and is well known among scientists, as it is the source of much of the information gathered about TSE’s.  The sheep acquire the disease through infection when they are genetically susceptible. 
Recently, Alzheimer’s disease has been shown to be very similar to these other TSEs, and is being researched to see if it may be due to the same pathogenic proteins (Wisniewski, 2002:577).  New variant CJD (vCJD), a new strain of the pathogenic prion has very recently been discovered and has caused the loss of many lives in the past decade.  In addition to this, the mad cow disease has catalyzed much interest and research in the therapeutic possibilities for prion diseases, as they have recently become much more prevalent diseases in humans. 
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Molecular Nature of PrPc 
The native protein PrPc is a normal cell protein whose function is not fully understood, though recently there have been many discoveries.  Vassallo and Herms (2003) have taken previous research and compiled it together to present a model of the physiological role of PrPc (see Figure 2).  The normal function of the prion protein involves copper homeostasis as well as redox signaling, both of which are crucial in the signaling of neuronal cells.  As information is sent from one cell to the next, copper is released from the presynaptic cytosol into the synaptic cleft, and is then redistributed back into the presynaptic cytosol in order to allow for further signaling.  This recycling of copper is mediated by membrane-bound PrPc, as well as a copper transporting protein (CTR) when normal synaptic activity is present.  However, as there is very high synaptic activity, there is much more copper in the synaptic cleft which needs to be quickly returned to the cytosol.  It does this accelerated copper transport by a CTR-independent endocytosis, thus depending only on the prion protein for copper homeostasis.  These times of high synaptic activity also allow the PrPc to activate calcium-signalling cascades via redox signaling, which then causes changes intracellular calcium levels and modulation of synaptic plasticity (Vassallo and Herms, 2003:542).  
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The PrPc needs to be correctly folded and glycosylated for proper function, and as Figure 3 illustrates, small changes in this tertiary structure cause many complications, some of which bring about common diseases (Rudd, 2001).  PrPc is identified by its prevalence of alpha-helices and the absence of beta-sheets, though this too changes upon pathogenic changes in PrPc structure. 
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Conversion from PrPc to PrPSc

These slight differences of the conformation of PrPc are the reason for the prevalence of the pathogenic isoform, PrPSc.  Though there are various possible tertiary structures, the primary structure is invariably identical to that of the PrPc, while the secondary structure converts from mostly alpha helices to mostly beta-sheets.  This shows that upon pathogenesis, there is simply a conformational switch.  Once converted to PrPSc it is relatively protease-resistant, and becomes even more so upon aggregation of these pathogenic molecules.  As shown by figure 4, alpha helix-rich PrPc is in equilibrium with beta-sheet-rich PrP.  This β-PrP tends to aggregate and form a PrPSc seed that is fairly stable, and relatively protease-resistant.  This seed recruits either more β-PrP or unfolded PrP that will eventually lead to irreversible propagation of the protease-resistant aggregate of PrPSc molecules (Jackson and Collinge, 2001). It is this aggregate that is characteristic of all prion diseases and is the plaque-like formation that allows for their diagnosis and classification.  Once this aggregate is formed, it is able to convert other PrPc molecules into PrPSc, thus causing further infection within the cell as well as neighboring cells.  


This basic model of aggregation of PrPSc molecules is important in understanding their indestructible nature, and thus the onset of prion diseases.  However, the way in which the PrPc gets converted into PrPSc is a bit more complicated.  The entire PrP protein is unnecessary for pathogenicity.  Only a fragment of 106 amino acids is required, thus allowing for the deletion of residues 23-89 and 141-176.  Jackson and Collinge (2001) describe this deletion in terms of secondary structure: “Not only can the unstructured N-terminal 90 amino acids be deleted, but also the first alpha-helix, the second beta-strand, and part of helix 2.”   Prusiner (1998) depicts these deletions in Figure 5 by the areas in green.  Although the exact mechanism of this deletion and conformation is not yet determined, it is attributed to a partial proteolysis of PrPSc.  The remaining fragment, called PrP27-30, is stabilized by glycosylation. 
Winklhofer et al. briefly explained the process of the maturation of PrPc in order to better understand possible mechanisms for how the remaining fragment, PrP27-30, is made and how it becomes pathogenic.  During co- or post-translation, the N-terminal signal peptide (amino acids 1-22) is cleaved from PrPc, and core glycans are transferred to the protein.  The protein is then translocated and the GPI anchor is attached at a serine residue (aa 230).  Core glycans are then processed, and are important in determining the folding of the prion protein.  This entire process and how it propagates PrPSc is not fully understood, though it is known that helix 1 plays in important role in PrP maturation and aggregation (Winklhofer, 2003:14961).  
Because of this obscurity in the exact mechanism of PrPc to PrPSc conversion, prion replication has always been the subject of much controversy.  The “protein only” hypothesis was proposed in 1967 and was resurfaced by S.C. Prusiner in 1982.  The basis of this hypothesis is that the infectious protein is a host-encoded protein that autocatalytically converts to various pathogenic isoforms without a nucleic acid genome to replicate (Jackson and Collinge, 2001:393).  This type of viral replication further reveals the uniqueness of the prion protein.  However, studies reveal that this conversion process may actually involve more than only close contact between proteins.

Deleault, et al. has found that host-encoded RNA molecules may stimulate the conversion of PrPc to PrPSc (Deleault, 2003:717).  While it may be that the large single-stranded RNA molecules are the necessary stimulation for this conversion, that they are normal cellular molecules may still maintain the protein-only hypothesis.  Where this RNA comes from and how it helps conversion is unknown, though it is most likely due to a different localization of the prion protein itself since the membranous prion protein is normally separated from all nucleic acids (Deleault, 2003:717).  

Whatever mechanism it may take, the pathogenic prion conversion occurs on the outer membrane of neuron cells, allowing for the spread of prion diseases throughout the CNS.  The process of intracellular conversion can be accomplished in one of two ways.  PrPSc proteins that are found on one cell membrane are able to either cause a trans conversion of prions on the neighboring membrane, or they are able to jump from an infected cell to an uninfected cell.  The result of this is not only the presence of more PrPSc molecules in the neighboring cell, but it actually begins producing PrPSc molecules just as the originally infected cell did (Hooper 2002).  This allows for the rapid spread of this pathogenic protein along the neurons in the CNS, eventually leading to neurodegeneration that is characteristic of prion diseases.

PrPSc and neurodegenerative diseases

The molecular nature of the conversion from PrPc to PrPSc has been discussed, and is understood to a degree.  The mechanism in which this conversion brings about neurodegeneration has not been intensely studied, nonetheless there are viable hypotheses for how it may work.  As Joseph Kourie (2002) explains, there have in the past been studies in four major areas concerning this mechanism including: the immune system; membrane microviscosity; Cu2+ homeostasis; and intracellular Ca2+ homeostasis (Kourie, 2002:409).  Copper’s (Cu2+) relation with PrPc function was previously described, and its role in maintaining calcium homeostasis was briefly reviewed (see figure 2).  However, the last of these, Ca2+ homeostasis has been the focus of recent work, and much is known about the effects of PrPSc, while the actual mechanism can only be hypothesized.  The main effects of PrPSc most likely come either from an interaction with intrinsic ion transport pathways, e.g. Ca2+ channels in the surface and internal membranes, or the effects come from PrP forming new channels itself, thus leading to new transport pathways.  The most important fragment of the prion is PrP[106-126] , which is associated with the β-sheet, and is an important determining fragment of the PrPSc aggregate.  PrP[106-126] also forms heterogeneous cation channels on membrane surfaces.  The mechanism by which these channels are formed is unknown, but the channels that are formed are affected by intracellular pH, and are different in structure and function.  Thus, they have different pathological consequences, either affecting little or much.  The changes in the cell that these PrP[106-126] channels induce may change the electrical gradients across membranes, thus problematically affecting voltage-dependent channels and much of the cell function and signaling.  Some may not have much effect at all, while other non-selective ion channels are permeable to Ca2+ and other cations, thus causing an imbalance of electrochemical properties and/or changing membrane permeability.  The disrupted Ca2+ homeostasis and abnormal electrical activity would alter the cell’s signal transduction, and the cell would respond to this by vacuolation, which immobilizes the pathological prions in an attempt to compartmentalize them inside vacuoles and thus prevent further infection.  However, the cell would eventually be unable to compartmentalize all of these pathological isoforms, leading to further cell membrane disruption eventually leading to the cell death that is characteristic of neurodegenerative prion diseases (Kourie, 2002). 
A different mechanism of cell death is suggested by Dimcheff, et al (2003), in which the protease-resistant quality of the PrPSc allows for inhibition of proteasome function, which is suggested to be the primary cause of cell death.  Their proposal is that the misfolded PrP may accumulate and get stuck in the proteasome, thus inhibiting any proteasome function that may be needed for other cellular components as well, causing cell death.  Their second suggestion is that PrP may directly inhibit proteasome function.  Since the proteasome regulates the number of proteins and the quality of proteins as well as apoptosis largely by the ubiquitin pathway.  If this were not functioning, there would most likely be an accumulation of pro-apoptotic molecules that would inevitably cause cell death (Dimcheff, 2003:339).  
Lastly, figure 7 gives an overview of the life of a pathogenic prion and its possible pathways, some only hypothesized.  Here, Ramanujan et al. suggests the importance of cytoplasmic PrP (cyPrP) as being the main source of all prion diseases, as cyPrP is known to be very cytotoxic (Ramanujan, 2003).  
These possible mechanisms that result in the onset of neurodegenerative diseases are largely speculative, but are based on evidence that has been formerly discussed: prion proteins become pathogenic when converted into the isoform PrPSc.  This may in fact be stimulated by host-encoded RNA molecules.  PrPSc may then go through a number of possible mechanisms that are not fully clear, though it appears that it may be partially degraded, and then form a plaque-like aggregate that is insoluble and virtually indestructible.  This aggregate as well as PrPSc molecules, cause an imbalance in ionic homeostasis such as that of copper and calcium.  The aggregate can also disrupt the cell membrane, causing vacuolation and cell death.  Future research is aimed at understanding the complete mechanisms for: PrPc to PrPSc conversion, PrPSc initiating neurodegeneration, and therapeutic possibilities for slowing or reversing the effects of these prion diseases.

Interventional strategies:
There are three categories of interventions that are currently being studied: curative, palliative, and prophylactic (pre- or post-exposure). The curative approach is the most unlikely of the three interventions, as prion diseases progress rapidly.  The neurodegeneration of the brain is not easily reversed by any known means except by replacing the sections that have been damaged.  This can be done clinically by regeneration or transplantation, though these are complex processes that do not provide an easy cure to prion diseases.  However, research has found that a similar gene, the huntingtin gene, may provide a phase that is “characterized by reversible impairment of neural function,” as described by Aguzzi, et al (2001:745).  Though this gene is different, and there has been no definitive evidence of this being the case in prions, it provides a direction for future research.  


Palliative interventions are unlike curative approaches, as they do not seek to cure the patients, but rather to prolong and improve the quality of their life.  Most of the methods that have been worked on focus on inhibiting the pathogenesis of PrPSc by inhibiting its accumulation.  There has been much evidence of in vitro interventions that effectively decrease prion infectivity.  One of the most recent discoveries is that “chlorpromazine and quinacrine are effective in clearing PrPSc and prion infectivity from scrapie-infected neuroblastoma cells” (review by Aguzzi, 2001:745).  Moreover, quinacrine is a well-known drug and would be readily available if proven to work in vivo.  However, there has been no evidence of this, as there are many other agents that are effective in vitro but not in vivo.  Because quinacrine and chlorpromazine are still in their early stages of research, there may be useful therapeutics that may arise from these.  

Lastly, there is the prophylactic approach, which includes either post-exposure or pre-exposure.  Prion diseases exhibit a latency period between the prion infection and the beginning of neurodegeneration, which allows the pathogenic prions to spread from peripheral sites throughout the CNS without yet causing clinical outcomes.  As Aguzzi describes, “Because prions seem to have to go through a lymphoreticular bottleneck before reaching the brain, the cells and molecules involved in ‘lymphoinvasion’ represent attractive targets for post-exposure prophylaxis” (Aguzzi, 2001:747).  Currently, this area of research is focusing on the pathogenically essential signaling through the LTBR pathway in prion-associated follicular dentritic cells.  The inhibition of this signaling pathway has been proven effective in prolonging the latency period in scrapie.  


Pre-exposure prophylaxis, e.g. vaccination, was studied intensely in mice based on reprogramming their B-cell responses.  This was tested by adding an anti-PrP monoclonal antibody, as prevention against scrapie.  Then the pathogenic heavy chain was introduced, and resulted in no onset of scrapie.  This vaccination was thus proven effective in vivo in mice.  There are concerns, however, that this type of vaccination could cause autoimmune diseases, though none were reported in this experiment (Heppner, 2001).

Though there remains much to be known, there have been incredible advances both in the studies of therapeutic possibilities as well as of the nature of prion diseases themselves.  Thus, the future is bright for a greater understanding of prions, and correspondingly for potential prion disease interventions.  
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Fig. 1. Is cytoplasmic PrP (cyPrP) at the center of all prion diseases? This diagram outlines a speculative model that relates a recently described cytoplasmic form of prion


protein (PrP) to various aspects of prion disease pathogenesis and transmission. In this scheme, the vast majority of newly synthesized prion protein (blue peptide) is translocated


into the endoplasmic reticulum (ER), where it is subjected to several post-translation modifications [for example, addition of glycosyl groups (green)] and chaperone-


assisted folding events, before further trafficking along the secretory pathway to the cell surface. However, minor populations of PrP (red peptide) could have access to


the cytoplasm by following alternative routes that might include (1) reverse translocation of improperly matured PrP out of the ER (red arrows) [11–13], (2) aborted translocation


into the ER [8,17] or (3) generation of transmembrane forms of PrP [5,8,15]. Under normal conditions, the residence time of PrP in the cytoplasm would be extremely


short (indicated by brackets), owing to its rapid degradation by the proteasome [11,12]. However, if PrP is allowed to remain in the cytoplasm for a significant length of


time, it is capable of inducing cell death in neurons [7], aggregating with itself (and perhaps other proteins) [6,11–13] and potentially misfolding into a self-propagating


form that can resemble the transmissible form of PrP, PrPSc [6]. Conditions that would favor elevated levels or prolonged exposure time of PrP in the cytoplasm might


include mutations of PrP that interfere with its proper folding [6,12,14] or favor generation of the transmembrane forms, and cellular conditions that compromise ER function


or proteasome activity [11–13]. PrPSc accumulation (either deposited extracellularly or in the endosomal–lysosomal system) might incite neuronal death by leading to


inhibition of cell degradation pathways, thereby indirectly leading to an increased residence time of PrP in the cytoplasm. Pathways or relationships in this model that


remain to be examined experimentally are indicated with question marks.     (Ramanujan, 2003) 
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