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Gaucher disease is caused by mutations in GBA1, the gene encoding for glucocerebrosidase
(Gcase), an enzyme responsible for the final step of degradation of glycosphingolipids to
ceramide and glucose.1 It is the most common lysosomal storage disease and manifests with
a range of phenotypes, partially explained by the location of mutations in the protein. The
N370S mutation is common in Ashkenazi Jewish patients. Many N370S homozygotes can
be asymptomatic, whereas others carrying this mutation or different ones have phenotypes
ranging from enlarged spleens and livers and low platelet counts, to bone infarcts, brain
damage and the loss of skin barrier function.2 In recent years, GBA1 mutations were found
to be a major risk factor for the development of Parkinson disease.3 Parkinson disease is a
movement disorder caused by the disruption of the dopamine pathway in the brain, usually
as a result of damage to the dopaminergic neurons in the substantia nigra.4 The hallmark
brain pathology in Parkinson disease is the presence of Lewy bodies in the substantia nigra
and other areas of the brain. Lewy bodies were also found in brains from patients with both
Gaucher and Parkinson diseases, but not in patients with Gaucher disease without
parkinsonism.5

Molecular link between Gaucher disease and Parkinson disease
Since 2002, when the likely connection between Gaucher and Parkinson disease was first
noted, scientists and clinicians have been scrambling to find a molecular explanation for this
phenomenon. Since there was no immediate connection between the classic clinical courses
of the two diseases, it was clear that the parkinsonism could not be viewed as a natural
consequence of Gaucher disease. Two competing theories evolved to explain this
connection.

1. The misfolded protein theory
The mutant protein made in cells of patients with Gaucher disease is misfolded and
missorted. As a result, it accumulates and burdens the proteasomal and lysosomal systems in
charge of the disposal of misfolded proteins. This could cause the death of particularly
sensitive cells, such as substantia nigra neurons, hence resulting in parkinsonism.

2. The offensive metabolite theory
The substrates of the enzyme, glucocerebrosides and glucosylsphingosines, accumulate in
cells of patients with Gaucher disease, inhibiting lysosomal function in particularly sensitive
cells. Alternatively, an increase in glucocerebrosides causes activation of the ryanodine
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receptor, leading to an increase in intracellular free calcium, followed by cell death and
parkinsonism.6

Both of these theories invoke a second hit to explain why only a minority of patients with
Gaucher disease would develop Parkinson disease in the course of their lifetime. The
misfolded protein theory is better at this, suggesting that any other mutant protein going
through the same cellular degradation pathway would add to the burden. The pathway
suggested was the “unfolded protein response” and indeed it is activated in cells with certain
GBA mutations.7

Weakness of proposed models
Both theories have weaknesses and can be refuted. The misfolded protein theory cannot
explain why the risk for Parkinson disease is increased also in cases where mutations in
GBA result in no protein product at all.8 Examples of this are a frameshift mutation in exon
2 called c.84dupG, which is relatively common, and several other mutations in which the
GBA allele results from recombination with pGBA (the pseudogene located close to GBA on
chromosome 1), resulting in multiple stop codons and no translation of a protein product.

The offensive metabolite theory is problematic because the carriers of Gaucher mutations do
not accumulate the substrates, but still carry a 5 fold increased risk of developing Parkinson
disease.

Synuclein and Parkinson disease
In order to generate a more convincing theory, the various mechanism proposed to explain
Parkinson disease pathogenesis were explored, starting with the involvement of alpha-
synuclein. Alpha-synuclein is a small lipophilic protein abundant in the brain and blood. It is
thought to be involved in presynaptic neurotransmitter vesicles in the brain. Aggregates of
alpha-synuclein are associated with brain disease with increasing age. Mutations in alpha-
synuclein are a rare cause of Parkinson disease. Mice overexpressing human mutant alpha-
synuclein develop neurological disease, and alpha-synuclein aggregates are a major
component of Lewy bodies. These observations raise the likelihood that synuclein is the
offending metabolite in Parkinson disease.9

Alpha-synuclein and protein misfolding
The alpha-synuclein pathogenesis hypothesis supports the misfolding protein theory. Mutant
alpha-synuclein increases the sensitivity of cultured dopaminergic cells to proteasome
inhibitors.10 Over-expressed mutant alpha-synuclein degrades slowly in cells. Mutant alpha-
synuclein aggregates in cells.11 Mutations in other proteins cause alpha-synuclein
aggregation. This would make it a candidate to interact with mutant glucocerebrosidase to
facilitate the pathogenesis of Parkinson disease. Alpha-synuclein could aggregate together
with other misfolded proteins, forming a complex containing both proteins. This requires co-
localization of synuclein and the misfolded protein in the Lewy bodies. Indeed,
immunoreactive Gcase was discovered in Lewy bodies of patients with both Gaucher and
Parkinson disease, and aggregates containing mutant Gcase and alpha-synuclein were found
in co-transfected cells. (Goker Alpan et al submitted).

The interaction of alpha synuclein with lipids
The interaction of alpha-synuclein with lipid may provide the basis for an alternate theory.
Alpha-synuclein changes structure in a lipid environment, and tends to aggregate on the
surface of lipid vesicles. Changes in alpha-synuclein structure depend on the types of lipids
in the vesicle; both the hydrophobic chain length and the hydrophilic head-group are

Goldin Page 2

Mol Genet Metab. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



important.12 One could speculate that glucocerebroside vesicles are likely to be suitable for
alpha-synuclein aggregation. Glucocerebroside vesicles may be abundant in brain cells of
patients. Co-localization of abnormal lipid vesicles and synuclein provides the seed for the
formation of synuclein aggregates.

The prion theory
Recently, Dr. Stanly Prusiner introduced the theory that alpha-synuclein is a prion.13 This
theory is based on14 and15 which demonstrate that synuclein aggregation is transmitted
between neurons in the brain. Prions are known to be small hydrophobic proteins that, under
certain conditions, can change conformation and cause neurodegenration. They are the first
known proteinous infectious agents; and can also cause brain disease when they are mutated
in genetically inherited cases.16 Prusiner proposes that alpha-synuclein changes
conformation to aggregate in certain cells, and then moves between nerve cells through the
brain, infecting alpha-synuclein in more and more cells, eventually reaching the substantia
nigra where alpha-synuclein is abundant, and rendering havoc in a manner similar to the
known prion proteins. Lewy bodies can occur in other regions of the brain in non-affected
individuals, indicating that the localization of the Lewy bodies in the substantia nigra is
causative to parkinsonian symptoms.17 Some of the clinical features of prion diseases such
as Creutzfeldt-Jakob disease include parkinsonism. Interestingly, patients with prion disease
display myoclonic seizures, which can also be a feature of neuronopathic Gaucher disease.18

The importance of this new theory in explaining the relationship of Parkinson disease and
Gaucher disease is surprisingly crucial.

The prion hypothesis provides a mean to unlink the site of the damage from the initiation of
Parkinson disease. This hypothesis works in favor of the offensive metabolite theory (Fig 1).

Synuclein prions formed in macrophages
Suppose that the damaged cell is a macrophage. The role of macrophages in prion disease is
not clear. In some cases, they are believed to carry the prion protein to the nervous system,
and in others, they may function to slow down the infection by destroying the prion protein.
19 In any case, diseased macrophages are unpredictable. Macrophages are the most affected
cells in adult patients with Gaucher disease. The Gaucher cell is a morphological definition
for a macrophage type cell found in tissues of patients with Gaucher disease. Under light
microscopy it looks foamy, and on EM it contains large lipid laden vesicles. It is formed
when circulating macrophages eat dying RBC. They cannot digest the membrane glycolipids
and accumulate intracellular membranes (Fig 1).20

There is also evidence that alpha-synuclein is a blood protein.21 One can speculate that if a
macrophage ingests large quantities of alpha-synuclein found in the vicinity of lipid vesicles
containing glucocerebrosides, it could acquire the prion form (Fig 1.a). Indeed, there is
evidence that in the presence of lipids, alpha- synuclein tends to change conformation from
an unordered form to an alpha-helix form that can aggregate.22 All these events would be
highly probable in the lipid laden environment of the Gaucher cell. In a small number of
patients, these cells will accidentally spill their toxic content in the vicinity of a neuron (Fig
1b) and start the vicious cycle that will culminate in Parkinson disease (Fig1c–g). The
infection of neurons by macrophage alpha-synuclein aggregates would be the rate-limiting
step for the development of parkinsonism in this model. It is possible that multiple traumatic
events related to immune system activation,23 may contribute to this process and increase its
likelihood with age.

How can the prevalence of Parkinson disease be explained in Gaucher carriers? In this case,
the two hit theory can still apply. Autosomal dominant polycystic kidney disease (adPKD)
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can serve as an example here. In this disease, patients are born with one mutated allele of the
gene (PKD1 or PKD2). At some point a spontaneous mutation occurs in the other allele in
an epithelial cell. The doubly hit cell loses replication control and starts forming cysts in the
kidney and other organs. The probability of a spontaneous somatic mutation correlates with
the number of replications, and hence with age, explaining the increased prevalence of cysts
and increased severity of the disease with age. In all, this is a very prevalent disease which
occurs at a rate of close to 0.5% in the general population,24 indicating that a second
mutation in somatic cells is not that rare. A similar explanation was proposed to explain the
occurrence of sporadic prion disease.25

Somatic mutations and the double hit theory
In the case of Parkinson disease in Gaucher carriers, a double-hit would require a somatic
second mutation in GBA1 in one macrophage precursor of a Gaucher mutation carrier.
Notably, it could be any of the 300 and more mutations already reported to cause Gaucher
disease. This cell and its small number of progeny would not be detectable, because most of
the cells in the carrier are heterozygous for the original mutation. The alpha-synuclein
would, however, be there, and the time bomb ticking. The argument that aggregated alpha-
synuclein is sufficient to cause Parkinson disease is testable using the same experimental
techniques used to demonstrate infection by the prion protein. The possibility of evaluating
whether this cascade is more probable in Gaucher cells is also within reach. For example, a
simple animal experiment could demonstrate whether the injection of aggregated alpha-
synuclein can cause additional aggregation. Further experiments could determine whether
the injection of Gaucher cells into animals can cause alpha-synuclein aggregation in the host
cells. If the prion theory holds, it would make sense to prevent aggregation stimulating
conditions in people at risk, in order to prevent the induction of Parkinson disease.

Other possible diseases linked to Parkinsonism
The crucial weakness of the prion theory is that it introduces many different possible
explanations for the pathogenesis of Parkinson disease, many of them equally probable. For
example, does this situation apply to other lysosomal diseases? It is possible that
aggregation of alpha-synuclein can be promoted in macrophages of patients with Niemann-
Pick Type C (NPC) disease? In these patients, macrophages engorged with a variety of
lipids accumulate in the body of the patients as a result of a defective transport mechanism.
Patients who live long enough demonstrate pathological signs of both Parkinson disease and
Alzheimer disease at autopsy. Whether there is a propensity to develop Parkinson disease in
carriers of NPC is currently under investigation.26,27

More prions?
Are there other candidate prions in the lysosomal disease field? Both PrP and alpha-
synuclein are small hydrophobic proteins capable of changing their conformation and
aggregating under changes in their environment. The same is now explored in studies on the
pathogenesis of Alzheimer disease. Researchers speculate that aggregated Tau protein
“infects” more and more neurons causing the formation of neurofibrillary tangles and
Alzheimer symptoms.28,29 Tau has also been shown to change conformation and aggregate
in the presence of lipids.30 Another candidate that comes to mind is the subunit C of
mitochondrial ATP synthase that accumulates in the cells of patients with Neuronal Ceroid
Lipofuscinosis (NCL) as a result of lysosomal dysfunction.31 Patients with NCL suffer
neurodegeneration and die at a young age, but it would be interesting to test the possibility
of an association with a brain disease similar to Parkinson disease in older carriers of this
disease. Other candidates could be the saposin subunits. Saposins are detergent-like, small,
natural proteolytic products of prosaposin. They are cofactors in the catabolic process of
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sphingolipids in the lysosomes and are also involved in the immune system in antigen
presentation. Saposin C, which is the cofactor for glucocerebrosidase, accumulates in tissue
from patients with Gaucher disease. Other saposins accumulate in several lysosomal
diseases.32

Other possible explanations for the link between Gaucher disease and
Parkinson disease

It is possible that even a slight reduction in glucocerebrosidase activity can result in some
damage over time in patients with another genetic susceptibility. Two examples include the
involvement of a second human beta glucosidase GBA2, and Saposin C. GBA2 may
contribute by metabolizing excess glucosyl ceramides in the brain33, increasing the substrate
load. Saposin C, increased in patients with Gaucher disease, results in a change in the lipid
environment in cells in the brain, and might provide the right conditions for synuclein
aggregation. Moreover, glucocerebrosidase may be marginally involved in removal of
environmental lipophilic toxins, which may increase the incidence of Parkinson disease
when its activity is reduced.34

Conclusions
Both the protein misfolding and the offensive metabolite theories are currently insufficient
to explain the genetic link between Gaucher disease and Parkinson disease. Additional
stipulations such as the prion theory and the second hit hypotheses may be essential in
developing a valid model for the link.
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Figure 1.
The prion theory model for the development of parkinson in patients with Gaucher disease.
The asterisk (*) denotes the spot likely to be the least probable step in the pathway,
restricting the frequency of Parkinsonism among patients with Gaucher disease. Like in
other prion disorders, it is not clear how the infectious agent enters the neuronal tissue in this
particular case.
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