
Mitochondria  — the cellular organelles 
crucial for energy production — have long 
been thought to be disrupted in the neuro-
degenerative disorder Parkinson’s disease. 
Mitochondrial function relies on the activity 
of various enzyme complexes, and dys-
function of complex I in particular has been 
implicated in Parkinson’s disease. Writing 
in Nature, González-Rodríguez et al.1 report 
that they genetically engineered mice to lack 
the gene encoding a complex I subunit called 
NDUFS2  in neurons that produce the neuro-
transmitter molecule dopamine. One of the 
brain regions that has dopamine neurons, the 
substantia nigra, contains the neurons that die 
first in individuals with Parkinson’s disease. 
The mice lacking NDUFS2 show neurodegener-
ation, providing a model of Parkinson’s disease 
(named the MCI-Park model) based on mito-
chondrial dysfunction. Moreover, the authors’ 
findings challenge the long-held idea that loss 
of dopamine release in the target structure 
of substantia nigra dopamine neurons, a 
brain region called the striatum, is sufficient 
to elicit the movement deficits associated with 
Parkinson’s disease.

Mutations in genes encoding mitochon-
drion-associated proteins, including PINK1, 
parkin, DJ-1 and CHCHD2, have been shown to 
cause Parkinson’s disease in humans2,3, demon-
strating that mitochondrial dysfunction alone 
can cause forms of this disorder that are driven 
by individual mutations. Sporadic Parkinson’s 
disease (cases for which there is no clear single 
genetic cause) might also stem from mito-
chondrial impairment. Individuals with this 
form of the disease have lower than normal 
levels of mitochondrial complex I in dopamine 
neurons of the substantia nigra4–6. In addition, 
two toxins that inhibit complex I, called MPTP 
and rotenone, cause the preferential death of 

dopamine neurons in humans and rodents7. 
However, mice genetically engineered to 
lack the gene encoding a complex I subunit 
called NDUFS4 in dopamine neurons do not 
show neurodegeneration8,9, even though the 
deletion of this gene is highly toxic for other 
types of neuron10. These observations called 
into question the possible role of complex I 
defects as a cause, rather than a by-product, 
of sporadic Parkinson’s disease.

The MCI-Park model, in which dopamine 

neurons lack NDUFS2, replicates key signatures 
of the neuronal degeneration observed in indi-
viduals with Parkinson’s disease. In particular, 
MCI-Park mice display the characteristic early 
dysfunction and degeneration of dopamine 
neuron projections (called axons) that extend 
from the substantia nigra to the striatum 
(Fig. 1), whereas the axons of dopamine neu-
rons in the ventral tegmental area (a region 
adjacent to the substantia nigra) are rela-
tively unaffected. Although these features 
have been observed in other rodent models 
of Parkinson’s disease that involve mitochon-
drial dysfunction11–13, González-Rodríguez and 
colleagues provide an exquisitely detailed 
description of the progression of neuro-
degeneration associated with mitochondrial 
dysfunction, and its impact  on movement and 
neuronal function in the model mice.

However, like all other Parkinson’s disease 
models, the MCI-Park model does not recapit-
ulate every aspect of the disease. For example, 
sporadic Parkinson’s disease is associated with 
only a partial loss of complex I function. By 
contrast, the loss of NDUFS2, a catalytic sub-
unit of complex I, leads to a profound deficit 
in complex I function in the MCI-Park mice. 
This greater deficit presumably explains why 
the MCI-Park mice develop symptoms found 
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Figure 1 | Stages of neurodegeneration in a mouse model of Parkinson’s disease. The neurodegenerative 
disorder Parkinson’s disease is characterized by movement deficits such as impaired motor learning, slowed 
movement and stiffness. It is associated with the gradual loss of neuronal cells in a brain region called the 
substantia nigra (SN) that produce the neurotransmitter molecule dopamine and have projections (axons) 
that extend to another brain structure, the striatum. Dysfunction of cellular organelles called mitochondria 
has been implicated in Parkinson’s disease. González-Rodríguez et al.1 genetically engineered mice (named 
MCI-Park mice) to lack a gene encoding the mitochondrial protein NDUFS2 specifically in dopamine 
neurons. The mice show neurodegeneration of these neurons over several months. Initially, dopamine 
release from axons in the striatum is lost, and then dopamine release from cell bodies and processes called 
dendrites in the substantia nigra is reduced. Later, the axons degenerate and, finally, the cells die. A similar 
sequence of events might occur in individuals with Parkinson’s disease.
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in people with Parkinson’s disease, whereas 
mice lacking NDUFS4, which is a non-catalytic 
subunit14, do not8. In addition, in people with 
the disease, reductions in complex I activ-
ity are probably not restricted to dopamine 
neurons, whereas in MCI-Park mice only the 
dopamine neurons lack NDUFS2 and therefore 
show mitochondrial dysfunction.

Furthermore, people who have deficits in 
complex I function — for example owing to 
NDUFS2 mutations — do not develop Parkin-
son’s disease, but instead develop other neu-
rological disorders, such as Leigh syndrome15, 
that are associated with the deterioration of 
non-dopamine neurons. It is therefore likely 
that, in sporadic Parkinson’s disease, complex I 
dysfunction is combined with other genetic 
and environmental factors to produce toxicity 
in dopamine neurons in the substantia nigra. 
Nevertheless, the MCI-Park model represents 
one of the best models of sporadic Parkinson’s 
disease currently available. It will not only 
enable studies of the role of complex I defi-
ciency in disease, but also provide a model 
with which to assess the potential of thera-
peutic strategies.

A distinctive feature of MCI-Park mice is that 
the dopamine neurons degenerate over the 
course of several months, with a delay between 
the deterioration of the neurons’ axons and cell 
bodies. This delay enabled the authors to study 
the effect of the loss of dopamine at these two 
locations in detail. The degeneration of the 
axons of dopamine neurons of the substantia 
nigra leads to the loss of dopamine in the stria-
tum, which has long been considered the only 
cause of the movement problems that charac-
terize Parkinson’s disease. However, dopamine 
neurons also release dopamine from their cell 
bodies and from processes called dendrites in 
the substantia nigra. Intriguingly, the authors 
show that, in the MCI-Park mice, a reduction 
in striatal dopamine release is necessary, but 
not sufficient on its own, for the movement 
deficits associated with the disease. Only when 
dopamine release is also lost in the substantia 
nigra do these mice more closely recapitulate 
the disease symptoms.

This finding is a considerable advance, 
because it suggests that dopamine released 
from the cell body and dendrites in the sub-
stantia nigra has a crucial role in maintaining 

movement when the axons of these dopamine 
neurons degenerate. It will be crucial to deter-
mine whether specific movement deficits in 
people with Parkinson’s disease similarly 
reflect dopamine loss in the striatum com-
pared with that in the substantia nigra. Future 
research should also determine how dopamine 
released from the cell body and dendrites 
supports movement under healthy conditions, 
in the absence of axonal degeneration and any 
compensatory circuit changes associated with 
this degeneration.

The above results also have implications 
for approaches in the design of treatments 
to restore dopamine signalling in individu-
als with Parkinson’s disease through gene 
therapy or by replacing the lost cells. So far, 
these approaches have focused mainly on 
creating dopamine ‘pumps’ in the striatum, 
either by transplanting dopamine-producing 
cells into the brain or by delivering viruses 
into the striatum that express the molecu-
lar machinery needed to make dopamine. 
The MCI-Park model suggests that restoring 
dopamine release in the substantia nigra 
might help to relieve the disease’s movement 
symptoms, too.

In addition, although promising, the current 
strategies to restore dopamine in individuals 
with Parkinson’s disease do not re-establish 
the original neural circuit between the sub-
stantia nigra and the striatum. The fact that 
dopamine released in the substantia nigra can 
enable mice to maintain some motor function 
even after dopamine release in the striatum is 
lost, as highlighted by González-Rodríguez 
et al., confirms the need for circuit integrity 
for full motor control. Notably, other work has 
suggested the possibility of re-establishing 
disrupted neural circuits by converting a type 
of non-neuronal brain cell called astrocytes 
into neurons16, a solution that holds great 
potential if it can be achieved in individuals 
with Parkinson’s disease.

The authors also found that, despite losing 
the ability to perform their most important 
task — releasing dopamine — the axons of the 
substantia nigra dopamine neurons in the MCI-
Park mice remain intact for an unexpectedly 
long time. These observations suggest that 
there might be a considerable window during 
which axonal degeneration could be prevented 

in the surviving substantia nigra neurons. By 
demonstrating a severe decrease in the func-
tion  of these dopamine neurons before the 
loss of the actual neurons, this work also calls 
into question the widely taught principle 
that most dopamine neurons are dead by the 
time the disease symptoms begin. Instead, it 
supports evidence from post-mortem investi-
gations that many of these neurons in people 
with symptoms of Parkinson’s disease might 
still be living17 and salvageable using future 
disease-modifying therapies.
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