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Parkinson’s disease (PD) is a debilitating
neurodegenerative disorder affecting �1%
of the population aged �65. Although the
motor symptoms of PD are well defined, PD
has a significant nonmotor component,
including neuropsychiatric symptoms
(depression, anxiety, dementia, cogni-
tive dysfunction), sleep disorders, auto-
nomic dysfunction, gastrointestinal (GI)
dysfunction, and pain (Chaudhuri and
Schapira, 2009). The nonmotor component
of PD is often under-recognized and under-
treated and can have a serious impact on
patient quality of life. Management of non-
motor symptoms therefore represents a se-
rious unmet medical need in PD (Langston,
2006). Importantly, nonmotor symptoms
of PD occur not only in advanced disease,
but also in early stages. Indeed, it is sug-
gested that olfactory dysfunction, constipa-
tion, rapid eye movement (REM) sleep
behavior disorder (RBD), and depression
might precede the onset of motor symp-
toms by 5–10 years (Chaudhuri and Schapira,
2009). Thus, nonmotor symptoms of PD
may offer a means to identify individuals
“at risk” of developing PD before onset of
motor symptoms, as well as a means to

follow disease progression (Marek and
Jennings, 2009).

Although loss of dopamine (DA) con-
tributes to nonmotor symptoms in PD,
disruption of other neurotransmitter
systems is also likely to be involved. De-
generation has been observed in norad-
renergic (NA) and serotoninergic (5-HT)
nuclei in PD, in particular the locus cer-
uleus (LC) and raphe nucleus (Braak et
al., 2003). Indeed, both NA and 5-HT are
implicated in the development of depres-
sion and sleep disorders that are observed
in PD patients (Chaudhuri and Schapira,
2009). Furthermore, positron emission
tomography (PET) studies demonstrate
clear deficits in both NA and 5-HT sys-
tems in PD patients, and these deficits
correlate with development of nonmotor
symptoms, particularly depression (Brooks,
2007). Together, these data suggest that
PD is not only a dopaminergic disorder,
but also involves deficits in other mono-
amine systems (Langston, 2006).

Classically, preclinical models of PD
are generated using DA-selective neurotox-
ins, such as 6-hydroxydopamine (6-OHDA)
or 1-methyl-4-phenyl-1,2,3,6-tetrahydrop-
yridine (MPTP), which do not model defi-
cits in other transmitter systems (Jenner,
2008). More recently, the neurotoxin rote-
none has been used to model PD in rodents.
Rotenone induces a general neuronal tox-
icity, affecting multiple systems, suggested
to be more reminiscent of atypical parkin-
sonism (Jenner, 2008). Nonmotor pheno-
types in neurotoxin-based models have
not been extensively analyzed until re-

cently, but increasing evidence suggests
that nonmotor symptoms of PD are present
in the 6-OHDA, MPTP, and rotenone
models (Table 1). Crucially, however,
these models do not show progressive,
age-dependent neurodegeneration, which
is particularly relevant to the etiology of
PD (Jenner, 2008). Other animal models
have been generated on the basis of genes
identified in familial cases of PD, which
mimic some aspects of PD, including some
nonmotor symptoms (Table 1). However,
these are only partially successful in model-
ing the full neuropathological spectrum of
the disease (Jenner, 2008). Thus, as yet there
are still no genuinely progressive models
that faithfully reproduce the cardinal fea-
tures of PD (Jenner, 2008).

Within this context, Mooslehner et al.
(2001) generated a mouse expressing 5% of
normal levels of the vesicular monoamine
transporter 2 (VMAT2), which regulates
packaging of not only DA, but also NA and
5-HT into synaptic vesicles in neurons
(Mooslehner et al., 2001). Caudle et al.
(2007) characterize this mouse as a potential
model of PD (Caudle et al., 2007). Indeed,
VMAT2-deficient mice showed moderate,
but progressive loss of the nigrostriatal do-
pamine system, �-synuclein accumulation,
and locomotor deficits (Caudle et al., 2007).
In addition, VMAT2 deficiency resulted in
substantial depletion of NA and 5-HT levels,
allowing testing of whether these trans-
mitter systems might underpin nonmo-
tor symptoms in PD. The recent article
by Taylor et al. (2009) in The Journal of
Neuroscience demonstrates that indeed,
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VMAT2-deficient mice exhibit age-depen-
dent phenotypes mimicking many of the
nonmotor symptoms of PD (Taylor et al.,
2009).

Taylor et al. (2009) first investigated
the neurochemical deficits present in
VMAT2-deficient mice. These animals
showed substantial reductions in DA, NA,
and 5-HT in the striatum, hippocampus,
and cortex at 12–15 months of age, as well
as increased metabolism of DA and 5-HT,
compared with wild-type (WT) controls
[Taylor et al. (2009), their Fig. 1].

The authors next characterized the be-
havioral manifestations of these neuro-
chemical alterations in VMAT2-deficient
and WT mice at different ages, using a range
of tasks including tests of olfactory discrim-
ination, sleep latency, gastrointestinal func-
tion, and anxiety/depressive phenotypes.
Interestingly, VMAT2-deficient mice dis-
played progressive deficits in olfactory func-
tion from 5 months of age, which was not
due to a problem in general sensory percep-
tion [Taylor et al. (2009), their Fig. 2, Fig. 4].
As in human PD, the authors report that this
was not corrected by levodopa (L-DOPA)
treatment. Consistent with previous reports
in other rodent preclinical models of PD,
VMAT2-deficient mice also displayed a
moderate decrease in gastric emptying
[Taylor et al. (2009), their Fig. 6]. Young (4–6
month) VMAT2-deficient mice demon-
strated decreased latency to sleep, compared
with WT mice, a difference that became
markedly less apparent with aging [Taylor et
al. (2009), their Fig. 5]. Notably, VMAT2-
deficient mice also displayed clear anxiety
and depressive-like phenotypes. Interest-
ingly, these were also age dependent de-
pending on the behavioral test [Taylor et al.
(2009), their Fig. 7]. Indeed, young (4–6
months) but not old (12–15 months)
VMAT2-deficient mice displayed a clear
anxiety phenotype in the elevated plus
maze. This is similar to the effects observed
on sleep latency in VMAT2-deficient mice,
leading the authors to suggest this may be

due to a premature development of symp-
toms associated with normal aging. This hy-
pothesis is supported by data demonstrating
that VMAT2-deficient mice show statisti-
cally significant decreases in sleep latency
and significantly increased time in the
closed arms of the elevated plus maze at 4–6
months of age compared with age-matched
controls, which is absent when older
VMAT2-deficient mice (12–15 months) are
compared with age-matched WT controls
[Taylor et al. (2009), their Fig. 5A, Fig. 7A].
In addition, young (4–6 months) VMAT2-
deficient mice show significantly decreased
latency to sleep compared with old (12–15
months) VMAT2-deficient mice [Taylor et
al. (2009), their Fig. 5A]. In contrast, in the
forced swim and tail suspension tests only
old (12–15 months), but not young (4–6
months) VMAT2-deficient mice display a
clear depressive phenotype [Taylor et al.
(2009), their Fig. 7]. These data suggest anx-
iety behavior precedes depressive behavior
in these animals. These data are somewhat
representative of the clinical situation, al-
though anxiety and depression frequently co-
exist in PD patients, even in the early stages of
the disease (Aarsland et al., 2009). However,
the spectrum of neuropsychiatric symptoms
widens appreciably with advancing disease
(Chaudhuri and Schapira, 2009).

The significance of this work compared
with neurotoxin-based models that repli-
cate some nonmotor symptoms of PD (Ta-
ble 1), is that VMAT2-deficient mice show
age-dependent and progressive onset of
symptoms, as well as neurodegeneration of
the nigrostriatal system and �-synuclein pa-
thology, thus more closely replicating the
human disease (Caudle et al., 2007; Taylor et
al., 2009). Importantly, some of the nonmo-
tor phenotypes of VMAT2-deficient mice,
including olfactory deficits, anxiety, and
gastrointestinal abnormalities precede de-
generative and motor behavioral changes in
these animals, while others are manifest
alongside motor symptoms, such as depres-
sion, as has been documented in PD pa-

tients (Chaudhuri and Schapira, 2009). In
addition, this model provides robust evi-
dence that deficits in NA and 5-HT, as well
as DA, may be involved in the development of
PD nonmotor symptoms (Langston, 2006).

Importantly however, these mice do
not allow identification of behavioral phe-
notypes related to deficits in individual
monoamine neurotransmitter systems,
since the data presented by Taylor et al.
(2009) suggest that DA, 5-HT, and NA
levels are equally affected by the global
VMAT2 deficiency. Thus, the current
study cannot distinguish whether individual
monoamine neurotransmitter systems are
important for the development of different
nonmotor symptoms, or if a combined dys-
function is required. In addition, it is not
clear at what age and in what brain regions
the neurochemical deficits in DA, NA, and
5-HT are first present in VMAT2-deficient
mice. Although data from the previous
characterization of this model suggests
alterations in DA metabolism are present
from 6 months of age in VMAT2-deficient
mice (Caudle et al., 2007), it is not clear
whether other monoamine systems are
perturbed at this time. This information
could be useful for identifying intrinsic
compensatory mechanisms as symptoms
progress in these animals.

In their discussion, Taylor et al. (2009)
cite unpublished evidence that extrani-
gral neurodegeneration occurs in VMAT2-
deficient mice, including in the LC and
raphe nucleus [Taylor et al. (2009), their
Discussion]. A more extensive evaluation
of these data would be valuable because it
has been suggested that neurodegenera-
tion in these nuclei precedes degeneration
in the substantia nigra, and this may man-
ifest clinically as nonmotor symptoms, in-
cluding olfactory deficits (Braak et al.,
2003). Specifically, it will be important to
determine whether age-dependent, pro-
gressive degeneration occurs in these
nuclei before nigral degeneration in
VMAT2-deficient animals, and if so,

Table 1. Nonmotor phenotypes in preclinical PD models

Nonmotor phenotype

Preclinical PD model GI dysfunction Decreased sleep latency Olfactory deficits Anxiety/depressive behavior Cognitive impairment
Altered pain response/
nociception

Intrastriatal 6-OHDA Not described Not described No (Tadaiesky et al., 2008) Yes (Branchi et al., 2008;
Tadaiesky et al., 2008)

Yes (Ferro et al., 2005;
Tadaiesky et al., 2008)

Yes (Tassorelli et al., 2007;
Chudler and Lu, 2008)

MPTP (systemic) Yes (Anderson et al.,
2007)

Yes (Monaca et al., 2004;
Barraud et al., 2009)

Yes (Prediger et al., 2009) Yes (Vucković et al., 2008) Yes (Reksidler et al., 2007;
Prediger et al., 2009)

Yes (Rosland et al., 1992)

Rotenone (systemic) Yes (Drolet et al., 2009;
Greene et al., 2009)

Not described Not described Not described Not described Not described

�-synuclein TG
(PARK1, PARK4)

Not described Not described Yes (Fleming et al.,
2008)

Yes (George et al., 2008) Not described Not described

Parkin TG (PARK2) Not described Not described Not described Yes (Zhu et al., 2007) Yes (Zhu et al., 2007) Not described
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whether such changes underlie nonmotor
symptoms that are present before the onset
of nigral degeneration. Furthermore, it
would be informative to correlate changes
in behavior with evolution of �-synuclein
pathology in the brains of VMAT2-deficient
mice, because the onset of nonmotor symp-
toms is suggested to correlate with the pro-
gression of Lewy body (LB) pathology in PD
(Braak et al., 2003).

Finally, other nonmotor characteris-
tics of PD have not yet been explored in
VMAT2-deficient mice. For example, cog-
nitive dysfunction is a common feature of
advanced PD, but may also be present be-
fore the onset of motor symptoms (Williams-
Gray et al., 2007). It may therefore be
interesting to examine whether VMAT2-
deficient mice display age-dependent cog-
nitive deficits in behavioral paradigms
such as the delayed matching to sample
test using a T-maze. It is also not known
whether VMAT2-deficient mice also dis-
play altered nociception or pain sensitiv-
ity. Importantly, DA can modulate pain in
several CNS regions and unexplained or
chronic pains are a significant component
of the nonmotor complex of PD (Chaudhuri
and Schapira, 2009). In addition, although
the authors demonstrate that anxiety and
depressive behavior in VMAT2-deficient
animals were sensitive to antidepressant
medication, it may be interesting to test
whether these phenotypes are also sensi-
tive to DA medication, as suggested in a
human clinical trial (Chaudhuri and
Schapira, 2009).

Nevertheless, this model, subject to
further validation, may be a useful plat-
form in which to evaluate the effects of DA
and non-DA therapeutics on nonmotor
symptoms of PD (Chaudhuri and Scha-
pira, 2009). In addition, this model may
offer a unique window of opportunity
during which nonmotor symptoms and
compensatory changes are present before
the onset of motor symptoms and nigral
neurodegeneration, in which to serially
investigate biochemical, inflammatory,
neuroimaging, and pathological changes
in the brains of these animals. Impor-
tantly, this may shed light on mechanisms
underlying both nonmotor and motor
symptoms in PD, and may facilitate trans-
lational research aimed at identifying bi-
omarkers for PD, related to nonmotor
symptoms.
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A, Potenza RL, Morgese MG, Popoli P, Alleva E
(2008) Nonmotor symptoms in Parkinson’s dis-
ease: investigating early-phase onset of behavioral
dysfunction in the 6-hydroxydopamine-lesioned
rat model. J Neurosci Res 86:2050–2061.

Brooks DJ (2007) Imaging non-dopaminergic
function in Parkinson’s disease. Mol Imaging
Biol 9:217–222.

Caudle WM, Richardson JR, Wang MZ, Taylor
TN, Guillot TS, McCormack AL, Colebrooke
RE, Di Monte DA, Emson PC, Miller GW
(2007) Reduced vesicular storage of dopa-
mine causes progressive nigrostriatal neuro-
degeneration. J Neurosci 27:8138 – 8148.

Chaudhuri KR, Schapira AH (2009) Non-motor
symptoms of Parkinson’s disease: dopaminer-
gic pathophysiology and treatment. Lancet
Neurol 8:464 – 474.

Chudler EH, Lu Y (2008) Nociceptive behavioral
responses to chemical, thermal and mechanical
stimulation after unilateral, intrastriatal admin-
istration of 6-hydroxydopamine. Brain Res
1213:41–47.

Drolet RE, Cannon JR, Montero L, Greenamyre
JT (2009) Chronic rotenone exposure re-
produces Parkinson’s disease gastrointestinal
neuropathology. Neurobiol Dis 36:96 –102.

Ferro MM, Bellissimo MI, Anselmo-Franci JA,
Angellucci ME, Canteras NS, Da Cunha C
(2005) Comparison of bilaterally 6-OHDA-
and MPTP-lesioned rats as models of the early
phase of Parkinson’s disease: histological,
neurochemical, motor and memory alter-
ations. J Neurosci Methods 148:78 – 87.

Fleming SM, Tetreault NA, Mulligan CK, Hutson
CB, Masliah E, Chesselet MF (2008) Olfac-
tory deficits in mice overexpressing human
wildtype alpha-synuclein. Eur J Neurosci 28:
247–256.

George S, van den Buuse M, San Mok S, Masters CL,
Li QX, Culvenor JG (2008) Alpha-synuclein
transgenic mice exhibit reduced anxiety-like be-
haviour. Exp Neurol 210:788–792.

Greene JG, Noorian AR, Srinivasan S (2009) De-
layed gastric emptying and enteric nervous
system dysfunction in the rotenone model of
Parkinson’s disease. Exp Neurol 218:154 –161.

Jenner P (2008) Functional models of Parkin-
son’s disease: a valuable tool in the develop-

ment of novel therapies. Ann Neurol 64
[Suppl 2]:S16 –S29.

Langston JW (2006) The Parkinson’s complex:
parkinsonism is just the tip of the iceberg. Ann
Neurol 59:591–596.

Marek K, Jennings D (2009) Can we image premo-
tor Parkinson disease? Neurology 72:S21–26.

Monaca C, Laloux C, Jacquesson JM, Gelé P,
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Vucković MG, Wood RI, Holschneider DP,
Abernathy A, Togasaki DM, Smith A, Petzinger
GM, Jakowec MW (2008) Memory, mood,
dopamine, and serotonin in the 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine-lesioned
mouse model of basal ganglia injury. Neurobiol
Dis 32:319–327.

Williams-Gray CH, Foltynie T, Brayne CE, Robbins
TW, Barker RA (2007) Evolution of cognitive
dysfunction in an incident Parkinson’s disease
cohort. Brain 130:1787–1798.

Zhu XR, Maskri L, Herold C, Bader V, Stichel CC,
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