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Age-dependent alterations in key components of the
nigrostriatal dopaminergic system and distinct motor
phenotypes
Jiang-peng Fan1, Hui-zhen Geng2,3, Ya-wei Ji2,3, Tao Jia2,3, Jennifer B. Treweek4, An-an Li1, Chun-yi Zhou2,3,4, Viviana Gradinaru4 and
Cheng Xiao2,3,4

The nigrostriatal dopaminergic (DA) system, which includes DA neurons in the ventral and dorsal tiers of the substantia nigra pars
compacta (vSNc, dSNc) and DA terminals in the dorsal striatum, is critically implicated in motor control. Accumulating studies
demonstrate that both the nigrostriatal DA system and motor function are impaired in aged subjects. However, it is unknown
whether dSNc and vSNc DA neurons and striatal DA terminals age in similar patterns, and whether these changes parallel motor
deficits. To address this, we performed ex vivo patch-clamp recordings in dSNc and vSNc DA neurons, measured striatal dopamine
release, and analyzed motor behaviors in rodents. Spontaneous firing in dSNc and vSNc DA neurons and depolarization-evoked
firing in dSNc DA neurons showed inverse V-shaped changes with age. But depolarization-evoked firing in vSNc DA neurons
increased with age. In the dorsal striatum, dopamine release declined with age. In locomotor tests, 12-month-old rodents showed
hyperactive exploration, relative to 6- and 24-month-old rodents. Additionally, aged rodents showed significant deficits in
coordination. Elevating dopamine levels with a dopamine transporter inhibitor improved both locomotion and coordination.
Therefore, key components in the nigrostriatal DA system exhibit distinct aging patterns and may contribute to age-related
alterations in locomotion and coordination.
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INTRODUCTION
Motor decline is among the most visible symptoms of old age, and
its common manifestations include deficits in reaction time,
coordination skills, and the speed and accuracy of motor
responses [1–5]. Although muscle atrophy and imbalanced energy
homeostasis contribute significantly to motor decline in aged
subjects [6–8], the role of structural and biochemical alterations in
the central nervous system, especially in brain regions involved in
motor control, cannot be neglected [5, 9–12]. Specifically, the
nigrostriatal dopaminergic (DA) system, consisting of DA neurons
in the substantia nigra pars compacta (SNc) and DA terminals in
the dorsal striatum, is compromised during aging, with degenera-
tion of SNc DA neurons [4, 13, 14] and reduction of dopamine
release in the striatum [4, 10]. Furthermore, motor dysfunction in
the elderly can be temporarily rescued with dopamine compensa-
tion treatment [9, 12, 15]. These lines of evidence hint that
impairment of the nigrostriatal DA system may be associated with
motor deficits in aging. However, this association awaits further
confirmation, such as elaboration of the correlation between
dysfunction in the key components of the nigrostriatal DA system
and distinct motor phenotypes.

Previous pioneering anatomical studies delineated SNc DA
neurons into dorsal and ventral tiers (dSNc and vSNc) [16, 17].
Both tiers are implicated in motor control [18–21]. Morphological
studies have demonstrated that vSNc DA neurons are more
vulnerable to aging than dSNc DA neurons [4, 22]. However,
electrophysiological studies have not reached a consensus about
age-related alterations in the activity of dSNc DA neurons [23–25].
Until now, no study has elucidated age-dependent changes in the
activity of vSNc DA neurons. Besides dSNc and vSNc DA neurons,
DA terminals in the dorsal striatum release less dopamine in aged
subjects [4, 10, 26]. However, it is unclear whether dSNc and vSNc
DA neurons and striatal DA terminals are similarly or differentially
modified in the aging process.
Locomotion and coordination are essential motor behaviors

across species, and can be reliably assessed with open field, beam
walking, and rotarod tests in rodents [27, 28]. Several studies
demonstrated that physical inactivity and the impaired coordina-
tion skills commonly seen in the elderly [5, 29] may be associated
with dysfunction of the nigrostriatal DA system. For instance,
degeneration or inhibition of dSNc DA neurons underlies
difficulties in movement initiation and movement slowness [18–
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20], whereas stimulation of dSNc DA neurons facilitates locomo-
tion and determines the vigor of future movements [19, 20].
Pharmacological enhancement of the nigrostriatal DA system
improves coordination skills in aged mice [9, 15]. We hypothesize
that, during the process of aging, distinct motor deficits in
locomotion and coordination develop in concordance with
dysfunction of particular components of the nigrostriatal DA
system.
In this study, we performed electrophysiological recordings

from dSNc and vSNc DA neurons in rats, measured dopamine
release in the dorsal striatum with a dopamine sensor [30] in mice,
and analyzed motor behaviors in aging cohorts of rats and mice
(6, 12, 18, and 24 months old). We found similar age-dependent
alterations between the excitability of SNc DA neurons and
exploratory behavior, and between striatal dopamine release and
coordination. Additionally, pharmacological elevation of dopa-
mine improved both locomotion and coordination in aging mice.
Therefore, components of the nigrostriatal DA system may be
potential targets for the alleviation or delay of age-related motor
phenotypes.

MATERIALS AND METHODS
Animals
We used wild-type male Long-Evans rats from Charles River
Laboratory (South San Francisco, CA, USA) and C57BL6 mice
from Jinan Pengyue Laboratory Animal Breeding Co. Ltd. (Jinan,
Shandong, China). Animal husbandry and all experimental
procedures for the use of rats and mice were approved by the
Institutional Animal Care and Use Committee (IACUC) and by the
Office of Laboratory Animal Resources at the California Institute
of Technology and at the Xuzhou Medical University, following
the NIH Guide for the Care and Use of Laboratory Animals. Male
rats were double-housed with ad libitum access to food and
water, and subjects were recruited into our study cohorts at
5 months of age. Thereafter, the rats were single-housed
because of body size in an environment with a 12-h light/dark
cycle and stable temperature (22–24.5 °C) and humidity
(40%–60%). Male mice were group-housed (≤4 per cage) on a
12-h light/dark cycle, with free access to water and food. The
mice were randomly allocated into different age groups and
were subjected to experiments when they met the age criterion.
Efforts were made to minimize animal suffering and to reduce
the number of animals used.

Patch-clamp recordings of SNc neurons in brain slices
In this study, we used 6-, 12-, and 24-month-old wild-type Long-
Evans rats to characterize the electrophysiological properties of
SNc DA neurons. To improve the cell viability of acutely prepared
midbrain slices, we sectioned rat brains parasagittally to mitigate
the detrimental effects of severing long-range projections on the
survival of DA neurons, and modified the protocol we described
previously [21, 31–33]. For detection of dopamine release, we
prepared coronal brain slices from mice. In brief, rats and mice
were euthanized with carbon dioxide, and subjected to cardiac
perfusion with ice-cold modified sucrose-based artificial cerebral
spinal fluid (SACSF) saturated with 95% O2/5% CO2 (carbogen)
containing (mM): 85 NaCl, 2.5 KCl, 1.2 NaH2PO4, 4 MgCl2, 0.5 CaCl2,
24 NaHCO3, 25 glucose, and 70 sucrose. The brain was
subsequently removed and slowly (advance speed of 0.04 mm/s)
sliced with a vibratome (VT-1200, Leica Inc.) while immersed in ice-
cold SACSF. Brain slices (300 μm) containing the substantia nigra
or the striatum were then allowed to recover at 32 °C in a holding
chamber filled with carbogenated SACSF. Seventy-five minutes
later, SACSF in the holding chamber was replaced with regular
ACSF (32 °C, carbogenated), containing (mM): 125 NaCl, 2.5 KCl, 1.2
NaH2PO4, 1.2 MgCl2, 2.4 CaCl2, 26 NaHCO3, and 11 glucose. The
chamber with brain slices was placed at room temperature for at

least half an hour before the slices were transferred for patch-
clamp recordings and live imaging.
Slices were transferred to the recording chamber of the patch-

clamp rig, and carbogen-saturated ACSF at 32 ± 0.5 °C was
constantly perfused at a flow rate of 1.5–2.0 mL/min. The dSNc
and vSNc in parasagittal brain slices were identified according to
the rat brain atlas by viewing the slices through a 4× objective
under near-infrared DIC illumination with an upright microscope
(BX50WI, Olympus; or FN-1, Nikon) equipped with a CMOS CCD
camera (Flash 4.0, Hamamatsu). The neurons were visualized
through a 40× water-immersion objective (NIR APO, NA: 0.80, WD:
3.5 mm). Whole-cell patch-clamp techniques were used to record
electrophysiological signals with a MultiClamp 700B amplifier
(Molecular Devices), a Digidata 1440 A or 1552B analog-to-digital
converter (Molecular Devices), and pClamp 10.4 software (Mole-
cular Devices). Data were sampled at 10 kHz and filtered at 2 kHz.
Patch electrodes had a resistance of 4–6 MΩ when filled with the
intrapipette solution (mM): 135 K gluconate, 5 KCl, 0.2 EGTA, 0.5
CaCl2, 10 HEPES, 2 Mg-ATP, 0.1 GTP, and 0.2% neurobiotin (for
subsequent identification of neuronal type). The pH of the solution
was adjusted to 7.2 with Tris-base and the osmolarity was
adjusted to 300mOsm with sucrose. The junction potential
between the patch pipette and the bath solution was nulled just
before gigaseal formation. Series resistance was monitored
without compensation throughout the experiment. Data were
discarded if the series resistance (11–20 MΩ) changed by more
than 20% during whole-cell recordings. We recorded and labeled
one neuron in each slice and used 6–8 slices from each animal.
Electrophysiological data were analyzed with Clampfit 10.4

(Molecular Devices). We used the “event detection feature” to
analyze action potentials, including the frequency and the
coefficient of variation of the frequency. The firing pattern was
classified as irregular if the neurons fired with alternately faster
and slower firing rates [34]; otherwise, the firing pattern was
classified as regular. Current steps (2 s) from 0 to 260 pA with a 20
pA increment were injected sequentially into current-clamped
neurons to evoke repetitive firing. These data were used to depict
the stimulus–response relationship.

Identification of neuron type with neurobiotin and
immunohistochemistry
After whole-cell patch-clamp recordings, the brain slices were
transferred into 4% paraformaldehyde (PFA) in PBS in a 24-well
plate, taking care to ensure that the side with the recorded
neurons faced up. Slices were fixed for 45–60min, followed by
three washes with PBS (10 min each). The slices were then
immunostained according to the following procedure. The slices
were permeabilized for 1 h in PBS/0.1% Triton-X 100, blocked for
1 h in PBS/10% donkey serum, incubated in chicken anti-TH
antibody (1:1000, Aves labs) and Alexa 555-conjugated streptavi-
din (1:500, Life Technology) in PBS/4% donkey serum at 4 °C for
18 h, washed three times (15 min each) in PBS, incubated in Alexa
488-conjugated secondary antibodies (goat anti-chicken antibody,
1:500, Jackson ImmunoResearch Lab) in PBS/4% donkey serum at
room temperature for 1.5 h. Samples were washed three times
(10 min each) in PBS, dried at room temperature, immersed in
mounting medium (Vector laboratories Inc.), and cover-slipped.
Low and high magnification images were acquired with a Zeiss

LSM 780 or LSM 880 confocal microscope, controlled by Zen 2011
or Zen2 acquisition software (Zeiss). The images were processed
with Image J [35].

Determination of dopamine release
We employed a viral vector-assisted method to transfect a
dopamine sensor (AAV-hSyn-GRAB-DA3.3), developed by Sun
et al [30]., in the dorsal striatum in mice. After 3 weeks’ recovery,
the mice were sacrificed and live striatal slices were prepared. The
slices were transferred into an imaging chamber on the specimen
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stage of an upright epi-fluorescent microscope (FN-1, Nikon,
Japan), and were perfused with carbogenated ACSF. A field in the
dorsal striatum expressing GRAB-DA was brought into focus, and a
sequence of fluorescence images under eGFP illumination
(15 frames/s) were acquired with HCImage 4.1 software (Hama-
matsu, Japan) through a CCD-Camera (Hamamatsu, Flash 4.0 LTE)
to monitor the fluorescence intensity of GRAB-DA. An electrode
was placed in the matrix of the dorsal striatum to deliver electrical
stimulation (100 μs, 25 μA), as described in the Results section. The
mean intensity of fluorescence around the stimulation electrode
was measured with HCImage 4.1 and the time course was plotted
with SigmaPlot 14.0.

Behavioral assays
The male rats were singly housed in a rat behavior testing room.
The group-housed mice were moved into a mouse behavior
testing room and habituated at least for 1 h before tests. Before
the start of each behavioral test, subjects were handled or trained
for 3 days (10 min per day) and were granted 10min free
exploration with each behavioral apparatus. The behavioral
apparatus was sanitized between subjects with Accel surface
disinfectant cleaner (Research Supply Company) or 75% alcohol.
All behavioral assays for rats were conducted during subjects’ dark
cycle. All assays for mice were carried out during their light cycle.

Open field test. A rat was placed in a square open field arena
(50 cm × 50 cm). A mouse was placed in a round open field
arena (30 cm in diameter). They were allowed to move freely
within the arena for 30 min [21, 28, 33]. During this period,
locomotor activity was acquired with a video camera controlled
by Ethovision software (XT 9 or XT 14, Noldus Information
Technology) [21, 33, 36]. The data were analyzed off-line, and
the Ethovision subject-tracking capability was used to quantify
travel distance, mobility, and moving velocity (distance/mobility
time) in animals.

Balancing beam. The apparatus was a 3-cm wide and 40-cm long
beam, which was lifted 80 cm above the floor [37]. Rats were
trained to balance on the beam four–five times each day for
3 days before testing. During the test session, we recorded how
long the subjects spent on the beam before falling off, with a cut-
off time of 6 min.

Cylinder test. Testing was performed in cylinders that measured
50 cm in height and 15 cm in diameter [38]. Each subject was
placed in the cylinder and allowed to freely explore for 10 min
while movements were recorded with a video camera. The time
spent in rearing was analyzed off-line.

Beam walking. A 100-cm long round beam (1.5 cm in diameter)
was lifted 60 cm above the floor [27]. Mice were trained to walk
across the beam four–five times each day for 3 consecutive days
before testing. During the test session, we recorded the latency for
the mice to traverse the beam and number of slips the mice
experienced during the crossing.

Rotarod. The rotarod assay was performed according to a
previously reported method [27]. After habituation to the testing
room, mice were placed on a rotarod (SANS-SA102, China) for
training (three times per day for 3 consecutive days with an
interval of at least 15 min between sessions on the same day). The
rotating rod (3 cm in diameter) had 1mm grips, and was
positioned 16 cm above the instrument floor. The rotation speed
of the rod was initially set to 5 rotations per min (rpm), and
gradually increased by 7 rpm up to 40 rpm. The apparatus had six
lanes separated with flanges and allowed six mice to be tested at
the same time. The latency and rotation speed when the mice fell
off the rod were recorded.

Data analysis
Statistical analyses were performed in SigmaPlot 14.0 (SPSS Inc.)
and OpenEpi Version 2.3.1 (an online tool) [39]. Summary data
were presented as scatter plots and bar charts. Multiple-group
data were compared with one-way or two-way ANOVA (if the data
passed tests of both normality and equal variance) or
Kruskal–Wallis one-way ANOVA on ranks (if the data failed either
or both tests). If statistical significance was found among three or
more groups, a pairwise comparison was performed, as specified
in the figure legend. The incidence of an event among groups was
compared with 2 × 2 or 2 × 3 chi-square tests. For statistics, two-
tailed P values were generated with Sigmaplot or OpenEpi and
P < 0.05 was considered statistically significant.

RESULTS
Electrophysiological properties of adult dSNc and vSNc DA
neurons
Using immunostaining of tyrosine hydroxylase (TH) in rat midbrain
slices, we observed DA neurons not only in the dorsal tier of the
SNc (dSNc), but also in the caudal part of the ventrolateral
substantia nigra (Fig. 1a). These neurons formed an island amidst
the ventral part of the substantia nigra pars reticulata. This
phenomenon was reported in previous pioneering anatomical
studies [16, 17], which refer to the island as the ventral tier of the
SNc (vSNc). The electrophysiological properties of dSNc DA
neurons and age-dependent alterations in these neurons have
been characterized in numerous studies [24, 25, 40–43] but such
information remains absent for vSNc DA neurons. To fill this gap,
we performed patch-clamp recordings of both dSNc and vSNc
neurons in ex vivo brain slices from rats. The recorded neurons
were labeled with 0.2% neurobiotin and were identified as DA
neurons with post hoc TH-staining (Fig. 1b).
To address whether baseline activity differs between dSNc and

vSNc DA neurons, we performed cell-attached patch-clamp
recordings of dSNc and vSNc neurons in brain slices from young
adult (6-month-old) rats. We observed spontaneous firing in 74%
(23/31) of dSNc DA neurons and 91% (10/11) of vSNc DA neurons
(x2= 1.35, P= 0.25). Among neurons showing spontaneous firing,
about 40%−50% of them exhibited an irregular firing pattern
(Fig. 1c, d). Although the spontaneous firing rate was similar
between dSNc DA neurons with regular (dSNc-R) and irregular
(dSNc-I) firing patterns, it was significantly higher in vSNc DA
neurons with regular firing (vSNc-R) than those with irregular firing
(vSNc-I) (Fig. 1e). We then compared the spontaneous firing rate
between dSNc and vSNc DA neurons by plotting cumulative
probability curves and performing a Kolmogorov–Smirnov (K–S)
test. As illustrated in Fig. 1f, the curve for vSNc DA neurons was
shifted to the right relative to that for dSNc DA neurons. This
suggests that the overall spontaneous firing rate is higher in vSNc
DA neurons than in dSNc DA neurons.
The magnitude of the increase in firing rate upon stimulation

may represent the capacity of DA neurons to respond to input
signals. To investigate whether dSNc and vSNc DA neurons differ
in their response to stimuli, we performed whole-cell current-
clamp recordings and injected neurons with steps of depolarizing
current (2 s, 0–260 pA). Upon current injection, DA neurons
exhibited elevated firing rates with or without adaptation (Fig. 1g).
Similar proportions of dSNc DA neurons (83%, 19/23) and vSNc DA
neurons (75%, 8/12) displayed adaptation in firing evoked by
depolarizing stimuli (x2= 0.41, P= 0.52) (Fig. 1h). The adaptive DA
neurons in the dSNc and vSNc displayed similar levels of
spontaneous firing (Fig. 1i). Upon stimulation, the firing rates of
dSNc and vSNc DA neurons increased with stimulation intensity,
and the stimulus–response curves of the two groups of neurons
largely overlapped (Fig. 1g, j). However, vSNc DA neurons reached
a higher maximal firing rate than dSNc DA neurons
(Mann–Whitney U Statistic= 24.500, P= 0.006) (Fig. 1j).
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Fig. 1 Spontaneous and evoked firing in adult rat SNc DA neurons. Six-month-old Long-Evans rats were used for this set of experiments.
a Visualization of dopaminergic (DA) neurons in a typical parasagittal midbrain section with immunostaining of tyrosine hydroxylase (TH)
antibody (green). Clusters of DA neurons were located in the dorsal and ventral tiers of the substantia nigra pars compacta (dSNc, vSNc).
b Patch-clamped neurons were filled with neurobiotin (red) and post hoc immunostaining with a TH-antibody was performed to identify DA
neurons (green). c Spontaneous firing was recorded from SNc DA neurons with the patch-clamp technique in cell-attached mode. SNc DA
neurons fired spontaneously in either a regular (upper panel) or irregular pattern (lower panel). d Stack plots show the number of neurons
with a regular (solid box) or irregular (open box) firing pattern (x2= 0.07, P= 0.80). e Regular (solid bar) and irregular (open bar) firing rates in
dSNc neurons (dSNc-R and dSNc-I) and vSNc DA neurons (vSNc-R and vSNc-I). H= 15.59, P= 0.001, Kruskal–Wallis one-way ANOVA. Pairwise
multiple comparisons with the Holm–Sidak method: q= 3.17, P= 0.009, vSNc-R vs vSNc-I. f Cumulative probability curve of spontaneous firing
rate in dSNc (green) and vSNc (red) neurons. Kolmogorov–Smirnov (K-S) test, KS= 0.58, P < 0.001. g Whole-cell current-clamp recordings from
SNc DA neurons showed that depolarizing current injections elevated firing rates with (traces in the left panels) or without (traces in the right
panels) adaptation in SNc DA neurons. h The number of adaptive (solid box) and nonadaptive (open box) DA neurons in the dSNc and vSNc
(P= 0.34, Fisher Exact Test). i Spontaneous firing rate of adaptive dSNc and vSNc DA neurons (T= 131.50, P= 0.98, Mann–Whitney Rank Sum
Test). j Upon depolarizing stimulation (0–260 pA), both dSNc DA neurons (green, n= 17) and vSNc DA neurons (red, n= 9) responded with
increased firing rates. Maximal firing rate: t= 2.81, P= 0.0097, t-test. k Membrane potential of dSNc and vSNc DA neurons (t= 1.01, P= 0.32,
two-tailed t-test). l Hyperpolarization-activated cation channel currents (Ih) in dSNc and vSNc DA neurons (t= 0.20, P= 0.82, two-tailed t-test).
Ih was evoked by voltage steps from a holding potential of −50mV to step potentials ranging from −50 to −110mV with a 10mV-decrement.
The inward current following a voltage step was used to quantify Ih. m Input resistance of dSNc and vSNc DA neurons (t= 1.10, P= 0.28, two-
tailed t-test). Input resistance was calculated from 5mV hyperpolarizing step (500ms)-induced baseline drift (pA) according to Ohm’s law. In
scatter plots, each circle represents a datum from one neuron. *P < 0.05; **P < 0.01; ns P > 0.05.
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As the membrane potential and hyperpolarization-activated
cation channel current (Ih) critically affect spontaneous activity in
midbrain DA neurons [40, 44], we compared these two parameters
in dSNc and vSNc DA neurons. As illustrated in Fig. 1k, l, there was
no significant difference in membrane potential or Ih between
dSNc and vSNc DA neurons. Although according to Ohm’s law, the
current-injection-induced membrane response likely depends on
the input resistance of the membrane, we observed no difference
in input resistance between dSNc and vSNc DA neurons (Fig. 1m).
Therefore, in young adult rats, vSNc DA neurons displayed

higher spontaneous firing rates and were more responsive to
strong stimulation than dSNc DA neurons, but the underlying
biophysical bases for these features warrant further investigation.

Age-dependent changes in dSNc and vSNc DA neurons
We next examined whether the activity of SNc DA neurons
changes with age. We performed patch-clamp recordings on both
dSNc and vSNc neurons in brain slices from 6-, 12-, and 24-month-
old rats. As firing pattern is an important parameter associated
with neuronal function, we compared the proportion of dSNc DA
neurons displaying an irregular firing pattern, and found no
significant differences among 6-, 12-, and 24-month-old rats
(Fig. 2a). We then pooled dSNc DA neurons with either regular or
irregular firing patterns together. We observed that the sponta-
neous firing rate in dSNc DA neurons from 12-month-old rats was
significantly higher than that from 6- and 24-month-old rats
(Fig. 2b). Similarly, the proportion of vSNc DA neurons exhibiting
an irregular firing pattern did not differ among 6-month-old (40%,
4/10), 12-month-old (12.5%, 2/16), and 24-month-old (22.2%, 2/9)
rats (Fig. 2c), and the spontaneous firing rate in vSNc DA neurons
from 12-month-old rats was higher than that from 6- and
24-month-old rats (Fig. 2d). In contrast to the results from dSNc
DA neurons, vSNc DA neurons from 24-month-old rats fired faster
than those from their 6-month-old counterparts (Fig. 2b, d).
As illustrated in Fig. 1h, upon depolarizing stimuli, most dSNc

DA neurons from 6-month-old rats showed accelerated firing with
adaptation. A similar phenomenon was observed in dSNc DA
neurons from 12- and 24-month-old rats (Fig. 2e). As only a limited
number of dSNc DA neurons showed nonadaptive firing, we
further analyzed the relationship between firing rate and
stimulation intensity in adaptive dSNc DA neurons only. We found
that dSNc DA neurons from 12- and 24-month-old rats responded
more strongly to stimuli than those from 6-month-old rats (Fig. 2f).
Consistent with this, the maximal firing rate of dSNc DA neurons
increased significantly with age, from 6-, to 24-, to 12-months old
(Fig. 2g).
Similar to dSNc DA neurons, the proportion of vSNc DA neurons

showing adaptive firing remained the same across ages (Fig. 2h).
The maximal response of vSNc DA neurons to depolarizing
stimulation (maximal firing rate) was enhanced with age (Fig. 2i, j),
with a somewhat different trend from that observed in dSNc DA
neurons.
In summary, dSNc and vSNc DA neurons exhibit different age-

dependent variations in spontaneous firing rate and stimulation-
evoked firing rate.

Age-dependent changes in biophysical properties in SNc DA
neurons
We next tested whether aging differentially affects the membrane
properties of dSNc and vSNc DA neurons, including membrane
potentials, Ih, and input resistance. In dSNc DA neurons, neither
membrane potential nor input resistance showed statistically
significant age-dependent changes (Fig. 3a, b); however, Ih was
significantly reduced in the 12-month-old group (Fig. 3c). In vSNc
DA neurons, age did not affect membrane potential (Fig. 3d), input
resistance (Fig. 3e), or Ih (Fig. 3f). Therefore, the age-dependent
changes in spontaneous and stimulated firing in dSNc and vSNc
DA neurons may be associated with age-related modifications of

ion channels that do not affect membrane potential or input
resistance but that modulate firing in DA neurons. Large-scale
screening investigations are warranted to test this possibility.

Age-dependent changes in locomotion and coordination
Since DA neurons regulate various aspects of motor behavior
[20, 40, 41, 45–47], we hypothesized that the age-dependent
alterations in SNc DA neurons may parallel changes in motor
functions.
To examine locomotor behaviors in rats at different ages, we

allowed rats to freely explore in an open field arena (Fig. 4a)
for 30 min and analyzed their locomotion in both exploratory
(first 5 min) and habituated (last 5 min) stages. In the exploratory
stage, the distance the rats traveled increased significantly in 12-
and 18-month-old rats, relative to 6-month rats (Fig. 4b), but
declined in 24-month-old rats (Fig. 4b). In the habituated stage,
the distances traveled were reduced to the same level in all age
groups (Fig. 4c). As 18-month-old rats were the most active in
the exploratory stage, they showed a more prominent reduction
in their vigor of movement in the habituated stage than 6-month-
old rats (Fig. 4d). Our results suggest that 12- and 18-month-old
rats exhibit higher levels of exploratory locomotion.
To examine age-related changes in subjects’ limb coordination,

rats were tested on a narrow balance beam of restricted length, such
that they were able to move back and forth in a few steps (Fig. 4e).
Thus, this apparatus minimizes the confounding effects of locomotor
and exploratory drive on coordination. We observed that 18- and 24-
month-old rats stayed on the beam for significantly shorter durations
than 6-month-old rats (Fig. 4e). We also used a cylinder test to
examine limb coordination. Compared with 6-month-old rats, the
older rats spent less time rearing, a behavior representing the ability
of rats to coordinate limbs for postural balance (Fig. 4f). These data
suggest that limb coordination declines in rats older than 12 months.
Fig. 4 shows that aging affects both locomotion and coordination

in rats. We wondered whether aging has similar effects in mice. We
thus tested mice aged 6 months, 12 months, 18 months, and
24 months in the open field test, beam walking test, and rotarod test.
In the exploratory stage, 12-month-old mice showed hyper-

activity in an open field arena, relative to other ages (Fig. 5a). The
hyperactive 12-month-old mice showed higher mobility (Fig. 5b)
and moving velocity (Fig. 5c) than 6- and 24-month-old mice. In
the habituated stage, 6- and 12-month-old mice were more active
than 18- and 24-month-old mice (Fig. 5d). Compared with the
6-month-old mice, 12-, 18-, and 24-month-old mice had a
significantly greater reduction in activity after habituation (Fig. 5e).
The data indicate that mice have enhanced exploratory behavior
(increased mobility and moving velocity) at 12 months, and are
less active after habituation at 18 and 24 months.
The performance of 24-month-old mice in the beam walking

test was worse than the performance of younger mice.
Specifically, the older mice spent significantly longer latency tra-
versing the beam (Fig. 5f) and experienced more slips as they
walked across the beam (Fig. 5g). In the rotarod test, 18- and
24-month-old mice stayed on the rotarod for a shorter duration
than the younger mice when it was rotating at gradually
accelerating speeds (Fig. 5h). The maximal rotation speed at
which 18- and 24-month-old mice could balance was lower than
that for 6- and 12-month-old mice (Fig. 5i). These data show that
mice exhibit an age-dependent decline in coordination.
Our behavioral data show that 12- and 18-month-old rats and 12-

month-old mice exhibit locomotor hyperactivity relative to 6-month-
old and 24-month-old rats and mice, and that 18- and 24-month-old
rats and mice have deficits in balance and coordination.

Age-dependent changes in the survival of SNc DA neurons and
striatal DA terminals
We next tested whether aging differentially affects dSNc and vSNc
DA neurons in mice. Consistent with previous studies [4, 22], we
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confirmed the loss of dSNc DA neurons in 18- and 24-month-old
mice, but not in 12-month-old mice (Fig. 6a, b). Similar to dSNc DA
neurons, vSNc DA neurons decreased in number in 18- and 24-
month-old mice (Fig. 6c, d). We also performed TH-staining in the
dorsal striatum to image DA axonal fibers and terminals (Fig. 6e).
The intensity of TH-positive structures in the dorsal striatum was
significantly lower in 12-, 18-, and 24-month-old mice than in
6-month-old mice (Fig. 6e, f).
The nigrostriatal DA system originates from SNc DA neurons and

innervates the dorsal striatum. Given that the survival and activity of
dSNc and vSNc DA neurons and DA fibers in the dorsal striatum are
altered in an age-dependent manner (Figs. 2 and 6a–f), we
wondered whether dopamine release in the dorsal striatum also

varies with age. To measure dopamine release, we used a viral
vector to transfect a dopamine sensor (AAV-hSyn-GRAB-DA3.3) [30]
into the dorsal striatum (Fig. 7a). Under an epi-fluorescence
microscope, we observed that an electrical stimulation pulse evoked
a robust increase in fluorescence intensity in striatal slices expressing
GRAB-DA3.3 (Fig. 7b). We quantified dopamine release as the fold
increase in fluorescence intensity following electrical stimulation
(Fig. 7c). We stimulated striatal slices with one electrical pulse (1 P)
and five electrical pulses (5 P) at 1, 5, 25, and 50 Hz [48], and
observed that electrical-stimulation-evoked dopamine release in
striatal slices differed in amplitude between 6- and 22-month-old
mice (Fig. 7c). We next compared the peak amplitude of dopamine
release upon various stimulation paradigms among 6-, 12-, and

Fig. 2 Age-dependent changes in spontaneous and evoked firing of rat SNc DA neurons. a Number of dSNc DA neurons showing regular
and irregular firing patterns in 6-, 12-, and 24-month-old rats (x2= 0.98, P= 0.61, chi-square test). b Cumulative probability curve of
spontaneous firing of dSNc DA neurons in 6-, 12-, and 24-month-old rats (KS= 0.49, P= 0.0002, 6-month vs 12-month; KS= 0.26, P= 0.15,
6-month vs 24-month; KS= 0.54, P < 0.0001, 12-month vs 24-month). c Number of vSNc DA neurons showing regular and irregular firing
patterns in 6-, 12-, and 24-month-old rats (x2= 2.64, P= 0.27). d Cumulative probability curves of spontaneous firing rate of vSNc DA neurons
in 6-, 12-, and 24-month-old rats (KS= 0.76, P < 0.0001, 6-month vs 12-month; KS= 0.5, P= 0.0002, 6-month vs 24-month; KS= 0.39, P= 0.005,
12-month vs 24-month). e Upon current injection, whole-cell current-clamped dSNc DA neurons showed either an adaptive (solid box) or
nonadaptive (open box) firing pattern (x2= 0.102, P= 0.95). f Depolarizing current injection-evoked firing in dSNc DA neurons from 6-, 12-,
and 24-month-old rats. g Cumulative probability curves of maximal evoked firing rates in dSNc DA neurons from 6-, 12-, and 24-month-old
rats (KS= 0.59, P < 0.001, 6-month vs 12-month; KS= 0.34, P= 0.003, 6-month vs 24-month; KS= 0.32, P= 0.006, 12-month vs 24-month).
h Upon current stimuli, current-clamped vSNc DA neurons showed either an adaptive (solid box) or nonadaptive (open box) firing pattern
(x2= 0.53, P= 0.77). i Depolarizing current injection-evoked firing in vSNc DA neurons from 6-, 12-, and 24-month-old rats. j Cumulative
probability curves of maximal stimulated firing rates in vSNc DA neurons from 6-, 12-, and 24-month-old rats (KS= 0.29, P= 0.26, 6-month vs
12-month; KS= 0.50, P= 0.005, 6-month vs 24-month; KS= 0.25, P= 0.44, 12-month vs 24-month).
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Fig. 4 Age-dependent changes in locomotion and coordination in rats. a Rats were placed in an open field arena and their locomotor
behavior was examined for 30 min. b Summary of distance (cm/min) traveled by the rats in the first 5 min (F(3, 29)= 8.2, P < 0.001, one-way
ANOVA; pairwise comparison with Student–Newman–Kerl (SNK) method; 6-month: n= 10, 12-month: n= 9, 18-month: n= 8, 24-month: n=
6). c Summary of distance (cm/min) traveled in the last 5 min (F(3, 29)= 0.61, P= 0.61, one-way ANOVA, n= 10, 12-month: n= 9, 18-month: n=
8, 24-month: n= 6). d The distance traveled during the last 5 min was quantified as a percentage of the distance traveled during the first 5 min
(F(3, 29)= 4.65, P= 0.009, one-way ANOVA; q= 5.28, P= 0.005, 6-month vs. 18-month, pairwise comparison with Dunn’s method). e Time on a
short balancing beam (F(3, 29)= 11.71, P < 0.001, one-way ANOVA). f Time spent rearing in a cylinder (F(3, 29)= 5.60, P= 0.004, one-way ANOVA).
In (e, f), pairwise comparisons were conducted with SNK methods. *P < 0.05; **P < 0.01; ns P > 0.05.

Fig. 3 Age-dependent changes in membrane properties of dSNc and vSNc DA neurons. Whole-cell current-clamp recordings were
performed to record membrane potential, input resistance, and the hyperpolarization-activated cation channel current (Ih) from dSNc and
vSNc DA neurons in parasagittal midbrain slices from 6-, 12- and 24-month-old rats. Neither membrane potential (a) nor input resistance (b)
were altered in dSNc DA neurons during aging (Vm: F(2, 34)= 0.29, P= 0.75, one-way ANOVA; R input: H= 4.01, P= 0.14, Kruskal–Wallis one-way
ANOVA on Ranks). c Ih was reduced at 12 months of age in dSNc DA neurons (F(2, 34)= 3.62, P= 0.04, one-way ANOVA; t= 2.66, P= 0.04, 6 vs
12 months). The membrane potential (d), input resistance (e), and Ih (f) in vSNc DA neurons did not change with age. d F(2, 35)= 1.9, P= 0.16,
one-way ANOVA. e F(2, 35)= 0.92, P= 0.63, one-way ANOVA. f H= 4.17, P= 0.13, Krukal–Wallis one-way ANOVA on ranks. Each circle represents
a datum from one neuron. dSNc: 6-month, n= 16; 12-month, n= 12; 24-month, n= 9. vSNc: 6-month, n= 12; 12-month, n= 17; 24-month,
n= 9. *P < 0.05.
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22-month-old mice. As illustrated in Fig. 7d, the dopamine release
evoked by 1 P was significantly reduced in 12- and 22-month-old
mice relative to 6-month-old mice; with 5 P at frequencies ≥5 Hz,
dopamine release in 12-month-old mice reached the level released
in 6-month-old mice, and was significantly greater than the level in
22-month-old mice; dopamine release upon 1 P and 5 P was
significantly lower in 22-month-old mice than in 6- and 12-month-
old mice. These results suggest that dopamine release is impaired in
12- and 22-month-old mice and that increasing stimulation
frequency can restore dopamine release in 12-month-old mice,
but not in 22-month-old mice.
To test whether repetitive-stimulation-induced accumulation of

dopamine varies with age, we divided the amplitudes of
responses evoked by 5 P with those evoked by 1 P and compared
the ratios in 6-, 12-, and 22-month-old mice. Fig. 7e shows that, in
12- and 22-month-old mice, 5 P at 25 and 50 Hz caused significant
accumulation of dopamine release. In studies measuring dopa-
mine levels with voltammetry, the difference between multiple-
stimuli-induced peak responses and single-stimulus-induced
responses is used to evaluate release probability:[49] a larger
difference corresponds to lower release probability, and vice versa.
Our data suggest that dopamine release probability is reduced in
12- and 22-month-old mice. As shown in Fig. 7f, the kinetics of
1 Hz 5 P-induced dopamine release differed markedly among 6-,
12-, and 22-month-old mice: in 12- and 22-month-old mice, the
responses to each electrical stimulus were discernable, but were

relatively obscured in 6-month-old mice. When we normalized the
peak responses induced by 5 P to the 1 P response, we observed
that peak responses decayed faster in 6- and 12-month-old mice
than in 22-month-old mice (Fig. 7g). This result suggests that a
more severe impairment in dopamine release may occur in aged
mice. We postulate that in 22-month-old mice, dopamine release
may be severely inhibited: an electrical stimulus evokes less
dopamine release, leaving more active vesicles to be recruited by
the next stimulus; however, in 6- and 12-month-old mice, the
initial electrical stimulus evokes greater dopamine release,
resulting in fewer active vesicles remaining to be recruited by
the next stimulus.
These results demonstrate that dopamine release is impaired in

12- and 22-month-old mice; in 12-month-old mice, dopamine
release can be restored by higher frequency stimulation but
increasing stimulation frequency cannot compensate for the
deficit in 22-month-old mice.

Elevating dopamine levels rescues the age-dependent
deterioration in locomotion and coordination
As our data reveal age-dependent alterations in both the
nigrostriatal DA system and motor function in rodents, to
understand whether the deficits in the former are associated with
alterations in the latter, we systemically administered a dopamine
transporter inhibitor, GBR12935 (GBR), in mice. We observed that,
in all age groups, GBR significantly enhanced locomotion in the

Fig. 5 Age-dependent changes in locomotion and coordination in mice. a Twelve-month-old mice showed enhanced locomotion during
the first 5 min in an open field arena, compared with other age groups (F(3, 28)= 4.82, P= 0.008, one-way ANOVA) (pairwise comparison with
SNK method: t= 3.35, P= 0.01, 6- vs 12- month; t= 2.85, P= 0.03, 12- vs 18-month; t= 3.03, P= 0.03, 12- vs 24-month). b Mobility of mice
during the first 5 min in the open field arena (F(3, 28)= 5.30, P= 0.006, one-way ANOVA) (pairwise comparison with SNK method: t= 2.86, P=
0.03, 6- vs 12-month; t= 3.71, P= 0.006, 12- vs 18-month; t= 3.05, P= 0.026, 12- vs 24-month). cMoving velocity of mice during the first 5 min
in the open field arena (F(3, 28)= 4.95, P= 0.014, one-way ANOVA) (pairwise comparison with SNK method: t= 2.78, P= 0.03, 6- vs 12- and 18-
month; t= 2.4, P= 0.05, 12- and 18-month vs 24-month). d Distance traveled in the last 5 min in an open field arena was recorded from 6-, 12-,
18-, and 24-month-old mice (F(3, 28)= 3.69, P= 0.02) (pairwise comparison with SNK method: t= 3.32, P= 0.003, 6- and 12-month vs 18- and
24-month). e Ratio of distance traveled in the last 5 min relative to distance traveled in the first 5 min in the open field arena (F(3, 28)= 8, P <
0.001, one-way ANOVA) (pairwise comparison with SNK method: t= 3.88, P= 0.003, 6- vs 12-month; t= 3.54, P= 0.006, 6- vs 18-month; t=
4.40, P < 0.001, 6- vs 24-month). f Time latency for mice to walk across the beam (F(3, 34)= 7.24, P= 0.0004) (Tukey’s multiple comparisons test:
q= 16.3, P < 0.0001, 6- vs 24-month; q= 16.05, P < 0.0001, 12- vs 24-month; q= 13.12, P < 0.0001, 18- vs 24-month). g Slips made by mice as
they traversed the beam (F(3, 34)= 13.93, P < 0.0001, one-way ANOVA) (Tukey’s multiple comparisons test: q= 6.67, P= 0.0001, 6- vs 24-month;
q= 7.92, P < 0.0001, 12- vs 24-month; q= 7.59, P < 0.0001, 18- vs 24-month). h Latency for mice to fall from a rotarod with accelerating rotation
(F(3, 34)= 15.19, P < 0.0001, one-way ANOVA) (Tukey’s multiple comparisons test: q= 6.59, P= 0.0002, 6- vs 18-month; q= 8.35, P < 0.0001, 6- vs
24-month; q= 4.62, P= 0.012, 12- vs 18-month; q= 6.33, P= 0.0004, 12- vs 24-month). i Maximal rotation speed of the rotarod when mice fell
off. As maximal speed is a function of latency, the statistical results among age groups are the same as those in (h). a–e 6-month, n= 8; 12-
month, n= 8; 18-month, n= 8; 24-month, n= 8. f–i 6-month, n= 9; 12-month, n= 9; 18-month, n= 10; 24-month, n= 10. *P < 0.05; **P < 0.01;
ns P > 0.05.
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exploratory stage (Fig. 8a) and increased mobility (Fig. 8b), but did
not affect moving velocity (Fig. 8c). In the habituated stage, GBR
also significantly enhanced locomotion (Fig. 8d). It did not affect
the ratio of locomotion in the habituated and exploratory stages
(Fig. 8e). In the beam walking test, GBR significantly accelerated
the crossing time (Fig. 8f), but did not improve slipping (Fig. 8g) in
18- and 24-month-old mice. In the rotarod test, GBR increased the
duration that 18- and 24-month-old mice stayed on the rotarod
(Fig. 8h) and the maximal rotation speed at which they could
balance (Fig. 8i). Overall, GBR enhanced locomotion in all age
groups but improved coordination more prominently in 18- and
24-month-old mice.

These data hint that the age-related alterations in the
nigrostriatal DA system may be associated with age-dependent
changes in locomotion and coordination.

Relationship between age-dependent alterations in the
nigrostriatal DA system and motor functions
We summarized age-dependent alterations in spontaneous and
evoked firing in SNc DA neurons (Fig. 9a, b), survival of SNc DA
neurons (Fig. 9c), dopamine release in the striatum (Fig. 9d),
locomotion (Fig. 9e) and coordination (Fig. 9f) in rats, and
locomotion (Fig. 9g) and coordination (Fig. 9h) in mice. To
facilitate comparison of parameters among groups and visualize

Fig. 6 Age-dependent alterations in SNc DA neurons and striatal DA terminals in mice. 6-, 12-, 18-, and 24-month-old mice were sacrificed.
Immunohistochemistry with a TH antibody was performed to label DA neurons in the dSNc and vSNc and DA terminals in the dorsal striatum.
a Typical images showing TH-positive neurons (green) in the dSNc of 6-, 12-, and 24-month-old mice. b 18- (n= 8) and 24-month-old (n= 8)
mice exhibited fewer dSNc DA neurons than 6- (n= 12) and 12-month-old (n= 9) mice. F(3, 33)= 21.72, P < 0.001, one-way ANOVA. t= 2.04,
P= 0.10, 6-month vs 12-month; t= 6.82, P < 0.001, 6-month vs 18-month; t= 6.19, P < 0.001, 6-month vs 24-month; t= 4.58, P < 0.001,
12-month vs 18-month; t= 4.11, P < 0.001, 12-month vs 24-month; t= 0.2, P= 0.84, 18-month vs 24-month, pairwise multiple comparisons
with the Holm–Sidak method. c Typical images showing TH-positive neurons (green) in the vSNc of 6-, 12-, and 24-month-old mice. d 18- (n=
10) and 24-month-old (n= 7) mice exhibited fewer vSNc DA neurons than 6-month-old mice. F(3, 33)= 8.85, P < 0.001, one-way ANOVA. t=
2.47, P= 0.07, 6-month vs 12-month; t= 4.52, P < 0.001, 6-month vs 18-month; t= 4.19, P < 0.001, 6-month vs 24-month; t= 1.65, P= 0.21, 12-
month vs 18-month; t= 2.12, P= 0.12, 12-month vs 24-month; t= 0.57, P= 0.57, 18-month vs 24-month, pairwise multiple comparisons with
the Holm–Sidak method. e Typical images showing TH-positive structures (green) in the dorsal striatum of 6-, 12-, and 24-month-old mice.
f Fluorescence intensity of TH-staining declined in 12- (n= 12), 18- (n= 12), and 24-month-old (n= 12) mice, relative to that in 6-month-old
(n= 11) mice. F(3, 43)= 7.21, P < 0.001, one-way ANOVA. t= 3.06, P= 0.015, 6-month vs 12-month; t= 4.13, P < 0.001, 6-month vs 18-month; t=
3.86, P= 0.002, 6-month vs 24-month; t= 1.08, P= 0.64, 12-month vs 18-month; t= 0.81, P= 0.67, 12-month vs 24-month, pairwise multiple
comparisons with the Holm–Sidak method. Images in a and c were taken through a 20× objective (NA: 0.80), and those in e were taken
through a 63× oil lens (NA: 1.40).
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the relationship of age-dependent alterations across parameters,
we normalized all data to the averages in 6-month-old animals.
Spontaneous and evoked firing in SNc DA neurons and locomo-
tion in rats and mice showed reverse V-shaped changes with age,
while survival of SNc DA neurons, peak dopamine release, and
coordination in both rats and mice declined with age. Our
correlation analysis in the mouse aging cohort shows that the
number of dSNc and vSNc DA neurons was significantly correlated
with locomotion and coordination, while the density of TH-
positive fibers and terminals in the striatum was correlated with
beam-walking performance, but not locomotion (Table 1). These
results support the hypothesis that the activity of SNc DA neurons
and striatal dopamine release differentially regulate locomotion
and coordination.

DISCUSSION
Although accumulating evidence implicates age-related altera-
tions in the nigrostriatal DA system in motor dysfunctions in aged
subjects, there is a lack of sophisticated functional studies
designed to investigate the associations between age-related
changes in individual anatomical components of the nigrostriatal
DA system and particular motor phenotypes. Here, we employed
multidisciplinary techniques to record the activity of dSNc and
vSNc DA neurons, to measure the release of dopamine from
striatal DA terminals, and to analyze locomotion and coordination
in rodents. In this study, we established aging cohorts comprising
6−24-month-old rodents, covering young adult (~6 months), early
middle age (~12 months), late middle age (~18 months), and old
age (~24 months). These aging cohorts allowed us to reveal

Fig. 7 Age-dependent alterations in striatal dopamine release in mice. a AAV-hSyn-GRAB-DA3.3 was microinjected in the dorsal striatum of
6-, 12-, and 22-month-old mice. b Striatal slices were prepared 3 weeks after viral injection. Heatmaps showing fluorescence intensity of GRAB-
DA before (baseline) and after electrical stimulation (stimulated); an area around the tip of the stimulating electrode was marked to quantify
dopamine release. c Typical traces showing dopamine release evoked by 1 pulse (1 P) and 5 pulses (5 P) (at 1, 5, 25, and 50 Hz) of electrical
stimuli in striatal slices from a 6-month-old mouse (left) and a 22-month-old mouse (right). d Electrically evoked dopamine release in striatal
slices from 6-, 12-, and 22-month-old mice. 1 P: F(2, 27)= 11.12, P < 0.001; 1 Hz 5 P: F(2, 27)= 8.86, P= 0.001; 5 Hz 5 P: F(2, 27)= 9.58, P < 0.001;
25 Hz 5 P: F(2, 27)= 8.23, P= 0.002; 50 Hz 5 P: F(2, 27)= 6.99, P= 0.004. e The ratios of dopamine release evoked by 5 P (at 1, 5, 25, and 50 Hz) to
that evoked by 1 P were calculated and compared across 6-, 12-, and 22-month-old mice. 1 Hz: F(2, 27)= 0.37, P= 0.69; 5 Hz: F(2, 27)= 2.46, P=
0.11; 25 Hz: F(2, 27)= 4.37, P= 0.02; 50 Hz: F(2, 27)= 7.96, P= 0.002. f Typical traces showing dopamine release evoked by 1 P (gray) and
5 P (purple) at 1 Hz. g The peak dopamine release evoked by each of the five individual pulses was gradually reduced in 6-, 12-, and 22-month-
old mice. First pulse: F(2, 27)= 0.57, P= 0.57; second pulse: F(2, 27)= 2.62, P= 0.09; third pulse: F(2, 27)= 7.38, P= 0.003; fourth pulse: F(2, 27)=
10.19, P= 0.0005; fifth pulse: F(2, 27)= 12.34, P= 0.0002. Circles in (d, e, g): 6-month, solid green, n= 10; 12-month, solid red, n= 11; 22-month,
solid orange, n= 9. *P < 0.05; **P < 0.01; ns P > 0.05.
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gradual changes with age in the excitability of SNc DA neurons,
release of dopamine from DA terminals, and voluntary movement
and coordination. From the concordance and correlations
between the age-dependency of these changes (Fig. 9 and
Table 1), we postulate that age-related alterations in the function
of SNc DA neurons and dopamine release may be associated with
age-related changes in locomotion and coordination, respectively.
Although our electrophysiological data show that the overall

spontaneous firing rate and maximal stimulated firing rate were
higher in vSNc DA neurons than in dSNc DA neurons, dSNc and
vSNc DA neurons shared several similar features. First, they had a
similar proportion of neurons with an irregular firing pattern, and
this did not change with age. Second, a large proportion of
neurons in both the dSNc and vSNc showed adaptation upon
depolarizing stimulation in young, middle-aged, and old animals.
Above all, both dSNc and vSNc DA neurons exhibited a reverse V-
shaped age-dependent alteration in spontaneous firing rate.
Although vSNc DA neurons are more vulnerable to degeneration
than dSNc DA neurons in aged subjects [4, 22], these two groups
of DA neurons exhibit similar age-dependent alterations in
spontaneous firing and survival. It is noteworthy that dSNc and
vSNc DA neurons differed in the age-related modification of their
responses to depolarizing stimulation. The responses in dSNc DA
neurons were the strongest in the 12-month-old group, followed
by the 24-month-old group and then the 6-month-old group;
however, responses in vSNc DA neurons increased from the 6- to
the 12- to the 24-month-old group. Our data provide an overview
of the similarities and differences in firing rates and firing patterns
between dSNc and vSNc DA neurons across ages.
Ih is an electrophysiological signature of midbrain DA neurons,

although Ih amplitude is diverse among individual neurons

[40, 50–52]. In aging rats, we observed that the Ih amplitude in
dSNc DA neurons exhibited a 50%–70% reduction at 12 months,
relative to the amplitude at 6 months, with a partial recovery at
24 months; however, the Ih amplitude in vSNc DA neurons showed
a downward trend with age. Ih has been demonstrated to
positively affect pace-maker firing in DA neurons [40, 44].
However, we observed that accompanying the reduction in Ih,
the firing rate was higher in DA neurons from 12-month-old rats
than 6- or 24-month-old rats. This suggests that SNc DA neurons
may be subjected to enhanced excitatory drive during aging, and
the reduction in Ih may be a compensatory or protective
mechanism. Further investigations are required to elucidate the
cellular and molecular mechanisms underlying this contradiction.
Using a newly developed dopamine sensor [30], we observed

that the level of dopamine released from striatal terminals in
response to a single electrical stimulus reduced with age. These
data are consistent with previous studies showing that in aged
subjects, the striatum has lower DA content and striatal DA
terminals release less dopamine [4, 10, 26]. We revealed that not
only the number but also the release probability of DA terminals
began to reduce as early as 12 months of age. We also provided
data showing that, in old mice, responses evoked by five electrical
pulses at 1 Hz displayed more discernable peaks than the
responses in young adult mice, and the response amplitudes
decayed less robustly in older mice than in young adult mice.
According to the known relationship between neurotransmitter
release probability and the available pool of active neurotrans-
mitter vesicles, our data suggest that dopamine release probability
is more severely damaged in old age than in middle age. It is
reasonable that the reduced levels of dopamine release can be
compensated for by increasing stimulation frequency (≥5 Hz) in

Fig. 8 Dopamine transporter inhibitor improves movement in mice. Open field, balancing beam, and rotarod tests were used to examine
motor function in 6- (n= 9), 12- (n= 7), 18- (n= 7), and 24-month-old (n= 9) mice. The mice were subjected to intraperitoneal injection
of saline and GBR 12935 (a dopamine transporter inhibitor, GBR, 10 mg/kg). a Distance during the first 5 min in the open field arena.
F(1, 30)= 48.99, P < 0.0001, Saline vs GBR; F(3, 28)= 2.95, P= 0.06, among ages, two-way repeated-measures ANOVA. b Mobility in the first
5 min in the open field arena. F(1, 30)= 35.632, P < 0.001, Saline vs GBR; F(3, 28)= 1.76, P= 0.19, among ages, two-way repeated-measures
ANOVA. c Moving velocity in the first 5 min in the open field arena. F(1, 30)= 1.30, P= 0.30, Saline vs GBR; F(3, 28)= 1.31, P= 0.30, among
ages, two-way repeated-measures ANOVA. d Distance during the last 5 min in the open field arena. F(1, 30)= 17.34, P= 0.006, Saline vs
GBR; F(3, 28)= 0.78, P= 0.52, among ages, two-way repeated-measures ANOVA. e Ratio of distance during the last 5 min to the first 5 min
in the open field arena. F(1, 30)= 0.02, P= 0.89, Saline vs GBR; F(3, 28)= 1.40, P= 0.28, among ages, two-way repeated-measures ANOVA.
f Latency to walk across the beam. F(1, 30)= 41.60, P < 0.0001, Saline vs GBR; F(3, 28)= 30.83, P < 0.0001, among ages, two-way repeated-
measures ANOVA. g Slips from the beam. F(1, 30)= 4.55, P= 0.07, Saline vs GBR; F(3, 28)= 4.38, P= 0.01, among ages, two-way repeated-
measures ANOVA. h Latency to fall from rotarod. F(1, 30)= 13.82, P= 0.006, Saline vs GBR; F(3, 28)= 10.24, P < 0.001, among ages, two-way
repeated-measures ANOVA. i Maximal rotation speed of the rotarod when mice fell off. F(1, 30)= 12.52, P= 0.008, Saline vs GBR; F(3, 28)=
9.93, P < 0.001, among ages, two-way repeated-measures ANOVA.
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middle-aged mice, but not in old mice. In fact, the loss of SNc DA
neurons and striatal DA terminals could critically contribute to the
severe impairment in dopamine release observed in old mice.
With respect to locomotor behaviors, we observed that, in

comparison with the young adult and old groups, middle-aged
rats and early middle-aged mice showed more vigorous move-
ment immediately after being placed in an open field arena,
followed by habituation. This locomotor hyperactivity concurred
with the enhanced excitability of dSNc and vSNc DA neurons at
this age. The concurrence of these two age-related changes
complies with the notion that SNc DA neurons play a critical role
in basic movement through tonic firing [20, 53, 54] and drive
invigorated movement through burst firing [20]. Noteworthily, our
data show that striatal dopamine release was compromised in
middle-aged mice. This appears contradictory with the notion that
increased, not decreased, dopamine release enhances movement
[55, 56]. We argue that the reduced dopamine release could be
overcome by enhanced excitability in SNc DA neurons in middle-
aged mice, which is supported by our data showing that repetitive
stimuli (>5 Hz) increased dopamine release in 12-month-old mice.
This could lead to enhanced movement. Indeed, elevating
dopamine levels with a dopamine transporter inhibitor enhanced
locomotion in all age groups. It should be mentioned that some
midbrain DA neurons co-release dopamine and glutamate in the
striatum [57, 58]. Further investigations are warranted to address
whether these neurons contribute to the association between
hyperexcitability of SNc DA neurons and hyper-locomotion in
middle-aged mice.
In a putative parkinsonian transgenic mouse model, Lam et al.

found that the mice develop hyperactivity both in the nigrostriatal
DA pathway and in locomotion, before the development of
parkinsonian neurochemical features (loss of DA neurons) and

motor deficits (akinesia, bradykinesia, etc) [59]. According to this
study, the enhanced excitability of SNc DA neurons and the
locomotor hyperactivity we observed in 12- and 18-month-old rats
and 12-month-old mice may be pre-aged changes, and the
recovery of these functional parameters at the age of 24 months
may hint at the forthcoming declines in both neuronal activity and
locomotion in rats and mice at more advanced ages.
In addition to gross locomotor behavior, we observed that limb

coordination deteriorated with aging. Unlike age-dependent
changes in the functional properties of SNc DA neurons and
gross locomotion, the deterioration of coordination became
significant during late middle age and worsened thereafter. These
data suggest that the contribution of the observed malfunction in
SNc DA neurons to the coordination deficits in the aging process
may be limited. On the contrary, age-related deterioration in
coordination may be associated with compromised dopamine
levels, which are determined by the number of DA neurons and
terminals and dopamine release probability. In early middle-aged
mice, dopamine release was lower than in younger mice, but
these mice did not show deficits in coordination. We argue that in
this situation, the decline in dopamine release may not be severe
enough to affect coordination because it can be compensated for
by enhanced SNc DA neuron firing. But by late middle age and old
age, dopamine release declined severely and SNc DA neuron
activity returned to normal levels, resulting in lower dopamine
levels. The association between reduced release of striatal
dopamine and deficits in coordination is further supported by
the fact that elevating dopamine levels with a dopamine
transporter inhibitor improved coordination in late middle-aged
and old mice.
In this study, we recruited aging cohorts of rats and mice aged

6, 12, 18, and 24 months old. Besides the findings that locomotion

Fig. 9 Summary of age-dependent alterations in the nigrostriatal dopaminergic system and motor functions. a Spontaneous firing rate
and maximal evoked firing rate in rat dSNc DA neurons were normalized to the averages in neurons from 6-month-old rats. b Spontaneous
firing rate and maximal evoked firing rate in rat vSNc DA neurons were normalized to the averages in neurons from 6-month-old rats. c The
numbers of dSNc and vSNc DA neurons in rats were normalized to those observed in 6-month-old rats. d Dopamine release (ΔF/F0) evoked by
electrical stimulation (5 pulses at 1 Hz and 25 Hz) was normalized to that observed in 6-month-old mice. e Moving distances in the first 5 min
in an open field arena and the ratio of last/first 5 min distances in rats were normalized to the averages in 6-month-old rats. f Duration on the
balancing beam and cylinder rearing time in rats were normalized to the averages in 6-month-old rats. g Moving distance in the first 5 min in
an open field arena and the ratio of the last 5 min distance to the first 5 min distance in mice were normalized to the averages in 6-month-old
mice. h Latencies to traverse a walking beam and to fall from the rotarod in mice were normalized to the averages in 6-month-old mice.
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exhibits reverse V-shaped changes with age and coordination
deteriorates with age in both rats and mice, we observed some
species differences in age-related changes in motor behaviors.
First, the distance moved in the first 5 min in the open field arena
increased in 12- and 18-month-old rats relative to rats in other age
groups, whereas it increased in 12-month-old mice and recovered
in 18- and 24-month-old mice. Second, the ratio of distance
moved in the last 5 min versus the first 5 min in the open field
arena was reduced at 18 months in rats, but at 12 months and
later in mice. Third, deterioration in coordination occurred at
12 months in rats but at 18 months in mice. These data suggest
that rats and mice age in a similar pattern but at different speeds
for locomotion and coordination. Therefore, we postulate that SNc
DA neurons and striatal DA terminals in rats and mice may also
age in a similar pattern but at different paces. Further investiga-
tion is warranted to confirm this possibility.
To summarize, we observed similarities and differences

between the activity of dSNc and vSNc DA neurons across ages;
the concurrence of age-related modifications in the activity of
dSNc and vSNc DA neurons, striatal dopamine release, locomo-
tion, and coordination; and improvements in both locomotion and
coordination in middle-aged and old mice with pharmacological
elevation of dopamine levels. This study reveals potential
associations between SNc DA neuronal activity and locomotion,
and between striatal dopamine release and coordination. Our
results suggest that different components of the nigrostriatal DA
system could be potential intervention targets for different motor
phenotypes in aged subjects.
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